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Building structures should correspond to the reliability requirements which are implemented
with the help of design codes. The latter are based on the method of limit states. In order to
simplify the verifications, the design codes often deliberately deviate from the scientifically based
theoretical provisions of such fundamental disciplines as the theory of elasticity and the theory of
plasticity, replacing them with so-called working practices. The paper presents that there are
inaccurately formulated recommendations in the design codes. The paper also specifies on some
important problems that are not reflected in the design codes. This applies to the choice of failure
probability values, the use of partial reliability factors, the calculation methodology in case of an
emergency, the problems of using the results of nonlinear calculation, etc.

The paper presents some considerations on these issues, with the main attention being paid to
the analysis of the existing design tradition and guidance to unresolved issues. The problems of
recommended reliability parameters, clarification of the limit state concepts, analysis of accidental
situations, the safety factors values and possible relationship between the safety factors for load
and the safety factors for materials, loads and load effects, vulnerability assessment as well as
reliability of protected systems have been considered.

The considerations presented by the paper give only a partial idea of the range of issues that
arise when comparing working practices used in the design codes with the theoretical
fundamentals they should correspond to. It should also be noted that the design codes do not
provide any justifications for their recommendations. The presented paper can initiate a scientific
discussion and be useful both for the developers of design codes and for the developers of software
packages implemented the design codes.

Keywords: failure probability, partial safety factors, limit state, design codes.

Introduction. In order to simplify the analysis, design codes don’t always
strictly follow scientific approaches, replacing them with the so-called working
practices. They are approximate not only in essence, but their justifications are
often approximate as well, a detailed analysis of their origin and a comparison of
the advantages and disadvantages of their application were once carried out by
N.S. Streletsky [29]. However, more than sixty years have passed since the
publication of [29], the design methods have changed and they are now based on
computer modeling, and the class of design problems has expanded significantly.

Modern FEA software are based on such disciplines as the theory of
elasticity, the theory of plasticity, structural mechanics, etc., while many of the
working practices do not correspond, and sometimes even contradict to the
fundamentals of these disciplines. This approach is used in programming
because it can be applied to any problem, while working practices have been
developed for certain special cases. However, since the working practices are

© Perelmuter A.V.
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provided in the design codes, they suddenly become preferable over scientific
approaches and more accurate solutions that do not appear in the codes only
due to the complexity of the calculations. At the same time, certain technical,
legal and economic problems arise due to the fact that the authors of design
codes had not foreseen the possibility (and necessity!) of their software
implementation [14].

This, however, does not mean that all the working practices have to be
replaced with more justified, but also more time-consuming methods. The
point is that a lot of working practices have been successfully used for such a
long time that most practicing engineers are under the delusion that they
accurately reflect the physics of the phenomenon, especially since their scope
is not specified.

We believe there is an urgent need for a detailed description of those theories
that are presented in the design codes by working practices, as well as to point
out those important points of the theory of reliability that are absent in the codes.

Some thoughts on this issue are given below. These are just individual
statements on the specified topics and not an exhaustive coverage of the
problem as a whole. We believe that the presented text can initiate a scientific
discussion and be useful both for the developers of design codes and for the
creators of FEA software.

Recommended Reliability Parameters. The method of checking the
reliability of structures, adopted in the design codes [1, 5, 10, 21], considers
the probability of failure as a measure of reliability. It is based on comparing
the failure probability P, and the related reliability index B, with their
allowable or target values P, and B, The procedure for assessing the
reliability of a structural system is reduced to the following inequalities:

P_ /’S P tag (1)
or
sz Btag~ (2)

For example, three classes based on the consequences of failure are
introduced in EN1990 [5], which are represented by target values of reliability
indices B,,,. Ukrainian codes [21] provide these values for a 50-year period and
they depend not only on the class of failure consequences, but also on the
category of importance of the element, and on the load case.

The recommended values of the reliability indices By, in [5] are related to
both the predicted consequences of failure and the relative cost of safety
measures. [ISO 2394:2015 [10] contains target reliability levels established on
the basis of economic optimization using the life safety criterion, according to
which the marginal cost of saving a life is estimated (Fig. 1).

They are based on the so-called compound social indicator — Life Quality
Index (LQI). This compound indicator includes three important social
parameters: the value of gross domestic product per capita; average life
expectancy; the share of active working life.

The threshold (limit) value of Prq (see Figure 3), set using the LQI
criterion, determines a certain range of acceptable values within which cost
optimization should be performed.
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Fig. 1. Accounting for LQI in the optimization analysis

However, it is not explicitly stated whether the recommended value of B,,,.
applies to the design section, to a separate structural member or to the
structural system as a whole, and how these probabilities correlate. By indirect
evidence, most likely they are related to the considered design section.

As the analysis shows, the failure of an individual structural member
usually has significantly less negative consequences than the complete
destruction of the entire structural system or a significant part of it. This should
be taken into account in optimization reliability analyses [3, 13, 21], while it
should be expected that the target values of annual failure probabilities will
differ for a structural member and for a structural system.

It is stated in [18] that, in general, the target reliability index of a structural
element should be higher than the target reliability index for a structural
system, except for systems with a high degree of static uncertainty. However,
for series systems, the target reliability index is used as for a separate element,
which leads to a decrease in the overall reliability index of the structural
system as a whole (if the individual elements are to a certain extent
independent).

Clarification of Concepts of Limit States. The ultimate limit state analysis
usually considers the local bearing capacity of a design section. And the
method of checking the bearing capacity adopted in the design codes, which is
based on the idea of a consistent and independent assessment of the reliability
of design sections, assumes that the elements of the system are connected in
series, so that the failure of any of them leads to the failure of the entire
system. Such an approach is quite justified for statically determinate systems
[26], but it’s not so certain whether it can be applied to statically indeterminate
systems. Indeed, the failure of an element here does not automatically lead to
the failure of the system, because a redistribution of forces is possible. Using
this method we will only get higher reliability of course, but the price for such
reliability remains unknown.

The concept of “bearing capacity” has a broader meaning, if we talk about
the structure as a whole. It is known that violation of the strength condition in
the section does not always lead to catastrophic consequences. However, it has
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not yet been possible to formulate a sufficiently general limit state criterion for
the entire structure, since each structure will have its own limit state, and,
possibly, not the only one. This circumstance indicates another way of
regulation, which is formulated in terms of the functional purpose of a building
or structure, certain restrictions of which determine the limit state.

A typical example of this approach can be found in the US Federal
Emergency Management Agency (FEMA) manuals, which contain 4
monitored performance levels [6]:

e (OL) — Operational Level. Backup utility services maintain functions; very
little damage.

e (IOL) — Immediate Occupancy Level. The building remains safe to occupy;
any repairs are minor.

e (LSL) — Life Safety Level. Structure remains stable and has significant
reserve capacity; hazardous nonstructural damage is controlled.

e (CPL) — Collapse Prevention Level. The building remains standing, but
only barely; any other damage or loss is acceptable.

Focusing on the performance characteristics of the structural behavior,
among other things, allows you to use the idea of the possible implementation
of several limit states during the life of a structure, since they are essentially
reduced to interruptions in operation.

It should also be noted that one of the main ideas that form the basis of the
limit state design method is the thesis that of all possible technical states of an
operated structure, only its limit states are selected for the analysis. It is
assumed that the behavior of the system before or after the limit state does not
affect its operability (ultimate limit states) or the probability of difficulties in
the process of its operation (serviceability limit states). And the linear analysis,
which was used as the basis for developing the limit state design method, is not
aimed at analyzing the post-critical behavior of the system.

However, the analysis of the system response for any fixed states is not

always sufficient to assess the reliability

AP of the system. This fact becomes

| especially noticeable after a nonlinear
Fyplsmmmmmninming analysis which takes into account the
Pl S | redistribution of forces in the system and
Pl o7 reveals the actual limit state of the

! structure. The simplest example is given

|

|

I by a comparison of two systems S; and
: S,, a graphical illustration of which is
| shown in Fig. 2 as a relationship between
| the reaction F and the intensity of action
l P.

: F Comparison of their safety margins at

— 3  the design value of the load P, shows
F, F;, F, that the S system is preferable, but even
Fig. 2. Comparison of equilibrium a slight increase in P in the S system
curves leads to a sharp increase in the reaction,
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up to its critical value, which is not observed in the S, system. Hence, a
proposal appeared to consider not only the concept of the limit state but also
the system behavior characteristic, which is determined by the gradient of the
system response relative to the external action g = dF/dP [22].

It should be noted that this approach is almost always used in experimental
studies of the structural operation, in which the experiment stops when, for
example, a rapid increase in deflections begins.

Analysis of Accidental Situations. Ukrainian and Russian standards have
ignored the analysis of accidental situations for a long time. This approach was
based on the idea that limit states correspond not to accidental, but to pre-
accidental situations. However, even within this concept of failure-free
operation during a given service life, an external accident can still occur.

In other words, an accidental design situation is a phenomenon that represents
exceptional conditions for the operation of a structure under accidental actions
that have a low probability of occurrence and a short duration, but can usually
lead to severe consequences if special measures are not taken.

After the analysis of these situations the list of limit states has been
expanded: foreign codes began to consider accidental situations [5, 17, 9], and
special limit states appeared which were considered as the third group of limit
states [27, 28].

The codes [5] emphasize that the specified reliability requirements related
to the limit state analysis do not take into account gross human errors.
Therefore, the failure probabilities given in the codes are not applicable to the
analysis of the special limit state (robustness, progressive collapse), which is
largely dependent on human error effects.

Robustness analysis and analysis of the structural response to possible
catastrophic impacts have now become an almost mandatory stage of the
design process. Scientists started doubting some of the main ideas of the
traditional approach to analysis, in particular, its focus on the statistical
properties of loads and materials. Catastrophic events that entail severe
consequences are extremely rare and there is not enough statistical data for
them. Therefore, the main approach is to shift the focus from external actions
to possible damages of the building. There are practically no probabilistic
justifications for such an approach, although some attempts have been made in
this direction [11, 19]. It was proposed, for example, to normalize the level of
resistance of the structure to collapse by acceptable risk values [4, 16].

These publications took into account that the probability of collapse is
determined by the probability of an accidental situation P[H], the conditional
probability of local damage of the considered element P[D | H], the probability
of its failure P[Failure | D]. Then the probability of the collapse of the system
is determined by the following relationship:

P[Collapse] = P[Failure | D] x P[D | H] x P[H] 3)
while accepting the condition P[H]=1.

For accidental situations that are the result of gross human errors, it is
logical to assume that the probability of encountering them increases with the
number of elements in the system #, although more slowly than linearly, since
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the degree of control usually increases along with the complication of the
system. Here, the relationship P[H]=C In(n) is suitable. In this case, the
constant C must be sufficiently small, since we are talking about rare events.
As for the probability of damaging a specific element, the elements are
equivalent in this respect and we can assume P[D | H] =1/n.

When assessing P[Failure | D] it should be taken into account that the usual
approaches provided by the current design codes are not fully applicable to the
problem of identifying the conditions of the total structural collapse. In
particular, you should keep in mind that the values of the partial safety factors
were taken based on the statistical properties of “usual” design situations, but if
we consider special limit states that correspond to extreme damage values, we
should focus on other socially acceptable values of the allowable collapse
probability. Here we are talking about a situation characterized by a low
probability of an event occurring with high socio-economic consequences of an
accident.

Paying attention to this circumstance, a number of publications [2, 12]
proposed to add an increment AB,,, = 0,4 to the reliability index in order to
take into account the consequences of a total collapse.

Values of the Safety Factors. One of the fundamental ideas of this method
was to take into account the statistical properties of those design parameters that
cannot be precisely established. But the idea of taking into account only two
statistically variable parameters (load and strength), which is the basis of bearing
capacity analysis, turns out to be unreasonable in many cases. The thing is that
the property of variability is also inherent in a number of other parameters, the
values of which significantly affect the result of the analysis, but are not taken
into account in the current codes. Let’s point out some of them.

(a) The load effect (force, stress, etc.), which is compared with the bearing
capacity, is by no means always related to the load by a linear deterministic
relationship, which (and only it) allows the safety factor for load 7y, to be
assigned to the load effect. The transformation from load to load effect can be
performed using some parameters with random values. In this case, the
aforementioned assignment of y, can lead to a gross error [23].

(b) The resistance parameter is directly related to the mechanical
characteristics of the material and the safety factor for the material is
determined only by the variability of the mechanical properties in the case of
the strength analysis. When performing the stability analysis of a compressed
bar, its bearing capacity is determined by its random initial imperfection and
random eccentricity [26].

Indeed, in the case of a strength analysis of a centrally compressed bar, for

example, a random value of the safety margin S‘R, expressed in stresses, is
presented as the difference between random values of ultimate stresses G, and
compressive stress G, , the reliability index is determined by the formula:

c_7115 — c_70

cE N
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and in the stability analysis the safety margin is equal to

2 pn
5 . . .z TEG,
stab_cT_GO_(e+}\’ f)TczE—&O}\,z s (5)
its variability
1 2w ~
A =—\/A§T v A2 +——(e+27f). (6)
o l-y (c=A"y)

where ¢=n’E/G,, c=7E/5,,y=5,/G,, ¢ and f are variance of
random values of eccentricity and initial imperfection, respectively.
Unlike (4) the reliability index is equal to
aus — 60

1
p= T = 2—2-2 ’ Q)
A5 J R Cae ]
G, (co,—A"G,)

In this case the analysis should obviously use not only the safety factors for
the material and for the load.

The values of the partial safety factors are usually determined by a linear
probabilistic analysis. The criteria for the limit state analysis, formulated in terms
of limit forces, may not be applicable when there is no proportionality between
the loads on the system and the internal forces and moments. At the same time,
the question remains unanswered about using the results of the nonlinear
analysis of forces, whether to apply the same factors that are used based on the
results of the linear analysis or to introduce others (but which?), etc.

It is important that the verification of compliance with the requirements of
any of the considered limit states uses both the safety factor for load y, and the
safety factor for material v, and, therefore, the reliability of the structure is
determined by both of these values. These factors are usually based not only
on probabilistic and statistical data, but also on some additional considerations
(control methods, data incompleteness, etc.). Therefore, the level of reliability
is to a certain extent regulated by those additional margins that appear both on
the left and on the right hand side of the limit inequality and depends on their
consistency. But the established practice is such that the normalization of the
values of yand y,, is carried out independently by different research teams, and
the procedure for their coordination is not defined in any way.

Possible Relationship between the Safety Factors for Load and Safety
Factors for Material. The safety factor for load and the safety factor for
material are defined in such a way that these factors allow for the possible
unfavorable deviations separately.

In most cases, in particular for all linear systems, this is true and the main
inequality of the limit state design method is as follows:

WYnY/F nSYcYmRm (8)
here v is the combination factor, y, is the importance factor, y,. is the service
factor.
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However, this is not always feasible in physically nonlinear problems,
where the uncertainties of the action and resistance models can be closely
related, for example, by using the same physical relationship o=f{€) both in the
stress-strain analysis (i.e., load effect), and in the bearing capacity analysis.

And a real example, when the action effects and resistance parameters are
not separated, is analyzed in detail in Eurocode-7. The Guide [30] says: “In
contrast to the checking of structural designs, geotechnical actions from and
resistances of the ground cannot be separated: geotechnical actions sometimes
depend on the ground resistance, e.g. active earth pressure, and ground
resistance sometimes depends on actions...”.

Load and Load Effect. The variability of loads and actions, allowed for by
the factor yf, can be taken into account in the analysis in various ways. The
thing is that not the values of the design loads F, but the values of the effects
of these loads S, (forces, stresses, displacements, etc.) are used in the design
checks. However, the action effect is not only a function of the action itself,
but of the characteristics of the design model as well, so its variability may
differ from the characteristics of the action variability.

In practice, the probabilistic characteristics S, are usually identified with the
probabilistic characteristics of the load F, using the safety factor vy, for S,, the
value of which is determined by the properties of the load.

This is always true when S is linearly dependent on F. Indeed, if S = cF (c is

the influence coefficient) and F is a random variable with a mean F and

standard F value, then the random variable S has the following mean and
standard values:

S =CF, S’zcﬁ, 9)
and the coefficient of variation of the load effect is equal to the coefficient of
variation of the load.

It will not be true for a nonlinear relationship S = f(F) though, and two

approaches are possible when the partial factor y,is applied:
e cither to the standard load values and then S, = /(v F,);

e or to the action effect itself and then S, =y _f(F), where the safety

factor vy, has a value different from y.

Such situations are typical for the analysis of geometrically nonlinear systems,
where internal forces and moments can increase slower or faster than the load. In
the first case we are dealing with geometrically hardening systems (most of the
suspended structures), and in the second case — with geometrically degrading
systems. Variability of the load effect for geometrically hardening systems

(Fig. 3 (a)) is less than the variability of the load and, therefore y <7, and

greater for geometrically degrading systems (Fig. 3 (b)), so v, 2, .

An even more complicated situation arises when the transition from F to S is
such that the influence coefficient ¢ turns out to be a random variable. Here, the
design combination of loads (and the characteristics of the scatter of their values)
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or the design combination of internal reactions of the system (forces, stresses,
displacements) are different situations which depend on such random parameters
as the position of the crane bridge on the crane beam and the position of the trolley
on the crane bridge. The characteristics of the scatter of load values obviously do
not coincide with the similar characteristics of the load effects for the crane beam
and for the column. This fact was confirmed by statistical testing [23].

Ag T Ag
Ve <V, Vo=V,

Sj S R S:
é | %
S a ‘

v
1

O F, FQVE

(@) (b)
Fig. 3. S-F diagram options

One of the results of statistical simulation is presented in the form of
polygons of normalized values in Fig. 4. The normalization was carried out
with respect to the data of the deterministic analysis. A relative value of 0.294
corresponds to the standard value of the bending moment in the crane beam
caused by the load from two cranes with 95% reliability, i.e. the difference was
threefold.
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Fig. 4. Polygon of bending moments in a beam

Vulnerability Assessment. The limit state design method tacitly assumes
that the design considers and takes into account all the loads and actions that
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may occur during the life cycle of the designed structure. But in addition to
clearly predictable loads and actions, there is always a possibility of a random
action on the design structure that is not provided for neither by design codes
nor by the designer’s prediction. From the point of view of these surprise
events vulnerability of the design object is an important characteristic.

Vulnerability characterizes a possibility of causing damages of any nature to
the considered system by some external means or factors. Vulnerability is
closely related to a well-known characteristic of “robustness” and to an
additional characteristic — “mobilization” recently suggested in [24]. The
robustness is considered as a spatial characteristic which shows how a local
perturbation spreads throughout the space of the system and whether this local
destruction can get a disproportionately large development “in breadth”.

While mobilization shows the readiness and ability of the system to react to
a local in time (pulse) unexpected perturbation. In both cases, the perturbation
may be too strong to ignore its consequences, but its nature makes it
impossible to predict the time and place of its occurrence, as well as other
quantitative characteristics. Noticeable absence of the structural mobilization,
as well as insufficient robustness, should serve as a reason for the increased
attention and use of some protective measures.

Reliability of Protected Systems. Issues of analyzing load-bearing
structures equipped with protection systems (seismic protection, fire
protection, overload protection, etc.) are becoming increasingly common in the
design practice. These systems change the nature of actions on the bearing
structures, their intensity and, sometimes, statistical properties.

It is necessary to distinguish between protection devices that are included in
the system as additional elastic, plastic or damping parts and change the static
and kinematic properties of the protected system (for example, all seismic
isolation systems), and protection devices that break when overloaded and
remove the load from the protected structure (for example, protection against
explosions in the form of easily removable structures).

There are no new fundamental issues in the first case, only the properties of
the considered structure change, and its reliability increases due to these changes.

In the second case, the protection has an ambiguous effect on reliability. On
the one hand, it reduces the probability of accidents, since an accident can occur
only when the protection fails. If the protection is absolutely reliable, the crash
failures do not occur at all. On the other hand, the probability of hang failures
increases, since some of the crash failures are transformed into hang failures.

The issues arise here of checking the bearing capacity of both the protected
structure [20, 15] (what is the safety factor for load), and the protection system
which should have a guaranteed operability margin and, therefore, be guided
by some values of partial factors. You should keep in mind here that an
excessive increase in the breaking load by the protection leads to the fact that
its “protective function” is reduced, and a decrease in this load leads to an
increase in the number of hang failures.

Conclusion. The above considerations give only a partial idea of the range of
issues that arise when comparing working practices with the theoretical
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fundamentals they should correspond to. It should also be noted that the design
codes do not provide any justifications for their recommendations. There is no
such information in the textbooks as well. As a result, practicing engineers with
standard education treat the design codes as the main source of knowledge.

We apparently need some supplements to the design codes like Background
documents issued by the authors of Eurocodes. The guides to the Ukrainian
and Russian codes have a different purpose (detailing, examples of application,
etc.) and do not serve this function.
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Ilepenvmymep A.B.
TEOPISI CHOPYJ] 1 HOPMU NPOEKTYBAHHS

Hopmu OyniBenbHOro MpOeKTYBaHHS IPYHTYIOTBCSL HA METOI IPAHUYHUX CTaHIB, 32 JOIIOMOI OO
SIKOTO Peaji3yloThCsl BUMOTH HAIIHHOCTI, SIKI BHCYBAIOTBCS O OyAiBENBHHX KOHCTPYKLIH. 3 METO0
CIPOCTHTH iX BHUKOPHCTaHHS HOPMH [OCTAaTHBO YacTO CBIZOMO BIACTYIAIOTh BiZ HAayKOBO
OOTPYHTOBaHUX TEOPETHYHHX IIOJI0XKEHb TAKUX (yHAAMEHTAIbHUX IUCLUILIIH, SIK TEOPist IPY)KHOCTI
Ta Teopist INIACTHYHOCTI, HATOMICTh 3aCTOCOBYIOYH TAK 3BaHi po0oUi METOAU. Y CTAaTTi MOKa3aHo, IO
HasBHI HETOYHO C(HOPMYNIOBaHI PEKOMEHIALIl HOPM MPOCKTYBAHHS, a TAKOX 3a3HAYAETHCS, LIO
nesiki BaxkuBi mpoGuieMu OyIiBEIbHOrO POEKTYBaHHS 1 30BCiM He BinoOpaxeHi y Hopmax. Ckazane
BIJIHOCUTBCS /10 BUOOPY 3HAa4CHb WMOBIPHOCTI BIZIMOBH, JI0 BHKOPUCTAHHS YaCTKOBUX KOe(illieHTIB
HAZIfHOCTI, METOAMKM pO3paxyHKy y BHIIAAKy aBapiiiHOi cuTyarii, mpoOieM BHKOPHUCTAHHS
Pe3yJbTATIB HETiHIHOTO PO3paxyHKy TOLIO.

VY craTTi mpencraBieHi Aeski MIpKyBaHHs IOAO 3a3HAYCHHX MHUTaHb, IPH L[bOMY TOJOBHA
yBara IpujiJieHa aHali3y MPOCKTHOT Tpajuilii, IO CKJajach, Ta BKa3iBKaM Ha HEpPO3B’si3aHi
npobseMu. Po3risiHyTi mpoOJieMH PeKOMEHIOBAaHHMX IapaMeTpiB OC3MEKH, YTOYHEHHS IMOHATH
IPaHHYHHX CTAHIB, aHANI3y aBapiHUX CUTYaLliil, 3Ha4eHb KOe(ili€HTIB HaAIIfHOCTI Ta MOXKJIMBOIO
3B’s13Ky KOC(]Il[ieHTIB HaMiHHOCTI 32 HaBaHTAXCHHSM Ta 3a MarepiajioM, HAaBaHTAXCHb Ta
HABaHTAXKYBAJIbHHUX e()EKTIB, OLIHKH YPa3JIMBOCTI Ta HANIHHOCTI 3aXUILEHOI CHCTEMH.

HaBeneni y craTri MipKyBaHHSI JAalOTh JIMIIE YAaCTKOBE YSBICHHS PO KOJIO MHUTaHb, IO
BHHHKA€E [PH 3iCTABJICHHI pOOOYNX METOIIB HOPM IPOCKTYBAHHS 3 TEOPETUIHUMH MOJIOKEHHIMH,
SKAM BOHM [OBHHHI BigmoBigatu. IIpy 1LbOMY CIJ 3ayBaKWTH, LIO NPAKTHKA BHKJIAJCHHS
HOPMaTHUBHUX JIOKYMEHTIB, sIKa CKJIaJlaCh, HiIK HE MPOrOJIOLIYE 3B’SA30K PEKOMEHMAAL HOPM i3
JOCTIIKEHHAMH, sIKi iX 0OIpyHTOBYI0Th. IIpencraBieHa cTaTTss MOXe MOKJIACTH IOYATOK IS
HAyKOBOI THCKYCii, a TAKOXK OYTH KOPHUCHOIO SK JJIs1 pO3POOHHKIB HOPMATHBHUX JOKYMEHTIB, TaK i
JULsL PO3POOHHUKIB IPOrpaMHHX CHCTEM, OPIEHTOBAHHMX HA PO3PAXyHOK OYAIBEIbHUX KOHCTPYKIIiii.

Kia104oBi cjioBa: iiMOBIpPHICTh BiZIMOBH, 4aCTKOBI KOE(IlliEHTH HaIiiHOCTI, TPAHUYHI CTaHH,
OyiBenbHI HOPMH
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Perelmuter A.V.
THEORY OF STRUCTURES AND DESIGN CODES

Building structures should correspond to the reliability requirements which are implemented
with the help of design codes. The latter are based on the method of limit states. In order to
simplify the verifications, the design codes often deliberately deviate from the scientifically based
theoretical provisions of such fundamental disciplines as the theory of elasticity and the theory of
plasticity, replacing them with the so-called working practices. The paper presents that there are
inaccurately formulated recommendations in the design codes. The paper also specifies on some
important problems that are not reflected in the design codes. This applies to the choice of failure
probability values, the use of partial reliability factors, the calculation methodology in case of an
emergency, the problems of using the results of nonlinear calculation, etc.

The paper presents some considerations on these issues, with the main attention being paid to
the analysis of the existing design tradition and guidance to unresolved issues. The problems of
recommended reliability parameters, clarification of the limit state concepts, analysis of accidental
situations, the safety factors values and possible relationship between the safety factors for load
and the safety factors for materials, loads and load effects, vulnerability assessment as well as
reliability of protected systems have been considered.

The considerations presented by the paper give only a partial idea of the range of issues that
arise when comparing working practices used in the design codes with the theoretical
fundamentals they should correspond to. It should also be noted that the design codes do not
provide any justifications for their recommendations. The presented paper can initiate a scientific
discussion and be useful both for the developers of design codes and for the developers of software
packages implemented the design codes.

Keywords: failure probability, partial safety factors, limit state, design codes

Ilepenvmymep A.B.
TEOPHUS COOPYKEHU U HOPMBI MTPOEKTUPOBAHMSI

HOprl CTPOUTEJIIBHOI'O IMPOCKTUPOBAHUA OCHOBBIBAKOTCA HA METOAC MPEACIBHBIX COCTOﬂHHﬁ,
C IIOMOLIBI0 KOTOPOT'0 Pean3ytoTcs TpeOOBaHUS HAJIEKHOCTH, BBIJABUTAIOILUECS K CTPOUTEIbHBIM
KOHCTpYKUMsAM. C ILEIbl0 YHOPOCTUTh MX HCIIOJIb30BAHUE HOPMBI 3a4acTyl0 CO3HATEIbHO
OTCTYNAIOT OT HAayYHO OOOCHOBAaHHBIX TEOPETHYCCKHX MOJIOKCHHH TakuX (yHIaMEHTaIbHBIX
JUCLHHUIUIMH, KaK TC€OPHA YNPYrOCTH U TCOPUA IIACTAYHOCTH, MOAMEHSS UX TaK Ha3bIBA€MbIMH
pabounMu Merojamu. B craThe MOKa3aHO, 4YTO HMEIOTCS HETOYHO C(HOPMYJIHPOBAHHbIC
PEKOMEH/JALIMY HOPM IIPOEKTUPOBAHUS, a TAKXKE YKa3bIBACTCS, YTO HEKOTOPBIE BaXKHBIE ITPOOIIEMBI
CTPOMUTENBHOTO NPOEKTUPOBAHUS U BOBCE HE OTpakeHbl B HOpMmax. CKa3aHHOE OTHOCUTCS K
BHIOOpY 3HAYCHHH BEPOATHOCTH OTKa3a, K HCIONB30BAHMIO YAaCTHBIX KO3 duIreHToB
HAJIOKHOCTH, METOJHMKE pacdeT B Cilydae aBapUilHOM cHUTyaluu, MpodJieMaM HCIOJb30BAHUS
pe3yJIbTaTOB HEJIMHEHHOr0 pacyera u Ap.

B cratbe mpesncraBiieHbl HEKOTOpblE COOOPaXXEHHMs IO YKa3aHHBIM BOIPOCAM, IPH 3TOM
I'TaBHOC BHUMAHUE YIACIICTCSA aHAIM3Y cnomnsmeﬁcu ﬂpOeKTHOﬁ Tpagulul MU YKa3aHUsAM Ha
HepelIeHHbIe NPo0ieMbl. PaccMOTpeHbl po0ieMbl pEKOMEHyEeMbIX ITapaMeTpoB 0€30MacHOCTH,
YTOUHEHHsI TOHATUH O MPEAEIbHBIX COCTOSHHM, aHanM3a aBapUHHBIX CUTYalMH, 3HAYCHUH
K03()PUIMEHTOB HAJEKHOCTH ¥ BOBMOXKHON CBsI3H KOX(PGUIIMEHTOB HAJEKHOCTH O HArpy3Ke
[0 MaTrepually, Harpy30K M Harpy3o4HbIX 3((EKTOB, OLECHKH YS3BHUMOCTH U HaJSKHOCTH
3aIUUILIEHHON CHCTEMBI.

le/lBeﬂeHHble B CTaThC c006pa>|<el-l1/m JArT JIMIIb YaCTUYHOE MPEACTABJICHUE O TOM Kpyre
BOIIPOCOB, KOTOPBII BO3HUKAET IPH COMOCTABICHUU PabO4YHUX METOJOB HOPM MPOECKTUPOBAHMS C
TECOPETHYCCKUMHU T10JIOKEHUAMH, KOTOPBIM OHH OOJDKHBI COOTBETCTBOBATb. l'IpM 3TOM CJIeAyeT
OTMETUTH, YTO CJIOXHUBIIAACA IPAKTHUKa M3JI0KCHUSA HOPMATHBHBIX HNOKYMCHTOB CBA3b CBOHMX
peKOMeH}laLll/lﬁ C OGOCHOBblBalOLLLl/lMl/l HX HMCCJICAOBAHHUSIMH HUKAK HE Orjamiact. npe}lCTaBJ’lCHHaﬂ
CTaThsl MOXET IIOJIOKUTh HAYaJI0 UIsi HAYYHOH JMCKYCCHUM, a TaKXKe ObITh IOJIC3HOW Kak s
pa3pabOTYMKOB HOPMATHBHBIX JOKYMEHTOB, TaK W JJIs CO3JaTelieil MPOrpaMMHBIX CHCTEM,
OPHMEHTHPOBAHHBIX HA PACUET CTPOUTEIILHBIX KOHCTPYKIMH.

KiioueBble ci10Ba: BEPOSITHOCTh OTKA3a, YaCTHBIC KOI(D(ULUMEHTH HAIKHOCTH, IIPEAeIbHOE
COCTOSIHHUE, CTPOUTEIIbHBIC HOPMBI
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6KA3IBKAM HA HesUpiueHl npooaemu.

L. 4. Ta6x. 0. bi6mior. 30 Ha3s.

VK 624.024.046.5+006.036

Perelmuter A. V. Theory of structures and design codes // Strength of Materials and Theory of
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Building design standards are based on the method of limiting states, with the help of which
reliability requirements are implemented. However, these requirements are presented in the norms
do not always correspond to the fundamental theoretical provisions. There are inaccurately
formulated recommendations, some important problems are not reflected in the norms. This
applies to the choice of failure probability values, the use of partial reliability factors, the
calculation methodology in case of an emergency, the problems of using the results of nonlinear
calculation, etc. This paper presents some considerations on these issues, with the main attention
being paid to the analysis of the existing design tradition and guidance to unresolved issues.
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An algorithm for computer modeling of the evolution of corrosion wear of the surface of shell
elements under conditions of joint action of mechanical external loads and the impact of aggressive
environments has been developed. The algorithm of optimal design of shell structures taking into account
corrosion degradation of the material surface is constructed, the essence of which is to optimize the
design parameters at the end of its durability, further reverse build-up of the sacrificial layer of material
and rational refinement of the project according to technological requirements. The results of weight
optimization of a cylindrical tank for storage of petroleum products under conditions of asymmetric
bilateral corrosion damage to the material surface are presented.

Keywords: modeling of corrosion damage evolution, shells, strength, aggressive environment,
optimal design.

Introduction

The problem of predicting corrosion degradation and optimal design of
structures operating under the combined action of extreme power loads and the
effects of corrosion is quite relevant, whereas the operating conditions of
structures in aggressive environments are typical of many branches of
mechanical engineering, mining, chemical and oil refining industries,
metallurgy, construction, etc. [1-10].

The peculiarity of the study of the evolution of surface corrosion damage
under the combined action of force loads and aggressive environment is that in
the loaded structural element in corrosion conditions there are two interrelated
kinetic processes: deformation and corrosion degradation. The increase in stress
on the surface of the material causes the acceleration of corrosion degradation,
which leads to a decrease in the geometric dimensions of the sections, the wall
thickness of the shell, etc., and this, in turn, - to the redistribution (in the
direction of increasing) stresses and strains in structural elements [5].

The development of effective algorithms for selecting the optimal material
distribution of shell structures taking into account the impact of aggressive
environments is complicated by the need to repeatedly test the durability
requirements associated with compliance with strength constraints throughout
the design life of the structure. The peculiarity of verifying the implementation
of this restriction is the need to integrate the differential equations of the selected

© Dzyuba A.P., Dzyuba A.A., Levitina L.D.
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mathematical model of corrosion damage, (the right part of which includes the
parameters of the stress state of the structure interrelated with the values of
corrosion damage) from the initial to the final time of loss of bearing capacity as
aresult of corrosion degradation of material structural [4, 8, 11-14].

The complexity of the application of classical models for solving the problem
of finite-dimensional optimization in the initial time of existence of the structure
is due to the presence of a significant number of variables, since the entire
surface of the structure undergoes uneven corrosion, and with subject to
restrictions, the parameters of which change over time, which leads not only to
significant computational costs and accumulation of errors, but also to the need
to solve a number of fundamental problems.

Known attempts to introduce simplifying assumptions to solve this problem in
many cases lead to the inadequacy of the constructed design scheme of the real
object, therefore, the results obtained in them are mainly of scientific and
methodological importance, the possibility of practical use of which seems
questionable.

It should be noted that experimental studies (which would be a reliable criterion
for the reliability of the results) of the behavior of structures in aggressive
environments are long in time and associated with significant material costs [2, 3].

As a consequence of this state of affairs, the long-term reliability of structures
operated in aggressive environments often has to be increased by introducing a
so-called "sacrificial" layer of material, i.e. part of material conventionally
intended for corrosion damage. As a rule, such a layer is assigned to be uniform
for the entire structure in terms of durability of the most loaded and (or) most
corrosion-damaged element, as a certain margin of safety. Since stress and
corrosion damage are distributed unevenly on the surface of the material, most of
this sacrificial layer of material after the designated period of operation of the
structure for corrosion wear remains "unused" , which leads to overuse of the
material as a whole. Thus, the problem of developing effective approaches to
solving the problem of computer modeling of the evolution of corrosion damage
and the optimization of structures that are operated under aggressive
environments is still far from complete.

1. Algorithm of computer modeling of corrosion damage evolution

In the general case, the mathematical model of corrosion damage, which
takes into account the influence of the stress-strain state on the process of
corrosion destruction, is taken in the form [5, 9, 15-17]:

dd_§: f(saczﬁjat) s 8(A_/’t()) =0’ (l)

where cs()_( ,t) is stress and 8()_( ,t) is the depth of the corrosion damage at the

point X (x,y) on the surface of studied shell element; x,y arecoordinates in
the meridional and circumferential directions on the surface of the rotation
shell; ¥ isvector of parameters that characterize the degree of corrosion
resistance of the material and the level of aggressiveness of the

environment; £, <¢ <t istime.
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The critical state of the structure at ¢, is determined by the achievement of
a certain limit, destructive for this material stress value o as a result of
reducing its stiffness characteristics due to corrosion damage.

The most well-known and tested models that take into account the effect of
stresses on the corrosion rate in the calculations of strength are the models of
V.M. Dolinsky [15], E!M. Gutman [9] and 1.G. Ovchinnikov [5], which are,
respectively, in the form of:

(a) fl—f =V (t)(1+Ko);
ds _ .
(b) ” o(t)exp(yo) ;
© fl—f = y()(I+2E,), @)

where V(¢), o(t), y(¢) are the functions, in the general case, which due to
the complexity of their definition, in most cases [5] are accepted as reference
experimentally established constants V[, that characterizing the corrosion

damage of a particular unstressed material in a certain aggressive environment;
K, v, € are coefficients expressing the degree of influence of stresses on the

corrosion rate; E, = ci +ci —2uo,0,, +2(1+M)G)2Cy /(2E) is  specific
deformation energy; ©,,0,,0,, arerelevant components of the stress state;

E,n are modulus of elasticity and Poisson's ratio, respectively.

Thus, the task of determining the magnitude and direction of corrosion
8()_(, t) and change the position of each point X (x,y) of the surface deep into
the material during As corrosion during the initial ¢ =¢, to some final critical
time ¢=t¢, of the structure is to integrate selected for this aggressive
environment equation mathematical model in the form (2, a), (2, b) or (2, c).

Solution of the nonlinear initial problem (1) using one of the known
methods, in particular, Kutt—-Merson, Adams, Euler or others in the (k+1)-th
step of integration over time can be represented as

K =§% + rR @k oV XK iKY AL k=1,2,3,.... (3)

When constructing an algorithm for computer simulation of the evolution of
corrosion, it is assumed that its magnitude and direction are perpendicular to
the surface deep into the material for each i -th node of the shell and does not
depend on the magnitude of corrosion at neighboring points on the current k -
th the steps of integrating the equation of the selected corrosion model (2).

Given that the surface of the shell in the process of corrosion becomes
irregular, the meridian line on the surface of the shell material is approximated
by a broken line drawn through evenly or unevenly defined nodal points, and
the amount of corrosion A8/ at these points is calculated by integrating a
mathematical model of corrosion (3) % -th step in the form
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ABf‘“ (%1, 3;) = 55'(“ (xi’yi)_sf‘( (%1, 3;), i=1n. )
Given that each of the angular (nodal) points will belong simultaneously to
two lines of the approximating
line, changes in the coordinates of
these nodal points can be

calculated for geometric reasons
(Fig. 1).
Segments BB = A8t

i—1>
AE = AF=ASF, CcC =A%, in
Fig. 1 are correspond to the values
of corrosion damage at the nodal
Fig. 1. Calculation scheme to calculate the value  points i—1, 7, i+1 at the k-th step of
of and direction of corrosion damage integrating equation (3). The final

value and direction of corrosion at the point (xf,‘ , yik) isdetermined by the vector

E . The location of the point 4 is calculated as the coordinates of the point of

intersection of the lines CiE and B, F, which are then taken as the angular point
approximating the surface of the shell line at &+1 integration step (2).

To calculate the values of the coordinates of the angular points of the
approximating line of the surface meridian (k + 1)-th step of integration of the

selected corrosion model (2), determine the ort /5, of the vector BA through
the coordinates of these points in the & -th step (Fig. 1), as

— k_ k  k_ k
E= B4 'E= Y T Vi T Vi
/BA/ /BA/

1BA] = (xf =xE)? + 0f =)’ (5)
and further, given that the vectors B_Bl and AF areperpendicular to the vector

ﬂ, orts E, E of VectorsB_Bl, AF , which are parallel, can be expressed as

T =Ty =220, ©
‘ /BA/ /BA/

Vectors BB, and AF , as directions of corrosion damage ASE |, AS) at the

surface of the material in points B and 4, can be represented as

AF = A8} -1, s BB, = A8} Iy . (7)
After that the coordinates of points B, and F' can be obtained as follows:
Kk k Kk _k
k ko Vi —Via k ko X X
Xp = X._ +A8i— '%; = Vi —ASI-_ SNALEEE
B, i1 VT B4/ VB, = Vi VT B4/
k_ K K _ ok
RN N e b SR Y. . = @®)
/BA/ /BA/
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The ort E and length of the vector AC are similarly determined

k
X J’+1 y el k kN2 k kN2
Lye =~ i =5 JACT =0y =)+ (Vi = i)
{ [ac) i4c) ks = o
Then orts of vectors E ,E and coordinates of points £ , C; are calculated:
k k
EleC — yl+1 yl . xiﬂ__xi (9)
' JAC/ /AC/
k k J’+1 i k k xk+1 x;
Xp =X +AS; =" yp =y —A§ - ——";
’ /ac/ /AC/
k k
yi 1 _J’c k ko Xyl =X
Xe = xb 4 ASF SHLTC =k ASE T (10)
C +1 i+1 JAC/ G i+l i+1 J4AC/

The angular point 4, (x 40 V4 ) of the approximating meridian line of the next

step of integrating the equation of the mathematical model of corrosion (1) is the

point of intersection of the lines B,F , EC; and its coordinates satisfy the system
of equations in the form

{XAI (Vr =)= Y4 (Xp —Xp)=Xp yp —Vp Xp;

X1 (e, =VE) = Va4 (¢, =Xp) = XpYe, = VEXc,-

Thus, the coordinates x4 ;) , ¥4 of the i-th angular point following in the

(11)

process of corrosion damage during At the configuration of the shell surface are
calculated from (10), and the final value of corrosion damage to the surface of

the material at angular point 4 is determined by the length of the vector E

A8 =44/ = \/(xil W~ )531(1'))2 + ()’311 W~ J’i(i))z . (12)
The author's software implementation of this problem provides various
possible options for the mutual location of points C, A4, B, different contour
angles, lengths of segments CA and VA, parallel offset contours, reducing or
increasing the number of nodes, respectively, for corrosion of convex and
concave contours corresponding to a decrease or increase in the length of the
approximating lines, etc.
2. Calculated models of shells of rotation with variables of external and
internal components of wall thickness
Assuming that the corrosion rate depends on the intensity of stresses on the
surface of the material, and the impact of aggressive environments on the shell
structure is usually heterogeneous, the depth of corrosion damage to the inner
and outer surfaces of the shell may be different and uneven In this case, the
middle surface of the shell over time will be increasingly different from the
original. This leads to the need to develop a mathematical model for
calculating the stress-strain state of the shells of rotation, which have different
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laws of change of the outer and inner (relative to the middle surface)
components of the wall thickness of the shells.

For the case of shell rotation under axisymmetric loading with variable along
the meridian wall thickness d(s) under the Kirchhoff — Lovehypotheses, it is

assumed that the outer H(s) and inner A(s) components of the shell wall
thickness as distances in the normal direction to some initial the reduction
surface, which remains unchanged despite the corrosive degradation of the shell
surfaces, are independent functions of the meridional coordinate s, 4" (s) is the
distance from the middle to such the reduce surface (Fig. 2(b)), so that

H(s)—h"(s)=d(s)/2; h(s)+h (s)=d(s)/2;

h*(s) =(H(s)—h(s))/2. (13)

It is also assumed that the middle surface and the reduction surface at the

initial time of corrosion damage coincide, or are chosen parallel. In this case,

the error associated with the subsequent, in the process of corrosion, the

difference between the normals to these surfaces, as well as the parameters of
the curvature y,;,%, of these surfaces for thin-walled shells can be neglected.

(a) (b)
Fig. 2. Effort, displacement and position reduced (ab) and middle (cd) surfaces of the shell

The scheme of forces and movements in the shell is given in Fig. 2(a).
Where do you come from

N, =is)sin9+Ncos(9; O =—is)cose+Nsin9. (14)
nr 2nr

Here O(s) is the angle between the normal to the reduced surface and the axis

of the shell; N;, O, are longitudinal and transverse forces; N is expanding
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force; Fy,q,,q; are specified axial, distributed normal and meridional loads,

Sp
F(s)=PR+ J (9, cos©—g; sin0)2nrds s total axial load.
N
Radial dinlacement &, angle of rotation of the normal 9, axial
displacement C, as well as multiplied by the radius r(s) of the parallel circle,
expandingforce Nr and moment M,r are the main variables.
The deformations &;,41, €2mar  Of the middle surface are related to the
deformations ¢&,e, of the reduction surface and 7;,x, as follows:
E1mdl =17 X1> Eama=€2+4 %5. The relationship between stresses and

deformations on the adducedsurface in accordance with Hooke's law has the form

°1=7 £ (&1 +pey) + 200 +1x2)) 5

o= E (e +pe)) + 2000 +10)). (15)
—u
The internal forces and moments relative to the adduced surface are
determined by known dependencies

H H H H
Ny = Jcldz; N, = Iczdz; M, = Iclzdz; M, = Iczzdz (16)
—h —h —h —h
and after substitution (15) will be as follows:
(@) Ny =K (g +uep) + Ky (0 +112)3

(b) Ny =K (g, +pe;)+ K, (X2 +MX1); (17)
(@) My =K, (g +uey)+D(x; +1x2);
(b) M, =K, (e, +pe; )+ D (%o + 1) (18)

Here is the introduction of the notation:
2 _ 32 3 3

-p) " 7 20-pd) T 1?3
Excluding ¢, from (17) and (18) taking into account

£ dd cos0 1 _do 1 sin©
g, =2, g, =48 ., _cosbg 1 _d0 1 _sinb 20
2 r X ds X2 r R ds R r 20)
we receive
N, = i, + K, (1-p2) 24 K, (1-p2) 080 g 21
2 =N + K ( M)r+ 2 ( M)r , (21)
M, =M, +K2(1—M2)%+D(1—M2)@9. (22)

From equation (17, a) taking into account (14), (20) it follows
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g = ( 2(s) sin@+ N cos Gj é (dS cosd 9). (23)

K r ds r
Substituting further (14), (20), (23) in (16, a), we obtain

M =ﬁ(coseNr+Sin9 F(S)j+ D—K—22 (ﬁ+ucos(98)
: K\ r ro2m K, \ds r ’

from which follows one of the equations of the state system

ﬁz_ucoseg_ K, . cos0 an. K, . Mr
K5 K;

ds r DK, - r DK, - r
_ KZ sin© F(S) ) (24)
DK,-K3 ) r 2m

Equilibrium equations of axisymmetric deformation of shells of rotation
have the form [18]:

1d g MNM_N .
@ @ h e, =0
1d y cosO 9 _
O (=N, 20Tk =
©) li(Mr) M, 80 g o, (25)

After substitution (17), (14), (20), (21) in equatlon (25, a), and substitution
(14), (20), (21) in (25, b) we obtain the following system equations

2 K :
d_éz_ucose&_gsinw D 2cos 0 N4 2 ZS“‘E’M]H
ds r DK, — K% r DK, -K2 r

i F
D . sinBcos O (S)’ (26)

+

d(dNr)=K1(1—M2)§+K2(1 " )coseg+ cosO(Nr)+
S r r

in0 F(s
18 EG) g @n
r 2n

where p ( (s)j (g, cos0—g;sinB)2nr ; g, =g, cosO+g, sinb.
s\ 2m

Using the expressions for O, (14) and M, (22)in (25, c), we obtain
dMr 2

(M,r) =KZ(I—MZ)COSOE_,+D(1—M2)COS (—)8Jr
dr r r

+sin O(Nr) + MM(er) —cos e?. (28)
r T
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To determine the axial displacement C of expression (23) for ¢, substitute in

dg

the equation of continuity of deformation a =¢g,sin0+ Scos O, which takes
s

the form
ﬂz_uwa+gcose+ D . SinOcosO(Nr)_
ds r DK, -K;
K ; 220 F(s
_—2251n9(M1r)+ D . sin? 0 F( ). (29)
DK, - K; DK,-K; r 2=n

Thus, the obtained equations (26), (24), (27) - (29) form a system of
differential equations with variable coefficients, which describe the stress-
strain state of the shell of rotation with bilateral, relative to the reduction
surface, variable along the meridian.

For a special case when the adduced surface coincides with the middle one,

i.e. h*(s)=0, it follows that H(s)=h(s). Then (19) will have the form

K, =Ed/(1-u?), K, =0, D=Ed>/(12(1-u?)), where d(s)= H(s)+h(s)
is the thickness of the shell. In this case, the system of obtained equations
coincides with the known system given in [18].

It should be noted that equations (24), (26)-(29), which describe the stress-
strain state of the axisymmetric shell of rotation with variables along the
meridian components of wall thickness H(s), (s) together with the boundary
conditions of the contour, are linear over the main variables (phase vector
components) u = (&, ,Nr, M,r, ) and nonlinear in terms of external H(s)
and internal A(s) components of wall thickness and depth of corrosion
damage to the material surface 8(z, s) .

In this case, the right-hand sides of these equations have the form

0; = iaij (d(s,1), S(I,S))uj +b;(d(s,t),s), i= Ln, n=>s, (30)
=1

and boundary conditions describing the conditions of fixing the contour or
interaction with other substructures can be presented in the form of linear relations

n
Vo =2 a;;(s,)+bj, =0, (31)

i=I
wheres, =5, or s,=s5;; ] =E; p. - determines the number of boundary
conditions (e=0v L, py+ p; =n); coefficients (30) are known functions,
and coefficients (31) are given constants.

To numerically solving the obtained boundary value problem for a system
of ordinary differential equations with variable (due to changes in shell wall
thickness) coefficients under given boundary conditions, a fairly effective and
repeatedly tested in the problems of mechanics of thin-walled structures run
method according to S.K. Godunov [19].
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3. Algorithm of weight optimization of shells taking into account

evolution of corrosion damage

The task of weight optimization of rotating shells taking into account the joint
action of axisymmetric external load and corrosion degradation of the surface is
to find the optimal variable along the meridian of wall thickness d°™ (s) from
the condition of minimum material volume

Sp
=min2n [ r(s)d(s,t)ds, (32)
S0
when performing shell equations given in the form of a boundary value problem
for a system of ordinary differential equations with variable coefficients

f,—li(s, 0w +B(s), sy<s<s; (33)
X

Vopt

with boundary conditions for fixing the circuit (31) at the beginning s = s, and
end s =s; of the integration interval:

(a) Ayt =By; (b) Ayii =By (34)
and compliance with strength limitations and design requirements for
ty <t<t,:

- er

(a) Cequ (h(s,t), H(s,1),u(s,1),8(t,5),s,1)<[o] ;
(b) dmin < d(S) < dmax . (35)

The dependence o, =\[012—0102 +G% is accepted to calculate the

equivalent stress on the shell surfaces, where o, =N,/d+12M,z/d>
(i=12), z=%d(s)/2 (i=1,2).

Internal force factors N(s), N,(s),M,(s) are determined from the
dependences (14), (21), (22); M,(s), N(s) are the solution of the equations of
the state of the shell (33), (34), and d(¢,s) -is the solution from equation (1).

To solve the problem of optimizing the parameters of the rotation shells,
taking into account the corrosive degradation of the surface, it is proposed to
use an original approach. The essence of the proposed approach is to find some
rational by a certain criterion (for example, the minimum weight of the
material) project at the final moment ¢, depletion (as a result of corrosion of
the material surface) bearing capacity of the structure and further increasing
the "sacrificial" layer of material on the outer and inner surfaces of the shell in

the opposite direction, starting from this final time ¢, which corresponds to

the durability time of the structure, to the initial ¢, using the equation of the

accepted mathematical model of corrosion (2).

In this case, in contrast to the traditional approach, which consists in finding
the optimal distribution of material at the initial time t0 and, as a consequence
of the need to repeatedly check the strength constraints (at each step of the
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optimization algorithm) to the final time ¢ =¢, whis taking into account (1),

the durability conditions are taken into account by only one (inverse)
integration of the equations of the mathematical model of corrosion.

The application of this approach to solving problems of optimization of
structures, taking into account the simultaneous action of force loads and the
impact of the accumulation of corrosion damage to the surface, allows to
significantly reduce the amount of calculations to obtain the optimal design.

Since the components of the shell wall thickness are functions of the
coordinate s along the meridian, for weight optimization it is expedient to use
the methods of the theory of optimal control in the form of the necessary
conditions of optimality of the maximum principle L.S. Pontryagin [20].

The extended Hamiltonian and the system for conjugate functions with
boundary conditions of transversality are presented in the form:

@ G =G+& (0equ lo—aery2 ~[0])+ &2 (Cequ lomraisy2 —[0]);

dh; oG Oequ lz=—as)2 Ocqu lz=ray2 . —
b) —L=-2L- — — = i=Ln
(b) s ou, & (s) ou, ,(5) ou, I n
p— PL’
(©  As,) =D cigrad¥;(u(s,)), e=0ve=L, (36)

J=l

n
where G =-2mr(s)d(s,t. )+ D A ()@, (u(s),h(s), H(s),s),  A;(s) are
i=1
conjugate functions that satisfy the system of equations (36, b) with boundary
conditions of transversality (36,c¢); y, are determined from (31);
€,(s), &, (s) are Lagrange functions; and optimal control is found from the
condition of the Hamiltonian maximum

G* (17* (s), ¥ (s), (s),H*(s),s) —supG”* (ﬁ* (s), N (5), h(s),H(s),s), 37)
hH

which, in principle, allows you to establish dependencies
ot (8) = (7 (5).17(5),5)5 Hopy ()= H' (i (s),2"(5),5) . (38)

The fulfillment of the necessary conditions of optimality (36), (37) is
carried out by the method of successive approximations [21].

For the given initial values H k (s), n* (s) of the k-th step of approximations,
the solution of equations (33), (34) and (36, b), (36, c) allows to determine
¥ (s) »AF (s)and then, after substituting them in (37), determine the optimal
control (38) d . (5) = oy () + Hop (s) for all s, <5 <5, nodes of integration

of the system of equations (33), (34).
Finding the extremum (37) (for each of the nodes s) is carried out by
solving a sequence of problems of finite-dimensional (in this case two-
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dimensional) optimization of variables H k (s* ), h* (s*) using the method of
generalized Lagrange multipliers to determine &, (s), &,(s) .

The thus obtained functions of the components of the shell wall thickness,

which are optimal when ¢ =¢_., are further used as initial data for increasing

the rational "sacrificial" layer of material by integrating in reverse the
equations of the selected corrosion model (2).

The obtained optimal distribution of the shell material will have an irregular
nature of changes in the outer and inner components of the shell wall thickness
as a function d,(s) and therefore the practical implementation of such a

project can be quite complex and technologically costly. At the same time, the
distribution of material obtained by solving the correctly formulated problem
of optimal design can be considered not only as a standard, comparison with
which allows to assess the degree of perfection of the actual design, but also as
a basis for realization technological conditions.

4. Optimization of cylindrical tank parameters

The possibilities of the proposed approach are illustrated by the example of
the problem of reducing the material consumption of a cylindrical tank for
storage of petroleum products, taking into account the evolution of corrosion
damage to the surface of the material and technological requirements. The tank,
in addition to the load of hydrostatic pressure of the liquid, is under the
influence of aggressive internal environment of petroleum products and
external atmospheric corrosion.

The problem of finishing the project of continuously variable stiffness under
the conditions of manufacturability also arises due to the fact that in practice
large-capacity reservoir is welded from a set of short cylindrical shells of wall

length /; and thickness d;, j =1,k . In this caseits inner surface remains

smooth, and the outer changes stepwise.

To solve this problem, we propose a method for the best approximation of
continuous controls of a step-variable function by solving the auxiliary finite-
dimensional problem of finding the minimum deviation function of shell material
volumes with optimal continuous and rational step-variable wall thickness

AV = min (V. —V.)>. 39
hjr,}}énD,\.( var —Ve) (39)

Here for the rotation shells Vi, =V, is determined from (32); ¥, for the

k
shell of step-variable wall thickness has the formV, =2n} [ d r;.
j=1

To determine the rational value of the wall thickness d; of the j-th section of
the shell is used analog to the principle of discrete equivalence [22], when for

each of the sections the length l}- <l < ljz» of the wall thickness of the shell is

determined in the form d; = . Gr[rll'd;( ]dopt (s;), where d(s) is the result of
il
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solving problem (32) taking into accountcorrosion damage (1) and dependences

(35), (13), (38). Here l}, ljz- the lower and upper limits on the length of the
k
sections of piecewise constant stiffness; Z‘{ l;=L=s;—sy,d;>d.
=
Numerical results are obtained for the case of computer simulation of
corrosion degradation of the surface and the optimal design of the reservoir
with such parameters: R=12m; L=11.65m; ¢, = q(1—x); ¢ =0.741-10° N/m’;
E=2.10"" N/m* n=0.3; [c ]=1.6-10° N/m’.
Graphic images of the corrosion damage to the surface of the cylindrical

tank of constant rigidity (the outer side of the wall is on the left, and the inner
is on the right) are shown in Fig. 3: in Fig. 3(a) according to the model of

corrosion damage V.M. Dolynsky for V(t) =V, = 0,15-102; K =0,2-107 and
in Fig.3(b) according to the model of E.M.Gutman for
ot)=V, = 0,15-107%; vy=0,1 107, where the darkened shows the corrosion-
damaged part of the material.

(@ (b) (© (d

Fig. 3. Image of corrosion damage to the surfacecylindrical tank

Pictures of corrosion damage to the surface of the wall of the cylindrical
tank of a rational stepped bilateral configuration (for £ = 5) according to model
(2, a) is presented in Fig. 3(c). and one-sided change in wall thickness is
presented in Fig. 3(d).

The optimal values d,; of the step change of the one-sided wall thickness
(for k= 8) of the shell are given in table 1.

Table 1
Optimal parameters of step changethe thickness of the tank wall

j 1 2 3] 471 5 6 7 8
4P 102 m | 1.6 [ 13511 [085]07 |05 [035]03
[0 090 [1.53[1.76 [ 1.88 [ 118 [ 1.75 [ 1.00 | 1.64
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S,m In Fig. 4 shows the graphs of the
12 deflections of the walls of the
reservoir made of the same amount of
material: rational one-sided step-chat-
variable profile (line 1), optimal non-
continuously variable stiffness (line 2)
and constant thickness (line 3)for £=8.

Comparison of the stress-strain
state of shells of the same weight with
constant and optimal variable wall
thickness shows that the selected step
change in wall thickness reduces the
maximum deflection by 2.1 times and
the maximum value of stress intensity

by 2.8 times.
P Comparison of deflection functions
P B (line 1 and line2) for projects of
0 0.05 0.1 10-&,m optimal continuous and rational step
Fig. 4. Graphs of deflections rigidity indicates their insignificant
of the lateralsurface (<5%) difference,and the patterns of

of the cylindrical reservoir . .
corrosion damage of rational step

projects (Fig. 3(c),(d)) in contrast to the corrosion damage of the tank of
constant rigidity (Fig. 3(a),(b)) are more uniform, which at the same cost of
material allows to achieve greater durability.

Conclusions

Thus, in the given article the rather effective and enough general algorithm of
computer modeling of corrosion damages of a surface of shell designs in the
conditions of joint action of force loadings and the aggressive environment is
developed. The main principles and stages of construction of the algorithm for
the evolution of corrosion damage to the surfaces of shell elements in aggressive
environments are presented, its approbation for the two most common
mathematical models — the models of V.M. Dolinsky and E.M. Gutman. The
proposed algorithm allows us to trace the evolution of corrosion damage to the
shells of rotation from the initial moment of time to the moment of complete
destruction due to corrosion degradation. Numerical results of corrosion
degradation of the tank for storage of oil products are presented, which
demonstrate the wide possibilities of the algorithm, its sufficient versatility and
the possibility of generalization. An original algorithm for selecting the optimal
parameters of the shells of rotation taking into account corrosion damage is built.
The results of research can be used in calculations of durability and selection of
optimal parameters of structural elements that are in conditions of simultaneous
action of force load and aggressive environment.
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Izrooa A.11., /[3100a O.A., Jlesumina J1.J1.
ONTAMAJIBHE TPOEKTYBAHHS OBOJIOHKOBUX KOHCTPYKIIIA 3
YPAXYBAHHSIM EBOJIIOLIII KOPO3IHOI' O MOIIKO/KEHHSA

P03p0o0IieHO aJIropuT™M KOMII FOTEPHOIO MOCIFOBAHHS €BOJIOLIT KOPO3iHHOr0 3HOLIYBaHHS
MaTepiay MOBEepXHi OOOJOHKOBHX €IEMEHTIB KOHCTPYKLIil B yMOBax CIiIbHOI i MEXaHIYHHX
30BHIIHIX HABAHTA)KEHb Ta BIUIMBY arpeCMBHOIO CEPEOBHUIIA.

IloOynoBana MaTemMaTH4Ha MOACHb JaehOpMyBaHHS OOOJOHOK OOepTaHHs 31 3MIHHOK B
pe3yJibTaTi KOpo3ii 30BHIIIHBOI i BHYTPIIHBOK CKJIAIOBHUMHU TOBIIMHHU CTIHKH.

3anporoHOBaHUH aJrOPUTM J03BOJISIE MPOCIIAKYBATH B Yaci Mpolec KOpo3idHOI Jerpananii
MaTepiajly IMOBEpXHi OOOJOHOK OOepTaHHs Yy BIiAMOBIZHOCTI [0 MOBUIBHHX (iICHYIOYMX)
MaTeMaTHIHHX MOJIesIeH KOpo3ii 3 TOYaTKOBOr0 MOMEHTY Yacy A0 IOBHOTO PyHHYBaHHs BHACIIJOK
KOpO3ii{HOI BTpaTH MaTepiaiy.

Po3pob6iieHo opuriHaiabHUI anropuT™M BHOOPY ONTHMAJIBHUX MapaMeTpiB 000JIOHOK oOepTaHHS
Ta JOCIIDKEHHs iX TOBrOBIYHOCTI 3 ypaxyBaHHSIM KOpPO3ifHOI merpanarii marepialy MOBEpXHi,
CyTh SIKOTO IIOJAra€ B ONTHUMI3alil IapamMerpiB KOHCTpyKUii B KiHIEBHiI MOMEHT 4acy ii
JIOBTOBIYHOCTI, MOJAJIBIIOT0 3BOPOTHOIO JBOCTOPOHHBOI'O HAPOILIYBAHHS <OKEPTOBHOIO» LIApy
MaTepiay Ta palioHaJIbHOTO JOONPALIFOBAHHS IPOEKTY 32 TEXHOIOTTYHUMHU BUMOI'aMH.

BupiieHHst 3aia4i Baropoi onTuMisaiii 000JIOHKHA 32 YMOB HECHMETPHYHOIO JBOCTOPOHHBOTO
HEpIBHOMIPHOrO, B pPe3yJbTaTi KOPO3IHHOr0 ypayKeHHs, MaTepially MOBEpXHI 3IHCHIOETBCS 3
BUKODHCTAHHSIM  HEOOXITHMX yMOB ONTHMAIBHOCTI y (opMi NPUHIMIY MaKCHMyMY
JI. C. IouTpsirina 3 ¢a3zoBuMu oOMexeHHsMH. [IpoGiieMa BIOBOJICHHSI TEXHOJIOITYHUM BHMOTaM B
MOYaTKOBHIM MOMEHT 4acy (DOPMYIIFOEThCS SIK 3a/ladya HAMKpaIlol KBaJpaTHYHOI alpoKCHUMAllii
OTPUMAHHX HENEPEPBHHX KEPyBaHb y BUIILAI ONTHUMAJIbHO-3MIHHOI TOBIIMHH CTiHKH OOOJOHKH
KYCKOBO-TIOCTIHHOIO (DYHKIII€FO.

IlpuBeneHi 4YMCIOBI pe3yJbTaTH KOMITIOTEPHOrO MOJETIOBAHHS KOpO3iiHOI Jerpanarii
Mmarepiany IOBEpXHi Ta BHOOpY ONTHMAJBHUX [apaMeTpiB IMIIHAPHYHOIO pe3epByapa s
30epiraHHsi Ha(TONMPOAYKTIB B yMOBAaX OJHOYACHOI [il CHIIOBOrO HABAaHTAXKCHHS Ta BILIMBY
arpecHBHOrO CEpeIOBHILA.

Kio4oBi cjioBa: MOJIEIIOBAaHHS CBOJIOLIT KOPO3IHHOrO YpakeHHs, OOOJOHKH, MILlHICTb,
arpecuBHE CEPEeOBHIIE, ONTHMAIbHE IPOCKTYBaHHS.

Dzyuba A.P., Dzyuba A.A., Levitina L.D.
OPTIMAL DESIGN OF SHELL CONSTRUCTIONS TAKING INTO ACCOUNT THE
EVOLUTION OF CORROSION DAMAGE

An algorithm for computer modeling of the evolution of corrosion wear of the surface material of
shell elements in the conditions of joint action of mechanical external loads and the impact of
aggressive environments has been developed.
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A mathematical model of deformation of shells of rotation with variable as a result of corrosion
of external and internal components of wall thickness is constructed.

The proposed algorithm allows to trace in time the process of corrosion degradation of the
surface material of the shells in accordance with arbitrary (existing) mathematical models of
corrosion from the initial moment of time to complete destruction due to corrosion loss of
material.

An original algorithm for selecting the optimal parameters of the rotation shells and the study
of their durability taking into account the corrosion degradation of the surface material has been
developed.The essence of the algorithm is to optimize the design parameters at the end of its
durability, further reverse bilateral build-up of the "sacrificial" layer of material and rational
refinement of the project according to technological requirements.

The solution of the problem of weight optimization of the shell under conditions of asymmetric
bilateral non-uniformto the surface material, as a result of corrosion damage, is carried out using
the necessary conditions of optimality in the form of the principle of maximum L. S. Pontryagin
with phase constraints.The problem of satisfying technological requirements at the initial moment
of time is formulated as the problem of the best quadratic approximation of the obtained
continuous controls in the form of optimally variable thickness of the shell wall with a piecewise
constant function.

Numerical results of computer modeling of corrosion degradation of surface material and
selection of optimal parameters of a cylindrical reservoir for storage of petroleum products under
conditions of simultaneous action of force loading and influence of aggressive environment are
given.

Keywords: modeling of corrosion damage evolution, shells, strength, aggressive environment,
optimal design.

Izroda A.I1., /[3100a A.A., Jlesumuna JI1J1.
ONTUMAJIBHOE TPOEKTUHPOBAHUE OBOJOYEYHBIX KOHCTPYKIMI C
YYETOM 3BOJIIOLIUU KOPPO3UOHHOTI'O MOBPEXJAEHUS

Pa3pabotaH airopuTM KOMIBIOTEPHOTO MOICIUPOBAHHUS  JBONIOLMH  KOPPO3HOHHOTO
U3HALIMBaHUA MaTe€puajia IOBEPXHOCTHU 000JI0YEUHBIX DJIEMEHTOB KOHCprKLIPll’l B YCIOBHAX
COBMECTHOIO JIeHCTBHSI MEXaHUYECKUX BHEIIHUX HArpy30K U arpecCUBHON Cpelbl.

IToctpoena MaTeMaTH4ecKasi MOJEIIb 1e(hOPMUPOBAHHS 000T0UEK BPALLCHHUS C H3MCHSIOLIeH Csl
B pe3yJIbTaTe KOPPO3UH HAPYKHON U BHYTPEHHEH COCTABIIAIOILMMHU TOJILMHBI CTEHKH.

IIpennaraeMblii  aaropuT™ IO3BOJIIET IPOCIEIUTh BO BPEMEHH IPOLECC KOPPO3MOHHOMN
JlerpajlaliuuMaTepuala IoBEpXHOCTH 00O0JI0UEK BpalleHHs B COOTBETCTBUM C IPOM3BOJIbHBIMU
(CyLLleCTBleLLLl/lMl/l) MaT€MaTHYCCKUMU MOACIISIMA KOPPO3MH C HAYaJIbHOI'O MOMEHTAa BPEMCHHU 10
HOJIHOTO Pa3pyILEHUs BCIEACTBUE KOPPO3HOHHOM MTOTEPH MaTeprala.

Pa3pabotaH OpHrHHANbHBIH aIrOPUTM BBHIOOpPAa ONTHMANBHBIX HAapaMeTPOB 000JI0YEK
BpAILEHUS U MCCIIEIOBAHNUE UX JIOJITOBEYHOCTH C y4ETOM KOPPO3HOHHOM Jerpajaliii MaTepuaa
HOBEPXHOCTH, CYThb KOTOPOrO 3aKJIIOYaercsi B ONTUMM3ALMU IapaMEeTpPoOB KOHCTPYKLHUH B
KOHEYHbIH MOMEHT BpPEMEHHM €€ JIOJIrOBEYHOCTH, MOCIJIELYIOLIEro OOpaTHOro IBYCTOPOHHErO
HapallMBaHUS (CKEPTBEHHOI'O» CJIOS MaTepuana M palUOHAIbHOM JOpabOTKM IpoeKTa I10
TEXHOJIOTUYECCKUM TpeGOBaHl/lﬂM.

Pemienne 3ajaun BeCOBOW ONTUMHM3ALMU OOOJOYKH NPUHECUMMETPUYHOIO JBYCTOPOHHErO
HEPaBHOMEPHOI'0, B pE3yJbTaTe KOPPO3MOHHOIO IOPAXXEHHs, MaTepuajla I10BEPXHOCTH
OCYLIECTBISETCS C UCIOJIb30BAHUEM HEOOXOIMMBIX YCIOBUI ONTUMAIBHOCTU B (hOpME NPUHIMIIA
makcumyMa JI.C. IloHTpsruHa c¢ ¢a3oBeiMuH orpaHudeHusiMu.IIpobiemMa ymoBIETBOpPEHHUS
TEXHOJIOTMYECKUM TPEOOBAHMUSAM B Ha4yajbHBIi MOMEHT BpeMeHH (OPMYJHMPYETCs Kak 3ajada
HawIy4leld KBaJpaTHYHOM aNmpOKCHMMAllMU IIOJYYEHHbIX HENPEPbIBHBIX YIPABICHUH B BUJE
ONTHUMAJILHO-CMEHHOM TONIIMHBI 000JIOYKU CTEHKU KyCOYHO-TTOCTOSHHOM (DYHKIHEH.

IlpuBeneHbl 4YMCIIOBBIE PE3YJIbTAThl KOMIIBIOTEPHOTO  MOJIEIMPOBAHUS  KOPPO3HMOHHOM
Jcrpagjaluyu MaTtepuajia IMOBEPXHOCTU H BblGOp OINTHUMAJIbHBIX MapaMETPOB LUIUHAPUYECKOIO
pesepByapa Ul XpaHEHHs HE(TEHPOAYKTOB B YCIOBHSIX OXHOBPEMEHHOIO IEHCTBHS CHIIOBOIL
Harpy3ku U BO3EHCTBUS arpeCcCUBHO CpeJibl.

KioueBble ¢j10Ba: MOJEIMPOBAHUE DBOJIOLUHM KOPPO3HOHHOIO IOpPAXXEHHs, 000JI0YKH,
KPENoCTh, arpecCuBHas CPela, ONTHMAJIbHOE IPOEKTUPOBAHHUE.
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To indicate the importance of the problem of modernization of the operational and activity
component of educational activity, further scientific development of theoretical and technological
components of technical educational disciplines in the institution of higher education of the
construction profile, determinists, which define peculiarities of their teaching methods, clarified
approaches on the formation of the content of education, oriented on the priority of personal-
oriented learning and competence-based approach. Recommendations for improvement of the
basic types of training in lecture, practical, and laboratory classes have been developed. The
content of the stages of implementation of the technique of teaching technical disciplines in the
institution of higher education of the construction profile is determined.

Keywords: educational process, methodology of teaching technical disciplines in higher
education of construction profile, student-centered approach, educational program, professional
competence, educational content, stages of implementation of teaching methodology.

Problem statement. The current stage of development of the higher
education system is inextricably linked with the integration of Ukraine into the
European Space, which determines the introduction of the latest information
technologies, solving problems in the provision of high-quality educational
services. World and European level documents [39, 43, 44] and Ukrainian
legislative documents [1, 2, 3] state that the capacity development of university
teachers in the context of teaching and learning should serve the purpose of
improving the quality of education. N. Fisunenko stresses that construction is the
main link in the country's construction complex, consisting of the following
main blocks: production of building materials, own construction, construction
mechanical engineering, design, and research work in the sector [37, p. 40]. In
addition, with the development of the construction industry develops the
production of building materials and related equipment, machine-building
industry, metallurgy and metalworking, petrochemical industry, glass

© Chernyshev D.O., Maksymiuk Yu.V., Krasylnyk Yu.S., Korchova H.L., Rudenko M.V.
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production, woodworking and porcelain-earthenware industry, transport
industry, energy industry, and more. Also, construction, like no other branch of
the economy, contributes to the development of small and medium-sized
businesses. The development of the construction industry is inevitably causing
economic growth in the country and solving many social problems [13].
According to the results of a monthly analytical research «Review of the
development of the construction industry of Ukraine» from the information and
analytical agency «Personal Analytical Unity, which specializes in providing
information and analytical services and is the leading Ukrainian operator in the
field of marketing services on industrial markets and business brokerage in the
market of building materials and technologies, only for nine months of 2021, the
Ukrainian construction market grew by 3.2%, and the building materials market
- by 14.9% compared to the same period in 2020 [26]. The continuation of pre-
war construction trends will probably make Ukraine one big construction site.
Post-war Ukraine will be rebuilt at a rapid pace. In our opinion, the issues related
to the post-war revival of Ukraine, including economic recovery, are
undoubtedly in the plane of development of the construction industry. The
drivers for this should be the continuation of the program of the Ukrainian
president's «Big Construction» program to rehabilitate, construct and renovate
facilities based on the principles of energy efficiency and high quality,
inclusiveness, and targeting every Ukrainian as a client; sixteen cultural projects
and ten cultural heritage sites are included in the program, such as the 'Great
Restoration' project and the National Bridge Restoration Program, among others;
the state program on mortgage crediting; tasks of the State Inspection of
Architecture and Urban Development of Ukraine, namely: Digitalization of
processes, creation of a productive environment of construction business
activity, transparent regulation rules, etc. Thus, the general trend of the
Ukrainian construction industry market is to resume its growth.

The fundamental changes that will take place in the construction industry
actualize the need to improve the training of future professionals ready to work
in conditions of constant updating of techniques and technologies since the high
level of their competence and competitiveness serves as a basis for effective
functioning and dynamic development of production. In The Concept of
implementation Building Information Modelling Technologies (BIM-
technology) in Ukraine [4] indicates that there are problems in the construction
industry that need to be solved, namely: significant resource intensity of the
construction process; inefficient management of design, construction, and
operation processes, in particular, due to low level of communication between
the participants of the mentioned processes; inefficiency of material resources
aimed at construction, in particular, the use of raw materials and related
construction products that have no reuse; lack of approaches to effective
management of the life cycle of objects as a set of successive in content and time
stages (periods) of the existence of the construction object — from the Concept of
its creation (survey, design, construction) to termination of operation
(liquidation), including the reuse of its parts (elements) for a new purpose;
obsolescence of regulatory support in construction, which does not correspond to
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the current level of construction technologies; significant consumption of energy
produced from fossil fuels (non-renewable sources) in the construction sector
leading to significant pollution of the environment; accidents at operating
facilities. The outlined problems of the construction industry within the
framework of the Concept are proposed to be solved in research, normative-
legal, normative, technological, organizational, communication, practical, and
educational directions. For our research, it is interesting to outline the concept of
the educational direction — providing training for specialists in the field of BIM
technology, and creating appropriate educational programs and courses.

Despite the achieved results in the sphere we are considering, the
development of the issue on the improvement of educational process in the
institution of higher education of construction profile has not yet acquired proper
system thinking and interpretation in modern researches and needs prolonged
study.

Analysis of recent research and publications. The conceptual basis of the
development of the mentioned problem is laid in the scientific research of
scientists, in particular, T. Horokhivskoi [8], L. Dolnikovoi [11], 1. Kozlovskoi,
K.Khoroshev [14], O. Stechkevych, O. Bilyk [16], H. Lokarievoi, E. Bazhminoi
[20], M. Pryshchaka [31], N.Lytvynovoi, A. Petrykei, L. Hrytsenko [19].
Theoretical and methodical aspects of preparation of future engineers-builders
are considered in the works of N. Dubininoi [13], O. Hulai [10], M. Kondratova
[17], V. Lytvyn [21], M. Mykhniuk [24], M. Nakonechna [25], Yu. Pryshupa
[30] and N. Sydorchuk [34].

At the same time, despite the deep analytical material and scientific
achievements of scientists, the methodological aspects of teaching technical
disciplines for applicants for higher education in construction specialties remain
insufficiently disclosed.

The aim of the article. To determine the importance of the problem of
modernizing the operational and activity component of educational activities,
further scientific development of theoretical and technological components of
the methodology for teaching technical disciplines in higher education of
construction profile.

Presentation of the main research material. The awareness of managers and
scientific and pedagogical workers of higher education institutions of the public-
state requirements to the quality of professional training of future bachelors and
masters allows for effectively introduce modern educational technologies, best
managerial practices in practical activity obtained by the results of scientific
research to form and develop a self-sufficient person capable of creative
professional activity. This is in line with the goal of higher education, which is
declared in the Law of Ukraine «On Higher Education» concerning the
preparation of competitive human capital for high-tech and innovative
development of the country, self-realization of the individual, provision of the
needs of society, and labor market [1]. In modern conditions, the necessity of
application of new pedagogical technologies in higher education institutions in
the process of teaching technical disciplines was especially acute, due to
peculiarities of perception of information by modern students, the necessity of
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formation of motivation to study, and the provision of high quality of mastering
of relevant competencies. In particular, the Kyiv National University of
Construction and architecture cultivates a student-centered approach to the
design and implementation of the educational process by scientific and
pedagogical workers, which contributes to the continuous development of
students of self-educational competence and analytical abilities. Besides, as the
analysis of educational practice shows, there are a huge number of educational
Internet resources available to students today, but the level of analysis, synthesis,
and evaluation of the information received without the participation of teachers
is often beyond their power due to the nature of technical disciplines, as a rule,
they are quite difficult for some higher education students to perceive. Therefore,
the creation of an innovative educational environment, in our opinion, is
impossible without qualitatively new content of higher education, without the
proper level of scientific-methodical and information-technological support for
the educational process, improvement of research activity of scientific and
pedagogical workers, educational technologies and teaching methods, their
search (development), introduction into educational programs and introduction
into practice.

The scientific and pedagogical staff of the Kyiv National University of
Construction and Architecture constantly update the content of the components
of educational programs in connection with dynamic changes in the legislative
field, the needs of higher education applicants, graduates, teachers, and other
stakeholders, expansion of cooperation with national educational institutions,
activation of participation of teachers and students in international scientific and
educational projects, etc. In our opinion, the content of academic disciplines
should ensure the formation of such professional qualities among applicants for
higher education that would correspond to the nature of the competitive
environment in which their future professional activity will take place.
Therefore, the aspects are quite fully taken into account in the conclusion of
educational programs «Professional Education (Construction and Welding)» of
the first Bachelor's level in higher education (components of the educational
program «Engineering and Computer Graphics», «Fundamentals of Building
Theory», «Building Structures», «Organization and Construction Management»,
etc.), «Design» of the first Bachelor's level of higher education (component of
the educational program «Fundamentals of Interior Design»), «Computer
Systems and Networks» of the second Master's level of higher education
(components of the educational program «Parallel Information Processing
Systems and Neurocomputers», «Device Modeling and Linear Components of
Computer Systemsy), «Engineering of Logistics Systems»of the second Master's
level of higher education (components of the educational program«Structural
Synthesis of Hydraulic and Pneumatic Systems of Logistics Equipmenty,
«Systems of Earthmoving Technologies in Transport Construction»), «Branch
Mechanical Engineering (Construction)» of the second Master's level of higher
education (component of the educational program «Synthesis of Machinery and
Equipment of the Construction Industry»), «Electromechanical Automation
Systems and Electric Drive» of the first Bachelor's level of higher education
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(components of the educational program «Power Supply to Industrial Plants and
Construction Sites», «Automation of Electromechanical Systems in the
Construction  Industry»,etc.), «Thermal Power Engineering. Energy
Management, Energy Efficient Municipal, Industrial and Domestic Thermal
Technologies» of the first Bachelor's level of higher education (components of
the educational program «Resistance of Materials», «Technology and
Organization of Installation Work»), «Environmental Protection Technologies»
of the second Master's level of higher education (components of the educational
program«Development of Construction Projects in Accordance with the
Sustainability Categories of Green Construction»), «Architecture of Buildings
and Structures» of the second Master's level of higher education (components of
the educational program «Modern Structures of Buildings and Structuresy,
«Architectural Activity in a Market Economy»), «Construction and Civil
Engineeringy» of the first Bachelor's level of higher education (components of the
educational program «Technology of Construction Processes», «Construction
Mechanicsy», etc.), «Industrial and Civil Engineering» of the second Master's
level of higher education (components of the educational program«Engineering
Protection and Preparation of Territories», «Experimental Research on the Topic
of Certification Final Work»), «Water Management Construction and
Management of Water Resources and Systemsy» of the first Bachelor's level of
higher education (components of the educational program «Hydraulic
Structures», «Hydraulic and Aerodynamic Machinesy, etc.).

The work of scientists in the field of didactic methods and the development of
multilevel systems of teaching methods deserves special attention, and
substantiation of the ratio of components of such systems [5, 6, 7, 10, 12, 16, 17,
24], because the level of development of professional competencies of students
in a certain component of the educational program (academic discipline), their
ability to analyze, synthesize, evaluate, compare, systematize educational
information determines the activities of scientific and pedagogical staff of higher
education institutions of construction profile in the choice of methods of teaching
technical disciplines. In particular, at the Kyiv National University of
construction and architecture, teaching is carried out with the help of traditional
methods (verbal, visual, practical) and innovative methods that are aimed at
activating the educational and cognitive activity of students, and information
educational technologies. To improve the organizational and methodological
support of the educational process, an Internet-support site on the Moodle 3
platform was created (http://org2.knuba.edu.ua), where the academic disciplines
taught by the departments are presented. The web page of each academic
discipline has a mandatory part containing basic information and electronic
versions of the documents that make up its information and methodological
support: working program, guidelines for laboratory, practical, coursework and
diploma projects, recommended literature, examination (test) questions,
assessment system, lecture notes, tasks for practical (laboratory) classes, etc.

In this context, innovative methods of teaching educational disciplines, which
promote the development of creative activity and research initiative of students,
deserve special attention and lay the basis for the successful application of
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acquired competencies in practice. The concept of «innovativeteachingmethods»
asdefinedby N. Artykutsy [6], is multicomponent, since it combines all those
new and effective ways of teaching (obtaining, transferring, and producing
knowledge) that contribute to the intensification and modernization of the
educational process, develops the creative approach and personal potential of its
participants. V. Luhovyi [22] in the content of the concept of
«methods/technologies of teaching» invests ways and methods of processing
educational (pedagogical) information, aswellastypes of training sessions and
partially forms of organization of the educational process (independent work,
practical preparation). Thus, in Kyiv National University of Construction and
Architecture on the Department of Structural Mechanics, which teaches one of
the most important fundamental disciplines for the training of civil engineers, a
cycle of educational and methodical publications and materials has been
developed that form a methodological complex for studying structural mechanics
by students of various specialties at different educational and qualification levels.
In addition to a number of textbooks, the most complete of which is the one
published in 2013 under the general editorship of Academician of the Academy
of Pedagogical Sciences of Ukraine Professor Bazhenov V.A. the textbook
"Structural mechanics. Computer technologies and modeling" (in Ukrainian)
developed a number of guidelines and individual tasks for solving problems.
which laid down didactic principles of optimality and rationality of presentation
of educational material, individualization and differentiation of educational and
cognitive activities, problems — to stimulate activity and independence of higher
education students in achieving educational results and developed on a single
conceptual basis of learning. A list of these methodological developments is
available on the KNUBA website [35].

Consequently, given the modern requirements to ensure the quality of the
educational process, teachers are stimulated to improve methods of teaching
professional disciplines and, in particular, to promote innovative technologies as
leading in the organization of educational and cognitive activity of students.
However, scientists, in particular I. Khomiuk and V. Khomiuk [38], believe that
despite the considerable work of scientists, the issue of the introduction of
innovative technologies it is in the teaching process of technical disciplines
remains open and requires further research.In this context, the study of the
content of scientific developments of foreign scientists on the design of youth
innovation centers, creative spaces, and hubs in the structure of higher education
institutionscanserveasrelevantforour research. Thus, J. Fournier, C. Grape,
P. Grummon, J. Morelli, S. Whitmer, and J. Cevetello in a thorough study
«Designing educational space: current status and future trends» give some
recommendations to improve the educational environment through architecture
and design, considering innovations and current trends in education, technology,
and society [45]. C. Spinuzzi [42] in his work noted that is innovative learning
environment (including coworking) provides a unique opportunity to accelerate
the generation and dissemination of innovation itself. K. Holubchak [9],
considering the peculiarities of the formation of innovative creative spaces in the
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structure of higher education, argues that innovative creative spaces should
promote the generation of ideas, innovative thinking, and communication.

We share the opinion of the authors that the emergence of the latest design
and digital technologies significantly expands the design space of architecture.
The spatial structure of modern creative hubs cannot be formed only physically:
transformed partitions, and modular furniture that can easily adapt the space to
specific needs - from private work areas to group coworking spaces, it should
have a wide range of digital and lighting components built-in. Analysis and
generalization of the needs of higher education seekers, experience in organizing
innovation centers, including the Kyiv National University of Construction and
Architecture, allows identifying several functional areas of creative innovation
space in the structure of higher education institutions of construction profile:
educational, educational and scientific, educational and methodical, research,
coordination, internationally, recreational, technical and technological,
communicative, information and library, exhibition and exposition, portfolio,
trade and household services.Along with this, A.Panchenko, A. Voloshyna,
O. Titova, 1. Panchenko, A. Voloshyn [27] draw attention to the ways of
introducing interactive teaching methods in the teaching of technical disciplines.
Especially - the most common forms of classes that use active and interactive
teaching methods in the teaching of technical disciplines: lecture discussions,
educational games, laboratory and practical classes, watching and discussing
videos, working in small groups, and excursions. According to the authors, the
organization of interactive learning in the study of technical disciplines should
include the following elements: formulation of the problem topic, goals, and
questions of the lesson; preparation of the classroom, multimedia equipment,
layouts for active work of students; formation of motivational readiness of the
student and teacher for joint actions in the process of studying technical
disciplines; optimization of the system for evaluating the process of cognition
and results of joint activities; development of the general group and interpersonal
skills and ability of analysis and self-analysis. In their opinion, interactive forms
of study provide high motivation, the strength of knowledge, creativity and
imagination, communicability, active life position, team spirit, the value of
individuality, freedom of expression, emphasis on activity, mutual respect, and
democracy. To the effectiveness of interactive learning in the study of technical
disciplines, scientists include: the development of active cognitive and mental
activity of students; attracting students to the process of studying technical
disciplines and mastering new material as active participants; the development of
skills, abilities and analysis and critical thinking; strengthening motivation to
study technical disciplines; creating a favorable, creative atmosphere in the
classroom; the development of students of communicative competencies;
reducing the volume of traditional classroom work and increasing the volume of
independent work; development of skills and proficiency in modern technical
means and technologies of information processing; development of skills and
abilities to independently find information and determine the level of its
reliability; use of such forms of control as current Test control, final module
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control, final control (exam), which allow to increase the objectivity of
assessment of knowledge, skills and competencies of students [27].

V. Petrovskyi and A. Bondarenko [28] believe that the use of interactive
technologies puts forward certain requirements for the structure of the lesson,
which should consist of five stages: motivation; announcement, presentation of
the topic, and expected results; updating knowledge, providing the necessary
information; awareness; reflection. When evaluating the results of interactive
learning, researchers consider it necessary to take into account the following
conditions: to maintain a balance of testing the knowledge and skills of students;
use traditional and interactive assessment technologies; apply group, competitive
and individual assessments of students, self-assessment and mutual assessment;
discuss the criteria for evaluating students; taking into account the academic
achievements of the group and the individual progress of students.

1. Batsurovska, O. Samoylenko, and V. Hruban [7] consider the peculiarities
of studying technical disciplines using electronic educational resources.
Researchers have identified a problem that consists in using electronic
educational resources when studying technical disciplines and involves building
a new or changing the traditional methodological activity of the teacher. The
analysis of the main requirements for the use of electronic educational resources
in the study of technical disciplines allowed the authors to identify pedagogical
and methodological goals that can be achieved through the use of electronic
educational resources such as MathCad, Maple, MatLab, Mathematica, SMath
Studio, Advanced Grapher, MasterGraph, Wolfram Alpha, etc., more effectively
than with the help of other pedagogical technologies. To such goals, scientists
include the formation of an activity-based approach to the educational process;
individualization and differentiation of the educational process while
maintaining its integrity; strengthening the awareness of the educational process,
increasing its intellectual and logical level; strengthening the motivation for
learning, self-control, and self-correction; monitoring the training stages of the
educational process; monitoring with feedback, diagnostics, and evaluation of
the results of educational activities; introduction of new cognitive tools into the
educational process: computational experiment, modeling, and imitation of the
studied objects and phenomena, conducting laboratory work in conditions of
simulation in a computer program of real experience, solving problems using
electronic educational resources; the possibility of creative research activities.
The peculiarities of the use of electronic educational resources in the study of
technical disciplines include [7]: the ability to visualize the process of solving the
problem by automatically building graphical dependencies on the computer
screen according to a model that describes the situation in question; the need to
use an electronic educational resource to automatically perform any calculations
only after the skill of performing these calculations without the help of electronic
educational resources has been formed; periodic conducting computational
classes without the use of a computer, followed by checking the results on a
computer; modern electronic educational resources are systems for self-study
and distance learning of technical disciplines; educational electronic resources -
is the opportunity to use simulators, models and laboratory work, not feasible in
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real conditions for the study of technical disciplines; use of computer testing
programs, as well as other organizational forms and technologies to solve
technical problems; implementation of network consultations, work with
simulators, control and self-control.

0. Kletskov [15] considers the main types of classes in distance learning and
the problems that arise in their organization. Thus, the difficulty in conducting
video lectures on technical disciplines is to create a quality presentation that not
only presents all the necessary material but also presented it in a format that
would be accepted by the students of education. The limited-time available for
Zoom lectures, for example, also adds complexity to the teaching of technical
disciplines. The most acceptable variant of laboratory work is the format of
practical work with the display of a video. When teaching technical disciplines,
the main tool for teaching students is to perform practical tasks, but in terms of
distance learning controlling the progress of practical tasks by individual
students is almost impossible. Also, when teaching certain topics and questions it
is necessary to teach students to perform tasks according to a certain pattern,
which in turn requires the performance of practically identical tasks by all
students of the group, which in conditions of distance learning does not promote
academic integrity of students. Testing students’ knowledge is an integral part of
the study, but it is difficult to create test tasks within the framework of teaching
some topics that would exclude the possibility of students «guessing the
answery. It is not always possible to create tests that require you to record your
answer or compare pictures and meanings.

Significant for our research is the experience of teachers of the Kharkiv
National University of Construction and Architecture, in particular
A. Medvedievoi, T. Aloshechkinoi, and N. Makovetskoi [23] outline the range
of problems related to the organization of teaching technical disciplines remotely
in quarantine and identifies areas for further quality assurance of higher
education students. Thus, lectures on resistance of materials, structural
mechanics, a special course on resistance of materials, and the basics of the
theory of elasticity and plasticity were conducted directly according to the
schedule of classes on the Zoom platform, or after a prepared presentation was
sent to academic groups in advance for students to independently study the
content of the lecture and then discuss it, which is organized by the teacher
during a scheduled lecture using Google Meet, or Zoom platform. The
expediency of one or another option was determined by the complexity of the
material. The most effective option, according to teachers, is when the content of
the lecture is considered by students in advance. The practice of teachers of the
Kharkiv National University of Construction and Architecture in conducting
practical classes shows that the best result is achieved when the task is explained
by the teacher during a meeting with the group in a chat when performing
independent work (consulting work). In general, preparation for classes should
be more thorough and perfect, with the use of visualization of appropriate
calculations.

T. Labutkina [18] notes the possibility of a progressive combination of
«online» technologies in the process of providing educational services with
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«offline» and highlights several aspects regarding the presentation of lecture
material in «online» and «offline» forms. M. Sashnova and A. Zahorulko [32]
believe that the introduction of gamification in technical disciplines in higher
education institutions is possible to ensure the mental activity of students during
lectures and laboratory-practical classes and improve the assessment system. The
structure of gamification is conditionally divided by them into individual
(assessment points, virtual goods, time limits, etc.) and social (interactive
interaction), and the implementation of gamification in distance learning
conditions is possible through the use of various plugins, depending on the
platforms used for distance teaching of technical disciplines. In this context,
teachers of the Kyiv National University of Construction and Architecture use
the capabilities of the Moodle and Microsoft Teams platforms, wherein the
course parameters activate the dynamics of student activity and set up the
deadline for educational tasks, which serves as a motivational factor for students
to complete them. The completed task can be stimulated by rewards in the form
of performance points, Awards (commendations or accolades) (in particular,
using the LuckyDraw Microsoft Teams plugin). In our opinion, a positive trend
is the focus of scientists on analyzing such a problem of modern higher technical
education as insufficient humanitarian training of the students of higher
education technical specialties. In particular, N. Aksakova emphasizes that in
institutions of higher technical education, the principle of technocracy dominates
both in the content of academic disciplines and in approaches to the organization
of the educational process. However, the researcher expresses a reasonable
opinion that it is the humanitarian component of the educational process that
ensures the development of creative potential and cognitive activity of students
[5]- The author notes the importance and expediency of using interdisciplinary
connections for the mutual enrichment of related subjects within the
humanitarian block and the application of a transdisciplinary approach to the
relationship between special and humanitarian knowledge, which allows students
to form a systematic idea of their future profession and their role as a Technical
Graduate in modern society.

We agree with N. Aksakova's assertion that the teaching of humanities
disciplines in technical specialties should differ from teaching in humanities
faculties both in the structure of the subject content and in the presentation.
Nevertheless, T. Osborne points out a significant factor that, in our opinion,
should be taken into account in the learning process, namely, the dominance of
rational thinking among technical students, and their skills to work with
systematized, logical and concise material [41]. In addition, it is necessary to pay
attention to the fact that in the process of acquiring university education, the
following types of innovative thinking are formed: paradigm (develops
methodological innovations of fundamental research, is characterized by the
acquisition and mastering of a system of scientific knowledge, the application of
which ensures the production of necessary innovations, their implementation and
replication, has the ability to determine a strategic model for the development of
a specific direction of professional innovation reality), conceptual (generated by
constructive innovations in the context of Paradigm implementation, it manifests
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itself in a complex innovative solution of key issues and develops new scientific
approaches and design principles), technological (creates knowledge-intensive
innovations in order to implement conceptual development like new
technologies, innovation processes, implementation activities, etc.), predictive
(has a high level of forecast, which determines the perspective of development
and inhibition of innovation mechanisms through knowledge of theoretical
doctrines, concepts, systems, etc.), modeling (characterized by the level of
heuristic generation of innovations and the creation of Information Computer
Products, modeling of the process of solving contradictions, etc.), combinatorial
(generates innovations, new knowledge, synthesizing them from various
branches of science, empirical knowledge and experience in the sphere of
challenges and problematic tasks) [36, p.20-21].

Based on the above, we can specify the method of teaching students of higher
technical education, proposed by N. Aksakova [5], the inclusion, taking into
account the inherent rationalism of students, in this process of problematic tasks,
including pedagogical, psychological, social and managerial aspects which are
their development (self-development) as subjects of future professional,
research, social, cultural, and managerial activities. We consider the
management of knowledge in university education as a synthesis of the
following components:

— student-centered learning (characteristically individualized, emotional-
cognitive style of learning and behavior that determines the features of
educational and cognitive activity of higher education students and educational
interaction);

— information resources (both external and internal to the institution of higher
education; information competence of educational subjects to provide access to
knowledge bases for their integration);

— own knowledge (transformation of information into knowledge through
technologization of forms, methods, and means of teaching to achieve program
results of assimilation of components of the educational program; introduction of
innovative systems of pedagogical diagnostics of the level of development of
relevant competencies by students higher education; formation and development
of a system of knowledge, skills, abilities, ways of thinking, views, values, and
other personal qualities that determine the ability of a future specialist
(professional) to successfully carry out professional activities and produce new
knowledge, increase intellectual and emotional-volitional potential).

Training of higher education seekers in the relevant specialty, competitive in
the labor market, competent, able to effectively operate important tasks of the
educational process, which can’t be solved without increasing the role of
independent work students of higher education, the willingness of teachers to
stimulate their professional growth, formation (development) of creative activity
and initiative. O. Skliar and R. Skliar [33] define independent work as planned
educational, educational-research, research work of applicants for higher
education, performed in extracurricular (classroom) time on the task and with the
methodological guidance of the teacher, but without his direct participation (with
partial direct participation of the teacher, but with the leading role of the student
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of higher education). Scientists pay attention to the technological aspect of the
organization of independent work of applicants for higher education, which may
include the technology of selecting the goals of independent work; the
technology of determining its content (the basis for selecting the content of
independent work is the standard of Higher Education, sources of self-education
(literature, experience, introspection), individual psychological characteristics of
students — learning ability, intelligence, motivation, features of educational
activities; technology of designing tasks (tasks for independent work should
correspond to the goals of different levels, reflect the content of each academic
discipline, include different types and levels of cognitive activity of students of
higher education; technology of control organization (selection of control tools,
determination of stages, development of individual forms of control). Therefore,
the Kyiv National University of Construction and Architecture has created a
digital environment for independent development of the content of technical
disciplines and consolidation of the acquired knowledge by future engineers.
Educational content is presented using a variety of tools: multimedia
presentations for practical work, online laboratory work with multimedia
support, educational computer interactive simulators, interactive lectures with
audiovisual support, interactive lectures with audiovisual support, and online
glossary, etc.

The level of enrichment of professional competencies of higher education
students, in our opinion, depends entirely on the state of pedagogical skills of
teachers, the content of teaching methods of educational disciplines, and
methodological support for the implementation of components of educational
programs. O. Ponomarov and M. Chebotarov [29] draw attention to the need for
constant development of professional competence and the culture of the teacher
as a factor in the formation of the humanitarian and technical elite. The scientists
have formulated a well-grounded conclusion that the professional-pedagogical
culture of the teacher in combination with its developed pedagogical skill create
conditions of proper perception, understanding, and mastering of educational
material by students. This is achieved due to the unity of what they are taught (it
provides professional competence of the teacher), and how this material is
presented, how their rational and emotional cognitive abilities are used (and this
provides a pedagogical culture of the teacher).

Analysis of scientific research on methodological aspects of the educational
process [10, 12, 17, 21, 24, 25, 30, 34] allowed to define the concept of methods
of teaching technical disciplines in higher education institutions of construction
profile as a set of psychological and pedagogical components containing a
specific educational goal (determined by the content of the relevant educational
program of higher education at the appropriate level in a particular specialty and
specialization, as a single set containing the amount of ECTS credits required to
obtain the appropriate degree, list of graduate competencies, normative content
of higher education, formulated in terms of learning outcomes, forms of
certification of students for higher education, requirements for the system of
internal quality assurance of higher education); subjects of the didactic process;
operational and activity elements (principles, learning conditions, educational
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tasks, technical and educational process (forms, methods, teaching aids),
educational information technology, and technical and resource support, which
ensure the achievement of the projected result through their optimal selection,
scientific justification, objective assessment of goal achievement, proper
adjustment and mobile allocation of resources. In our understanding, the
peculiarities of the methodology of teaching technical disciplines in higher
education institutions of construction profile are determined by the fact that each
subject of the educational process operates in an environment, the components of
which are a source of educational information, which forms the definition of
competence of higher education students for their independent mental activity,
constructive educational interaction, reflexive actions and the use of interactive
technologies that have a problem-search character, are based on a person-
oriented approach, include a planned learning result, they stimulate the
educational and cognitive process.

A learning problem situation and the process of solving it is an invariant
component of a particular interactive technology. The variability of didactic
forms, methods and means used in the methodology of teaching technical
disciplines in a building-profile higher education institution will contribute to the
implementation of invariant components and is the basis for a variety of
interactive technologies, namely: the technology of personal «discovery» of
knowledge, skills and abilities, the technology of educational research (studying
objects in natural circumstances, observation, laboratory research, design, etc.),
project technology (provides for the implementation of creative projects,
integration of knowledge, skills, and abilities of various educational components,
branches of science and technology; mastering communication skills, working in
pairs or groups, making joint decisions, a sense of responsibility for activities in
the educational community, developing research skills, system and critical
thinking, showing your own creative personality and creating an appropriate
product, etc.), Information Technology (IT programs, computational
experiments, distance learning, etc.), technology of research activities
(deepening the student's motivation for future professional activities, using his
own creative potential, through participation in research, development or
methodological work according to the Department's plan or according to an
individual plan — work in scientific circles, problem groups, participation in
scientific conferences, seminars, cooperation in the implementation of works on
state budget topics, publications in scientific publications, collections of works,
etc.), educational and research work (performing coursework, master's works,
Research tasks during training practices), organizational and mass events
(subject Olympiads, reviews, competitions of scientific papers, etc.),
«brainstorming technology», technology for solving heuristic Research tasks,
technologies of cooperative (collective-group) training, technologies of
situational modeling, technologies of modeling future professional activity,
technologies of formation of an individual creative style of professional activity
in the aggregate of certain forms of its manifestation: the ability to solve
professional (quasi-professional) tasks, motivation for educational results, active
adaptation of the graduate to the professional environment (individual-
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psychological, socio-psychological and professional-activity), mastering the
specifics of joint professional activity to coordinate their own style with the
styles of other subjects, awareness of their own capabilities of intellectual,
emotional and subject activities, and so on. Thus, the competencies defined by
educational programs should be learned by higher education students as a
product of their search and discovery. The content of the training material the
lessons should contain reflective-cognitive conflict or conditions of its
occurrence, be at the level of need for a high concentration of mental forces, and
logically structured for the fullest stimulation of the reflective-cognitive activity
of students. In such circumstances interactive educational technology is
transformed into reflex-cognitive and is characterized by the following features:
interpersonal, dialog, equal educational interaction, focus on cooperation and
social values, pleasure from education, and leadership. In addition, the
methodology of teaching technical disciplines in a construction-profile higher
education institution should focus on differentiation and individualization of the
educational process, on the priority of personality-oriented training in the
implementation of its goals and objectives. It is in the personality-oriented
educational process that the mission of its subjects is transformed: the student
turns from an object of activity into a subject of activity, and becomes a co-
author of training; the teacher, in turn, expands participation in the design and
development of the active personality of the future specialist (professional) as an
andrologist, humanist, adviser, consultant, researcher, coach, mentor,
psychotherapist, facilitator, moderator, tutor. The means of training
individualization are the knowledge, which differs by the level of complexity,
novelty, and integration and is applied to take into account the rationality of
didactic forms, methods, techniques, and tools, taking into account the
individuality of their particular carrier — the subject of study.

Among the main means of personality-oriented learning on the formation of
professional competence of students, it is advisable to define competence-
oriented tasks as integrative didactic units of content, technology, and
monitoring the quality of student training, which are focused not only on the
assimilation of knowledge but also the development of skills to independently
acquire and actively use them to solve actual problems in specific production
conditions with predictable consequences. Competence-oriented tasks, on the
one hand, should cover certain aspects of the content of the academic discipline,
and on the other — be creative, and personally oriented. The construction of a
competence-oriented task involves: identifying a problem that requires integrated
knowledge to solve; defining goals and objectives, predicting results and ways to
achieve them; planning activities (specifying content through highlighting
subtasks; analyzing input data and synthesizing ideas for solving); selecting
methods for solving (updating reference knowledge; establishing intersubject
connections; developing an algorithm for actions aimed at achieving
intermediate goals); effective work with information resources (search for
information and its critical evaluation, data analysis, and generalization
according to certain criteria); evaluation of the results obtained, formulation of
conclusions. The current conditions for ensuring the personalization of students
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of learning hypothetically can be the following: restructuring the content of
Education based on the principle of fundamental knowledge, problematic
content of training, humanization of the content of education, as well as the
principles of flexibility, variability and scientific orientation of the content of
education; the development and expansion of educational communications
according to the principles of accessibility and interactivity, sensitivity, targeting,
redundancy, versatility, integration; personalization of the teacher's activity
according to the logic of building the author's pedagogical system, which is
implemented in the practice of cooperation with students. Thus, personality-
oriented learning includes professional knowledge and optimizes the process of
developing and implementing an educational project aimed at developing the
student's personality, and meeting his needs and interests.

Solving the problems of the modern educational process in a construction-
profile higher education institution to ensure its compliance with the needs of the
labor market is associated with the implementation of a competence-based
approach. The competence-based approach, within the framework of the
methodology of teaching technical disciplines in a building-profile higher
education institution, focuses attention on the results of education, not so much
as the amount of information learned, but the ability of a specialist (professional)
to act creatively in various situations of the professional sphere and life; the
orientation of the educational process to the formation of general competence,
which is an integrated characteristic that is formed in the educational process and
contains knowledge, skills, attitude, experience of activity and behavioral models
of the individual; a set of general principles for determining the goals of
Education, selecting the content of education, organizing the educational process
and evaluating educational results; reorientation of the dominant educational
paradigm with the predominant translation of knowledge, the formation of skills
and abilities to create conditions for mastering a complex of competencies,
meaning the potential, the ability of a graduate to sustainable life in the
conditions of modern multi-factor socio-political, market-economic, information
and communication saturated space; a fundamental paradigm shift from
«subject-centricity» to «student-centricity», which involves involving students in
independent learning activities and increasing personal responsibility for its
results (individual planning, self-assessment, self-organization, individual
monitoring, presentation and protection of their academic achievements, etc.). In
our opinion, the use of the competence approach allows to strengthen its
effectiveness due to the activity component, focusing on the ways and nature of
actions, strengthening the relationship between the motivational and value-
oriented spheres of personality; reproduction in the educational process of real
conditions of professional activity, solving real professional tasks and problems;
the use of modern educational technologies that provide for the systematic
development of functional competencies; the implementation of educational and
cognitive tasks of the research type; creating conditions for students to choose
individual educational trajectories, which, in turn, will contribute to the
implementation of the principle of variability of education and the development
of students of positive motivation to learn; updating the content, forms and
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methods of professionally oriented training, coordination of educational
activities, aimed at the formation of a competitive professional in the modern
labor market, his adaptation to modern conditions of professional activity.

The main source of educational information is, of course, a lecture. Its main
purpose is to provide students with a systematized foundation of scientific
knowledge on the relevant branch, to reveal the state and prospects of its
development, and to focus on problematic issues. The traditional structure of a
lecture includes the announcement of the topic, academic problems, the list of
recommended sources, reminding the content of the previous lecture, linking it
with the new material, implementing the content, fixing conclusions on each
issue, and summarizing the lecture, answering questions from the audience,
setting tasks for independent work and announcing the topic of the next study
session. However, the announcement of the topic may be preceded by a small
introduction, information about the specific situation of professional activity,
which, on the one hand, will help to focus students of attention, on the other,
motivate them to further study the proposed topic. In addition, this list can be
supplemented with an indication of intersubject connections or methodological
recommendations for preparing for practical and laboratory classes, performing
small tasks to provide «feedback» to the audience, and adjusting the teaching
process. The main features of the lecture in the methodology of teaching
technical disciplines in a higher education institution of construction profile are a
high scientific level of information presented, a significant amount of
generalized and systematized modern scientific information, evidence and
argumentation of judgments and conclusions, the sufficiency of argumentation
of solving presented educational problems, teaching skills and a high level of
activation of students of thinking activity, a thorough analysis of various points
of view on solving problems, the introduction of new terms and concepts, use of
didactic materials and technical teaching tools, assessment of students of
assimilation of lecture content, setting higher education students for independent
search work, clarification of recommended literature, methodological advice,
answers to questions, etc. It is also necessary to take into account the relevant
rules for presenting the content of the lecture as a means of teaching and a way
of presenting educational information using multimedia technologies with the
leading role of the lecturer and his pedagogical skills. The use of multimedia
technologies in lecture classes is effective from a psychological and didactic
point of view, as it allows: for optimization of the educational process and
effectively uses the time of the lecture session; to carry out cognitive
development of the student — all types of thought processes, such as perception,
memory, imagination, and logic; increase the visibility of training and make the
educational material convincing through the use of various forms of presentation
of educational material (text, formulas, graphs, drawings, diagrams, tables,
photos, animations, videos, etc.); facilitate the process of perception and
memorization of educational information by students through the use of vivid
images; carry out psychological relaxation and increase the audience's attention
during the period of its decline approximately every 25-30 minutes. lectures
through the use of drawings, photos, small animated or video clips that are a



ISSN2410-2547 51
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2022. Ne 108

visual representation of the presented educational material, the sound effect after
deducing a heavy formula or constructing a complex graph or diagram, which
help to relieve psychological tension and set the audience to move on to the next
question; increase the level of accessibility and perception of information; repeat
the most difficult moments of the lecture or repeat («scrolling») the material of
previous lectures; to increase the motivation of learning through the use of new,
that is, interesting technologies for the student and visual presentation of
educational material; to keep in touch with the audience — tasks on slides allow
you to quickly and efficiently check the level of perception, understanding and
assimilation of educational material by students, as well as provide appropriate
explanations and clarifications; to increase the dynamism, persuasiveness,
emotionality and brightness of the presentation of the lecture material; to create
comfortable working conditions for the teacher at the lecture. Thus, a lecture in a
higher education institution is a responsible multidimensional pedagogical
action. It is the pinnacle of the teacher's pedagogical skill. The lecture should
carry not only informational and semantic potential but also social and
pedagogical. The latter requires a high pedagogical culture from the teacher.
Modern trends in the transformation of society, its transition from the
industrial stage of development to the post-industrial one, put forward
fundamentally new requirements for the practical component of educational
activities. Therefore, the main didactic goal of the practical lesson is to expand,
deepen and detail the scientific knowledge obtained by applicants for higher
education in lectures and the process of independent work and aimed at
improving the level of assimilation of educational material, the formation of
professional competencies. In this regard, a practical lesson is a form of the
training session, during which the teacher organizes students to consideration of
individual theoretical provisions of the academic discipline and forms the skills
and abilities of their practical application by individually performing the tasks
formulated accordingly. Conducting a practical lesson is based on pre-prepared
methodological material tests to identify the degree of students of mastery of the
necessary theoretical provisions, a set of tasks of varying complexity for students
to solve in the classroom. Peculiarities of the purpose of practical classes in the
context of methods of teaching technical disciplines in higher education
institution of construction profile can be presented as follows: consolidation of
knowledge through active repetition of lecture material, specification and
expansion of this material, its transposition to certain tasks; development of the
ability to independently use the acquired knowledge to perform certain actions
and acquire new knowledge and skills; establishing the connection of
regularities, formulations, measuring indicators with the practice of their
application; acquaintance with scientific methods and means in their practical
application; acquisition of experimental skills and abilities; acquaintance with
various methods of analysis and assessment of the state of the object of study,
reference information materials; mastering the skills and abilities of independent
solution of educational-methodical and scientific-practical issues; integration of
knowledge into a certain system and the formation of a certain competence. The
development of practical classes should be consistent with the appropriate
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direction of the lecture course and include: setting the general problem of the
teacher and its discussion with students, preliminary control of knowledge, skills,
abilities, and competencies, and solving practical problems with their further
discussion, solving tests tasks, their verification and evaluation. In the process of
conducting practical classes, it is advisable to use various teaching methods.
Since the main task of this type of educational work is the formation of skills and
abilities, the leading place should be given to a variety of exercises: preparatory,
trial, sample, training, creative, practical, graphic, oral, written, professional,
technical, etc. Planning of practical classes is based on the content of relevant
educational programs, curricula, and work programs of academic disciplines that
ensure and determine the continuity, systematicity, and sequence of training, the
list of questions (educational problems), the time allotted for all types of tasks;
forms and deadlines for reporting students. It is important for successful practical
training to prepare working journals and methodological developments. As a
rule, a work journal can contain the number of the work, its title and purpose,
brief theoretical information; a work task (work completion plan, data
processing); control questions, and a list of recommended literature. At the
beginning of each practical lesson, it is advisable to plan a check of students of
readiness to perform practical work. It is appropriate to start a practical lesson
with a generalization of the main scientific and theoretical provisions, which are
the starting point in the practical activities of students. It is best when the teacher
and students jointly determine specific ways to complete the tasks of a particular
lesson, form a theoretical base, and characterize the methods of working in the
lesson. After generalizations, the teacher should give answers to individual
questions that students have encountered in the process of preparing for the
practical lesson, and move on to the practical part of the lesson. At this stage, the
teacher needs to carefully monitor the time allotted for the consideration of each
issue, performing practical tasks, exercises, and solving situations, that is,
following the rules, which especially disciplines students, and teaches them to
the rules of time management. Students of activity in practical classes increase if
they acquire additional theoretical knowledge and practical skills to solve
applied problems, build diagrams, graphs, etc., consolidate and improve already
formed ones, and develop the ability to independently improve professionally-
oriented actions. It is important to use interactive teaching methods: non-
simulation (discussions, virtual excursions, etc.); simulation non-game (analysis
of specific situations, solving production problems, analyzing documentation,
actions according to instructions, etc.); Simulation (business, role-playing games,
game design, etc.). The recommended structure of practical classes is:
organizational part (checking the readiness of the academic group for the lesson,
entrance control of students of knowledge, skills and abilities, communicating
the goals and objectives of the lesson, setting a general problem and discussing
it, introductory safety instruction; motivation of educational and cognitive
activity of students (discussion of the role and place of the topic of the lesson in
the training system, informing students about the complex of practical skills and
abilities that they should master in the course of the lesson, stimulating the
activity of students with the prospects for future professional activity);
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preparatory stage of performing practical tasks (providing individual practical
tasks to students, instructing on workplace safety, explaining the requirements
for the design of the report and the procedure for its protection); independent
work of students to perform practical tasks under the guidance of a teacher
(performing the theoretical part of the work, checking theoretical provisions with
experiments, experiment observation, performing exercises, drawings,
calculations, plotting graphs, filling in tables, etc., demonstration by the teacher
of rational methods of performing operations, showing the performance of
production and technological operations, instructing on safety during students of
performance of practical work); the final part (explanation by the teacher of the
technology of completing practical work, final safety briefing, acceptance of
reports, analysis of the practical lesson, assessment of students of performance of
practical work, provision of tasks for independent work). Thus, the effectiveness
of practical training largely depends on the ability of the teacher to own the
attention of students, introduce elements of competition, implement a
differentiated approach, select groups for joint activities in practical classes, and
provide direct (planning, special construction of tasks, control) and indirect
(influence on motivation, instructions, prospects of the student) management of
educational and cognitive activities.

An important component of the methodology of teaching technical disciplines
in a construction-profile higher education institution is laboratory classes, where
students, under the guidance of a teacher, personally conduct full-scale or
simulation experiments or experiments for practical verification and
confirmation of certain theoretical provisions of the relevant topics of the
educational discipline, acquire practical skills in working with laboratory
equipment, equipment, measuring equipment, computer equipment, master the
methodology of experimental research in a specific subject area. Laboratory
work (tasks) can be reproductive, partially searchable, or searchable.
Reproductive works are characterized by the fact that during their execution,
students use detailed instructions that indicate the purpose, provide explanations
(theory, main characteristics), the order of work, tables, conclusions (without
wording), control questions, and literature. Part of the search work is
characterized by the fact that during their conduct students do not use detailed
instructions, they are not given the procedure for performing the necessary
actions. In this case, students need to choose the method of laboratory work. In
the works of exploratory nature, students solve a new educational problem for
them, based on the formed theoretical knowledge. In the educational process,
frontal, cyclic, and individual forms of laboratory classes deserve attention. The
frontal form of conducting laboratory classes is characterized by the fact that
students perform the same laboratory work simultaneously according to special
programs and instructions. In this form, students of cognitive independence
during task completion are quite low. In addition, performing laboratory work
simultaneously by all students of the group leads to borrowing techniques and
receptions for performing and even solving problems without a deep
understanding of the essence of the phenomena being studied. The cyclical form
of laboratory classes provides for the division of laboratory work provided in the
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work program of the academic discipline into several cycles corresponding to
certain sections of it. Laboratory work is performed in this way according to the
established schedule. This form allows you to simultaneously perform various
laboratory work of a certain cycle. The individual form of laboratory training
involves each student performing a certain laboratory work independently. It
should be noted that this form requires special organization, individual guidance,
and control over the work of students by teachers. The use of this form of
laboratory activity should take into account the interests and inclinations of
specific students and provide for the variability of tasks. Therefore, it can be
noted that the individual form of conducting laboratory classes corresponds to
modern educational trends, in particular, it implements a personality-oriented
approach and promotes individualization and differentiation of training.
Therefore, taking into account the advantages and disadvantages of certain forms
of conducting laboratory classes, as well as based on the understanding of
laboratory work as a specific experimental study conducted by the student
independently, it is advisable to use their combined form. The combined form of
conducting laboratory classes consists in the fact that each of the certain
experiments of certain laboratory work is distributed among all students of the
academic group. That is, a particular student by appointment of a teacher
receives an individual task. At the same time, the task must be accessible,
understandable, and partially searchable. Under such conditions, the student
faces several separate tasks: to understand and independently clearly formulate
the purpose of the experiment, present its course, select the necessary equipment,
conduct an experiment, and record the results of the experiment. During the
lesson, the student must justify the results obtained with appropriate theoretical
provisions. The teacher should act as a consultant, providing the student with the
necessary and appropriate methodological assistance. Conducting classes in this
way will allow students not only to master the methods of experimental activity
but also to learn how to convincingly explain the results obtained. At such
laboratory classes, theoretical knowledge is consolidated through practical
activities, as well as the formation of the ability to present the acquired
knowledge, and the level of formation of the corresponding professional
competence. When performing laboratory work, you need consistency and
interrelation using the knowledge and skills of previous work to perform
subsequent ones. The appropriate structure of the laboratory lesson is the
organizational part (checking students readiness for the laboratory lesson,
instructing on safety techniques); updating the basic knowledge and practical
experience of students, communicating the topic, goals of laboratory work,
motivating students educational and cognitive activities; advising on the
performance of laboratory work (explanation of the work plan, explanation of
tasks that need to be solved, providing advice on the methodology of
experimentation), independent work of students on the performance of
laboratory work (performance of theoretical tasks, performance of practical
tasks, registration of experimental results in the form of tables, graphs, etc.,
registration of general conclusions of laboratory work); registration of students
of report on the performance of laboratory work and its defense; the final part



ISSN2410-2547 55
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2022. Ne 108

(analysis and evaluation by the teacher of the effectiveness of laboratory work
performed by students, providing tasks for independent work). Under such
conditions of conducting laboratory classes, students of the teacher will
thoroughly master the skills of carrying out experimental activities.

We have defined the stages of implementation of the methodology of teaching
technical discipline in a construction-profile higher education institution,
namely-preparatory, content-procedural, reflexive-analytical, control-evaluation,
and effective-corrective. The preparatory stage of implementation of the
methodology for teaching technical disciplines in a construction-profile higher
education institution provides for the development of its educational and
methodological support, and preliminary diagnostics of the level of formation of
relevant competencies among higher education students. The content-procedural
stage includes the design of the educational process to ensure that higher
education students master the program competencies: integral, general, special
(professional), and achieve the program learning outcomes defined in the
respective educational programs. The volume, composition, and quality of the
procedural component (informational and educational-methodological support of
training) must fully comply with the licensing conditions of educational
activities. Different forms, methods, and means of teaching must fully ensure the
mastery of the content of relevant disciplines, the implementation of educational
tasks, and meet psychological and pedagogical, technical, ergonomic, and ethical
requirements, which are focused on forming an information technology
environment that contains the necessary resources for educational programs.
provides a favorable emotional background for educational activities, develops
the adaptability of the personality of the future specialist (professional) to the
communicative, industrial, and managerial spheres, and promotes self-realization
of the individual. The reflexive-analytical stage of implementation of the
methodology of teaching technical disciplines in a construction-profile higher
education institution is a process of self-identification of subjects of educational
interaction, their entry into an active research position about the educational
environment, educational content, educational technologies, conditions for the
development of the educational situation. Reflection forms the basis of
educational activities, the effectiveness of which is due to the need for constant
feedback, and acts as the ability of a person to predict, analyze and evaluate
potential and real educational results, rethink and rebuild their activities, value
orientations. The control and evaluation stage of implementation of the
methodology of teaching technical disciplines in an institution of higher
education of a construction profile is an important condition for ensuring the
quality of the educational process to provide participants of the educational
process, with the help of appropriate tools of the current and final assessment,
objective information on the results of mastering higher education by students
observing basic didactic principles — objectivity, planning, consistency and
systematicity, openness, timeliness, effectiveness, differentiation, individual
nature of assessment, ethics, methodological diversity, etc. These requirements
should be carried out based on humane educational cooperation, when the
applicant for higher education is not only the object of control but also, of
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course, the subject of control and evaluation activities, given its diversity of
types, forms, methods, and tools, which will help increase the motivation of
students educational and cognitive activities, and the search for effective
educational technologies by research and teaching staff. The effective-corrective
stage is closely related to the control and evaluation and other stages. The results
of mastering program competencies by higher education students are subjected
to systematic analysis by teachers. Based on the relevant generalizations
(establishing the discrepancy between the results of educational achievements of
higher education students and the expected ones), a decision is made to adjust
the component composition of educational programs, mechanisms for designing
components of the educational process, implementing and applying scientific
and methodological developments, and so on. In addition, the reasons for
making changes may be the adoption of relevant standards of Higher Education,
the growth of current requirements for the level of competence of higher
education students, recorded in the results of scientific research, surveys of
higher education students, graduates, and stakeholders.

Conclusions. In the content of the article:

1. The determinants that determine the features of the methodology of
teaching technical disciplines in a construction-profile higher education
institution are clarified.

2. The main approaches to the formation of learning content and
components of interactive educational technology focused on the priority of
personality-oriented learning in the implementation of its goals and objectives
are clarified.

3. It is established that solving the tasks of the modern educational process
in a construction-profile higher education institution to ensure its compliance
with the needs of the labor market is associated with the implementation of a
competence-based approach. Among the main means of personality-oriented
learning on the formation of professional competence of students, competence-
oriented tasks are defined as integrative didactic units of content, technology,
and monitoring of the quality of student training, which are focused not only on
learning but also on developing skills to acquire and actively use linking current
issues in specific production conditions with predictable consequences.

4. The content of current conditions for ensuring personalization of students
of learning and recommendations for improving the methods of conducting the
main types of educational tasks — lecture, practical and laboratory-has been
developed.

5. The content of the stages of implementation of the methodology of
teaching technical disciplines in a construction-profile higher education
institution is determined, namely, preparatory, content-procedural, reflexive-
analytical, control-evaluation, and effective-corrective.

The results of the research in the future can be used for the creation,
improvement of educational technologies, and optimization of the content of
technical disciplines in the institution of higher education of construction profile.
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Yepnuwes /1.0., Makcum ok FO.B., Kpacunvnuk 1O.C., Kopuosa I'JI., Pyoenuxo M.B.
OCOBJIMBOCTI METOJIMKHU BUKJIAJAHHSA TEXHIYHUX JUCHUILIIH Y
3AKJIAJII BUIIOi OCBITH BYAIBEJBHOI'O IMTPO®LITIO

3 METOI0 O3HAYCHHsS BAXKIMBOCTI IPOOJIEMH OCYYaCHEHHsS OIepaliifHO-IisIbHICHOrO
KOMIIOHEHTY ~OCBITHBOI JIiSUIBHOCTI, MOAAJbLIOT HAYKOBOI PO3POOKH TEOPETHYHOIO Ta
TEXHOJIOTYHOrO KOMITOHEHTIB BHKJIQJAHHA TEXHIYHHUX AMCUMIUIH Yy 3aKjiaii BHUILOI OCBITH
OyiBeIbHOrO MPOQII0 3’SCOBAHO JETEPMIHAHTH, SIKI BU3HAYalOTh OCOOJMBOCTI METOIMKH iX
BHUKJIAJaHHs. YTOYHEHO OCHOBHI HigXomu 1oao (HOpMyBaHHS 3MICTy HaBYaHHS Ta KOMIIOHECHTH
IHTEpaKTHBHOI ~ OCBITHBOI ~TEXHOJIOTii, 30pIEHTOBAHOI HA MPIOPUTETHICTH OCOOUCTICHO-
OpIEHTOBAHOIO HaBYAaHHs IOJO0 peanizauii Horo Iiyell Ta 3aBIaHb. AHali3 HAyKOBHX PO3BIIOK 3
MCTOANYHHX aCl'leKTiB OCBiTHLOFO npouecy YyMOXJIMBHUB BHU3HAYCHHS TIIOHATTS MCETOAUKHU
BUKJIAJaHHs TEXHIYHUX AUCLMIUIIH Y 3aKjIai BULIO] OCBITH OyIiBeabHOro Npodiiro K CyKyHHOCTI
IICHXOJIOTO-IEAarOriYyHUX CKJIAIHHUKIB, IO MICTATh BH3HAYCHY OCBITHIO MeTy, Cy0 €KTiB
JIUJAKTHYHOTO MPOLIECy, ONePaliifHO-IsUIbHICHI eJIEMEHTH, OCBITHE iH(OpPMALiHO-TEXHOJIOTYHE i
TEXHIYHO-pECYpCHE 3a0e3MeUueHHs, SIKi 3a0e3MeuyIoTh MOCSITHEHHs CHPOEKTOBAHOIO Pe3yJbTaTy
IIUBSIXOM 1XHBOTO ONTHMAJBHOIO Mif0O0py, HAyKOBOro OOIPYHTYBAaHHS JOLIIBHOCTI 3aCTOCYBaHHS,
00’€KTHBHOIO OLIHIOBaHHS HOCSATHEHHS METH, HAJIGKHOIO KOPUI'YBAaHHS Ta MOOLIBHOTO PO3MOALTY
pecypciB. BcraHoBIIeHO, 1110 BUPIIICHHS 3aB/laHb CY4aCHOIO OCBITHHOIO MPOLIECY Y 3aKJiaji BUIIOT
ocBiTH OyaiBenbHOro npodinto monxo 3adesmnedeHHs il BiAMOBiZHOCTI morpebaM pHHKY Ipaii
MOB’s13aHO 3 peali3aliero KoMIeTeHTHICHOro migxony. Cepel OCHOBHHUX 3aCO0iB 0COOMCTICHO-
OpiEHTOBAHOIrO HaBYAHHS 111070 (OPMYBaHHS MPOPECiiiHOT KOMITETEHTHOCTI CTY/ACHTIB BU3HAYEHO
KOMITICTCHTHICHO-OPI€HTOBAHI 3aBJaHHs SIK IHTErPATUBHI AUAAKTHYHI OJMHMLI 3MICTY, TEXHOJIOTI]
Ta MOHITOPHHTY SIKOCTI MiATOTOBKH CTY/CHTIB, sIKi OpPiEHTOBaHI HE JIMIIC HA 3aCBOECHHS 3HAHb, aJic
1 BUPOOJICHHST yMIHb iX caMOCTiifHO 3400yBaTH Ta aKTHBHO BUKOPHCTOBYBATH AJIS1 PO3B’SI3yBaHHS
aKTyaJbHUX NMpPOOJEM Y KOHKPETHHX BHPOOHHYMX yMOBax 3 IependadyyBaHHMH HACIiIKaMH.
Po3p0o0sieHO 3MicT aKTyaJibHUX YMOB 3a0e3lEUeHHs IepCOoHali3alil HaBYaHHS CTYJICHTIB Ta
peKOMeH}laLliT moa0 YAOCKOHAJICHHA METOAUK IPOBEACHHS OCHOBHUX Bl/l)liB HaBYaJIbHUX
3aB/aHb — JIGKUIHHUX, MPAaKTUYHHX Ta JabopaTopHuX. Bu3HaueHo 3MicT eramiB peaizawii
METOJIMKH BUKJIAJIAHHS TEXHIYHUX JUCUMIUIIH Yy 3aKjiaji BUIIOI OCBITH OyMiBelLHOrO mpodiito, a
caMe — MIArOTOBYHMH, 3MICTOBO-IIpOLECYaNbHHM, pedIeKCHBHO-aHAIITHYHHN, KOHTPOJIBHO-
OL[HIOBAJIbHUIT Ta PE3yJIbTATHBHO-KOPUTYBAIbHHH.

Kiaro4oBi cjioBa: OCBiTHIH IpoLEC, METOJMKA BUKJIAJAaHHS TEXHIYHUX TUCLMILUIH y 3aKiai
BHLIOI OCBITH Oy/iBenpHOro npodiiio, CTYICHTOLEHTPOBAHMI MiAXiA, OCBITHS Iporpama,
npogeciiiHi KOMIIETEHTHOCTI, 3MICT OCBITH, €Taly peasi3aiii MeTOANKH BUKJIadaHHS.
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Chernyshev D.O., Maksymiuk Yu.V., Krasylnyk Yu.S., Korchova H.L., Rudenko M.V.
PECULIARITIES OF THE METHODOLOGY OF TEACHING TECHNICAL
DISCIPLINES IN THE INSTITUTION OF HIGHER EDUCATION OF THE
CONSTRUCTION PROFILE

In order to determine the importance of modernizing the operational component of educational
activities, further scientific development of theoretical and technological components of teaching
technical disciplines in higher education institution of construction profile, the determinants that
determine the peculiarities of their teaching methods were clarified. The main approaches to the
formation of the content of education and components of interactive educational technology,
focused on the priority of personality-oriented learning to achieve its goals and objectives.
Analysis of scientific research on the methodological aspects of the educational process made it
possible to define the concept of methods of teaching technical disciplines in higher education in
construction as a set of psychological and pedagogical components containing a specific
educational goal, subjects of the didactic process, operational elements, educational information
technology and technical and resource support, which ensures the achievement of the projected
result through their optimal selection, scientific substantiation of the feasibility of application,
objective assessment of the achievement of the goal, proper adjustment and mobile allocation of
resources. It is established that the solution of the tasks of the modern educational process in the
institution of higher education of construction profile to ensure its compliance with the needs of
the labor market is associated with the implementation of the competence approach. Among the
main means of personality-oriented learning for the formation of professional competence of
students are competence-oriented tasks as integrative didactic units of content, technology and
monitoring the quality of student training, which are focused not only on learning but also
developing skills to acquire and actively use linking current issues in specific production
conditions with predictable consequences. The content of actual conditions for personalization of
students' education and recommendations for improving the methods of conducting the main types
of educational tasks - lectures, practical and laboratory. The content of the stages of realization of
the methodology of teaching technical disciplines in the institution of higher education of
construction profile is determined, namely - preparatory, content-procedural, reflexive-analytical,
control-evaluation and result-corrective.

Keywords:educational process, methods of teaching technical disciplines in the institution of
higher education of construction profile, student-centered approach, educational program,
professional competencies, content of education, stages of implementation of teaching methods.

YK 37.02:69

Yeprnuwes J1.O., Maxcum’iox FO.B., Kpacunvnux FO.C., Kopuosea I'.JI., Pyodenxo M.B.
Oco0MBOCTI METOAMKHM BHKJIAJAHHA TEXHIYHUX JAMCHUIUIIH Yy 3akiaai BHINOI OCBiTH
oyniBesabHoro mpoginro / Onip marepiaiis i Teopist copyn. —2022. — Bumn. 108. — C. 35-62.

s o3nauennss 6axcausocmi npoodnemMu OCYYACHEHHsi ONepayitiHoO-OisIbHICHO20 KOMNOHEHMY
0Cc8imHbOi OisIbHOCMI, NOOAILUIOI HAYKOBOI PO3POOKU MEeopemuyHoco ma MmexHOA02IMHO20
KOMNOHEHMI6 GUKIAOAHHS MEXHIMHUX OUCYUNTIH Y 3aK1a0i suwyoi oceimu 6y0ieebH020 npoginio
3’ac06ano demepMinanmu, AKi 6UHAYAIOMb OCOOMUBOCI MEMOOUKU IX BUKNAOAHHS, YMOYHEHO
nioxXoou wooo GoOPMyS8anHs 3MICIY 0C8IMU, 30PIEHMOBAHO20 HA NPIOPUMEMHICMb 0COOUCMICHO-
OpIEHMOBAN020 HABYAHHSA MA KOMREMeHMHICHO20 nioxody. Pospobaeno pexomendayii ujooo
VYOOCKOHANEHHS! OCHOGHUX 6UOI8 HABUANLHUX 3AHAMb — NEKYIUHUX, NPAKMUYHUX MA 1AO0PAMOPHUX.
Busnaueno smicm emanie peanizayii MemoOuku GUKIAOAHHS MEXHIYHUX OUCYUNTIH Y 3aK1A0T
suwoi ocgimu 6ydigenbHo20 nPodinio.

In. 0. Bi6niorp. 44 Ha3eu.
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Chernyshev D.O., Maksymiuk Yu.V., Krasylnyk Yu.S., Korchova H.L., Rudenko M.V.

Peculiarities of technique of teaching technical disciplines in the institution of higher
education of the building profile// Strength of materials and theory of structure. — 2022. — Vol.
108. - P. 35-62.

To determine the importance of modernizing the operational component of educational activities,
further scientific development of theoretical and technological components of teaching technical
disciplines in higher education institutions of construction profile clarified determinants that
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determine the peculiarities of their teaching methods, specified approaches to forming educational
content focused on priority personality-oriented learning and competence approach.
Recommendations for improving the main types of training sessions - lectures, practical and
laboratory. The content of the stages of realization of the methodology of teaching technical
disciplines in the institution of higher education of construction profile is determined.
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The nonlinear energy sink (NES) is defined as a single-degree-of-freedom structural element
with relatively small mass and weak dissipation, attached to a primary structure via essentially
nonlinear coupling. It is a passive energy dissipation device designed to rapidly absorb vibration
energy (due to shock, blast, earthquakes, etc.) from a primary structure and locally dissipate it. The
article contains a mini-review of the works on NESs. Design schemes for single-sided and double-
sided vibro-impact NESs (SSVI and DSVI NESs) are proposed on the basis of conceptual and
design NES schemes that exist in the world scientific literature. The motion equations and the
impact rule are given. The quasistatic Hertz contact law is adopted as the impact rule. Various
representations of the impulsive loading on the primary structure are discussed. These are
excitations by initial velocities only, periodic excitation, a shock in the half-sine form, single-sided
periodic impulses of a rectangular shape,wind, seismic and broadband excitation. The Tables of
some numerical parameters that can be accepted for VI NES are given. Using the presented data,
the authors intend to investigate both the efficiency of SSVI and DSVI NESs under different types
of impulsive load, and their dynamical behavior with the changing in their parameters.

Keywords: nonlinear energy sink,impulsive loading, vibro-impact, primary structure,
optimized, single-sided, double-sided.

1. Introduction

Vibration control in engineering has attracted the attention of a lot of
scientists and engineers for many years. Vibration mitigation is essential to
many dynamical and engineering structures that are subjected to destructive
vibration amplitudes induced by impulsive loading, seismic excitation, blasts,
flutter, collisions, fluid—structure interaction and so on. Unprotected structures
by vibration absorbers could be exposed to failure, which lead to enormous
losses in human lives, major equipment and economy [1]. In the past two
decades, a nonlinear oscillator without linear stiffness, termed as a nonlinear
energy sink, has received much attention due to its passive vibration reduction
characteristics. The nonlinear oscillator is defined as a nonlinear energy sink,
serving as a passive device to reduce vibrations [2].

The nonlinear energy sink (NES) has been defined as a single-degree-of-
freedom (SDOF) structural element with relatively small mass and weak
dissipation, attached to a primary structure via essentially nonlinear coupling
[3]. This a light-weighted nonlinear dynamical attachment performs passive
targeted energy transfer (TET) by means of its nonlinear dynamical action in a
broadband frequency- energy fashion. It is a passive energy dissipation device

© Lizunov P.P., Pogorelova O.S., Postnikova T.G.
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designed to rapidly absorb vibration energy (due to shock, blast, earthquakes,
etc.) from a primary structure and locally dissipate it. The resulting TET,
(which can occur in a broadband fashion) significantly reduces the level of
vibration of the primary structure. This TET is usually achieved through single
or cascade of resonance captures with the associated linear primary structure
[1]. There are comprehensive reviews of state-of-the-art researches on NESs
[4-7], monographs [8,9], and numerous articles on this problem [10-13].
Nonlinear energy sinks have attracted much attention because of their ability to
achieve energy-targeted transfer under certain conditions. The introduction of
essential nonlinearities may effectively and passively suppress vibrations of
systems, but it may complicate dynamic responses of the systems.

Various types of NES are being investigated. Vibro-impact VI NES is one
of them. The VI NESs consist of linear stiffness and viscous damping elements
analogous to the tuned mass damper. In addition to that, they incorporate rigid
barriers fixed to the top floor of the primary structure to cause consecutive
vibro-impacts generating strongly non-smooth nonlinear coupling between the
NES motion and the structural modes of the primary structure. The single-
sided vibroimpact (SSVI) nonlinear energy sink (NES) is considered the most
effective and efficient. The efficiency and dynamical behavior of single-sided
vibro-impact NESs (SSVI NES) and double-sided vibro-impact NESs (DSVI
NES) are studied in numerous scientific articles [14-16]. Their conceptual
schemes are shown in Fig. 1,2. These papers present experimental and
numerical studies. In [13, 17], the nine-story base structure was designed and
built specifically for this project; it is 5.13 m tall and has a mass approximately
equal to 11 000 kg. Six NESs are installed in the base structure; they are built
into the floor plates of the eighth and ninth floors. One of the NESs on each
floor is SSVI NES.

The research of impact damper has been around two main themes [18]. The
first one is about the dynamics: response regimes and stability, bifurcation and
chaos by numerical study with the combination use of time series, phase
trajectories, bifurcation diagrams, Poincaré maps, Lyapunov exponents, and
wavelet transform. Hilbert transform is also used in order to compute
approximate transient amplitudes and phases. Another topic of research is
concentrated on the efficiency of energy dissipation for free or forced
vibration. The influence of system parameters (e.g. mass ratio, clearance and
coefficient of restitution) and initial conditions on the dynamics and efficiency
of energy reduction is considerably investigated and has to be demonstrated
with analytical and numerical results.

In practical applications, the mass and the stiffness of the primary structure
are given andgenerally cannot be changed. But the parameters of the SSVI
NES attached to the structure have to be optimized [19]. The optimization of
system parameters is an important part of the study of NESs. The selection of
the parameters such as mass, stiffness, and damping of the NES will greatly
influence the control performance. If the parameters are not optimized, the
effectiveness of the vibration control may be reduced or negated. Various
methods have been proposed for selecting a NES’s optimum configuration.
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The SSVI NES is a device that can rapidly reduce the vibration response of
structures. With the addition of an impact surface, a discontinuous restoring
force is realized via impact when the motion of the SSVI NES mass reaches
the position of the impact surface. The discontinuous restoring force is an
essential nonlinearity that provides a sharp change in the velocity of the SSVI
NES and the structure to which the SSVI NES is attached.

Investigations on NES have attracted a lot of attention since a NES was
proposed. Designs, analysis, and applications of NESs are still active since
different configurations are needed in various practical circumstances.

This paper is mini-review and analysis of the literature about vibro-impact
NES and a “statement of intent” that we have made based on this analysis. In
accordance with these intents, we formulate the tasks that we will solve for our
models of vibro-impact NESs:

* The optimization of the parameters of the VI NESs attached to the primary
structure.

» Analysis of the efficiency of SSVI NES and DSVI NES forvibration
mitigation of impulsively loaded primary structure with different descriptions
of the external impulsive force.

* Analysis of the dynamical behavior of VI NESs in dependence on
changing in its parameters and types of external loading.

2. Conceptual and design schemes of single-sided and double-sided
vibro-impact nonlinear energy sinks

Conceptual schemes (Fig. 1,2) of single-sided and double-sided vibro-
impact nonlinear energy sinks (SSVI NES and DSVI NES) are given in
fundamental works [8, 17].

Linear Stiffness and

Viscous Damping NES Mass
Elements Impact Surface
r :
\ Impact Connected to
& Surface & 5 Primary
Primary Connectec \ T Strueture
Structure to Primary T He
Structure inear Stiffness an 1SCOUS

Damping Elements

Fig. 1. Conceptual models of Single-Sided Vibro-Impact NES (SSVI NES): (a) in [8], (b) in [17]

Linear Stiffness and

Viscous Damping NES Mass
Elements Impact
\ Ksurface
Prinary Gonnected
to Primary
Structure Structure
N/ L L
, IR
Fig. 2. Conceptual model of Double-Sided Fig. 3. Single-degree-of-freedom oscillator
Vibro-Impact NES (DSVI NES) [8] with a single-sided vibro-impact NES [19]

Design schemes (Fig. 3, 4, 5) of SSVI NES and DSVI NESs are given, for
example, in papers [18, 19, 20, 21].
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Fig. 4. Single-sided (a) and double-sided (b) VI NES on the top floor of the two- degree-of-
freedom linear primary structure [20]
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Fig. 5. Double-sided VI NES: (a) sketch of the vibro-impact cubic NES and LO [21];
(b) scheme of a vibro-impact NES (impact damper) [18]

my

After analysis of the models of VI NES that discuss in the world scientific
literature, we choose the following models (Fig. 6).

F(1) X F(?) X
—_— ———————————
G g G
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- 2
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Fig. 6. Design schemes of VI NES: (a) single-sided; (b) double-sided

The vibro-impact movement of single-sided VI damper is desribed by the

following equations.
The masses are concentrated in the mass centers of both bodies. The origin

of the xcoordinate is chosen at themass center of the primary structure m; at
the moment when the spring is not deformed
mx; =—c% —kx; —cy (X —X) —ky () —xp + D)+ F() + H(2)F,,,, (2),
myXy ==y (x) —X)) =k (X = x; = D) = H(2)F,,,,, (2),
z=Xx,—B. €))
The initial conditions are
x(0)=0, ,(0)=D, x; =V, x, =03, 2
where D is the initial distance between bodies.
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An impact occurs when x, =B . When x, < B, no impacts occur. There
must be no impact between the primary structure m; and the attached mass m,:
Xy > X, Xy EX].

Here (z) is Heaviside step function relatively deformation z =x, — B

1,z>0
H(Z)={022<0}'

F,,,(2) is contact interactive force that simulates an impact and acts only

during an impact. It also depends on deformationz.

In most works, the impact is considered instantancousto. At that time
instant, continuity of displacements and discontinuity (jump) of velocities are
imposed with using the coefficient of restitution r, that depends on the

material of the rigid stops. The question of the value of the restitution
coefficient is studied. Most of investigations has implemented a coefficient of
restitution of 0.7, which closely corresponds to a steel-to-steel impact.
However, significant improvement in the SSVI NES performance is obtained
when the coefficient of restitution is found to be near 0.45. In [1], the authors
claim that the performance of the enhanced SSVIe NES of nearly 0.45
coefficient of restitution is found to be more robust to the initial impulsive
energy levels and to its physical parameters variation. However, in [22], the
authors study the VI NES with a finite contact duration model. They use Hertz
model of finite duration collision and compare it with two other models.

We have studied this problem in our previous papers [23, 24, 25]. Now we
simulate an impact with nonlinear interactive force according to contact
quasistatic Hertz law [26].

2 2
3/2 4 q 1_V1 1_V2

F. =K\|z(t s K:——’ =—, 8 =
eon () = K[2(0)] 38, +5,VA+B " ' Emn’ ’ Em

Here v; and E; — Poisson’s ratios and Young’s moduli of elasticity for both

.(3)

bodies; A, B, g — are constants characterizing the local geometry of the contact
zone. We’ll consider that the impact surface connected to Primary Structure is
flat and the colliding damper surface is a sphere of the large radius R. Then in
the collision of a plane and a sphere 4 =B =1/2R, ¢=0.318.
The vibro-impact movement of double-sided VI damper is desribed by the
following equations.
mX) ==X —kix = ¢y (Y = %) —ky (0 =X, + D)+ F (1) -
_H(Zl )Fcon (Zl ) + H(ZZ)F;on (Zz)s
myXy = —Cy(xy =%) = ky (xy =Xy = D)+ H(z)) F o, (21) = H(22)Fip (22),
=X =By, zy=B-x;. “4)
Right impact occurs when x, = B, . When x, <B, right impact does not occur.

Left impact occurs when x, = B; . When x, > B, left impact does not occur.
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3. External loading
In the world scientific literature, various methods for setting an impulsive
load are proposed.

3.1. Initial velocities only. In [19], the excitation is given by initial
conditions only:
Fn=0; 5(0)=1, x,(0)=V,, 1} =V,.
Displacements and velocities of primary structure fade out (Fig. 7):

2 - - - ) 2 - - -
s 1 1
(0}
g
3 o
=
=y
.4
Q-1 1
D - - - J - -
0 50 100 150 200 0 50 100 150 200
Time Time
(@) (b)

Fig. 7. Response due to initial velocities X, = X,

(a) primary system displacement; (b) primary system velocity

3.2. A periodically forced linear oscillator with impact attachment has been
studied in [18, 27, 28].

3.3. A shock in the half-sine form. In [29], it is assumed that the linear
oscillator is forced by ahalf-sine shock F(¢) of strength F;, and duration T
(Fig. 8) and that the integrated two-DOF system possesses zero initial
conditions.

F,t

. Fosinﬂ,ogtgl
- F(t)= T 2
k 0, 12%

Time 7172 T

Fig. 8. A shock in the half-sine form

3.4. Single-sided periodic impulses of a rectangular shape. In [30],
external loading F(¢) for time interval [0, 7] is represented by the analytical
expression

F(ty=Foat0 <t<ty; F()=0at t; <t<T,
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where Fy— value and #, — duration of impulsive load. Signs “-* and “+” denote
the time moments immediately before and after the momentum jump at = 0
and ¢ = o (Fig. 9). It is assumed that the number of impulse repetitions is so
large that the structure oscillations are steady state.

a)
03
Fj | 02 I
| | ‘ | |
| 1T —
s 01 ¢ fitl | |
k 02+
- ' %y 0 20 0 a0 50 &0
Time t, T ! =
Fig. 9. Single-sided periodic impulses Fig. 10. Time history of the ElCentro
NS(1940) earthquake

3.5. Seismic excitation. Dynamic response of structures due to wind load
and seismic excitation still remain a major concern in the field of civil
engineering.

In [22], the authors choose the well-known El Centro NS signal (1940) as
the primary seismic excitation (Fig. 10).

3.6. Broadband excitations. In [21], the authors considered the VIC (vibro-
impact cubic) NES and proposed for its broadband excitations such as
impulses simulated before. They write: “There are many kinds of broadband
excitations on which the responses are not easily to be obtained or analyzed by
analytical methods”. The authors succeeded to give an insight into the
effectiveness of the VIC NES on excitations such as input with sufficient
bandwidth, chirp signal and random signal. They noted that design criteria for
these circumstances are not studied thoroughly and comparison is set as an LO
without NES. Examples are given in Fig. 11, 12, 13, 14.

4

(51

o

Displacement of LO
Displacement of LO

\:)'

-0.5 - .
0 200 400 600 800 1000 0 200 400 600 800 1000
lime lime

Fig. 11. Input with sufficient bandwidth: blue Fig. 12. Chirp signal: blue line with VIC
line with and dark dashed line without VIC NES and dark dashed line without VIC NES
NES
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3 Q
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Time Time

Fig. 13. Random excitations: blue line with Fig. 14. Random signal with a harmonic

VIC NES and dark dashed line without VIC signal on the natural frequency of the LO:

NES blue line with VIC NES and dark dashed

line without VIC NES

3.7. Wind loading. In [31], the mitigation of cable vibrations caused by
wind loading is studied. NES is used for this purpose. Wind loading is given as
a cubic nonlinear aerodynamic force and is described by a complex formula.

Naturally, many works study the wind loading influence on the building
generally and on the tower structure in particular. For example, we present the
idealization of the process of wind action on constructions from [32].

L M

Time

Wind effect

Fig. 15. Idealization of the time process of wind effect

s 2 4 6 s is
Fig. 16

In [33], the pulse component of wind load on the tower structure P(z,?)
with some assumptions is presented in the form P(z,7) = P,.(z)F(¢), where

F(¢) is a random process. Under certain conditions, its graph has the form
shown in Fig. 16.
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4. Numerical parameters

In practical applications, the mass and the stiffness of the primary structure
are given and generally cannot be changed. The parameters of the VI NESs
attached to the structure have to be optimized.

It is recommended to take the mass of the attached NES as 0.01 of the
primary structure mass.

In the scientific literature, one can find some parameters that have been
used in experimental and numerical studies. These data can help in choosing
the initial parameters of VI NES, which then need to be optimized.

4.1. In [13,17], the authors describe a structural system, which was designed
and built specifically for this project. It consists of a large-scale nine-story
steel frame (base structure) and a system of six NESs.

The base structure is 5.13 m tall and has a mass approximately equal to
11,000 kg. The NESs are builtinto the two highest floors of the base structure.
SSVI NES that have been used are shown in Fig. 1 (b).

Table 1 shows their optimized and estimated parameters of the physically
realized system of NESs.

Table 1
Optimized and estimated physical parameters
Of SSVI NES devices: damping coefficient c, stiffness coefficient &

Optimized parameters Estimated physical parameters
Floor |Stiffness | Damping | Clearance | Mass | Stiffness | Damping
(N/m) (Ns/m) (mm) (kg) (N/m) (Ns/m)
8 14546 503 -1.5 340 15,000 50
9 12219 573 -1.5 340 12,000 50

The authors note that the mass ratios of the NESs are 3.5% of total structure
mass that is relatively high compared withcommonly utilized values in linear
absorbers. They explain this fact.

4.2. In [18], the authors consider the system of harmonically forced Linear
Oscillator (LO) attachedwith VI NES (Fig. 5 (b)).The parameters of this
experimental system have been identified by performing modal analysis and
are summarized in Table 2. The excitation frequency is fixed to 8 Hz.

Parameters of the experimental system

Table 2

Physical parameters

my, kg

ms, kg

ki, N/'m

C1, Ns/m

b, mm

4.168

32

11470

3.02

11.5

4.3. In [34], the authors describe the experimental a three-story steel frame
structure and give someof its parameters.
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Table 3
Identified properties of the primary structure
Stiffness coefficient (N/m)
Story Mass (kg) -
Six-column Four-column
Top 32.40 2.55x 10" 1.62 x 10"
Middle 29.61 2.40 x 10° 1.47 x 10°
Bottom 29.61 2.62 x 10° 1.55 x 10°
Table 4
Design parameters of optimal control devices
DM
Parameter TMD
Linear | Nonlinear
Mass (kg) 2.29 2.29 4.58
Damping coefficient (N-s/m) 1.61 1.61 3.23
Stiffness coefficient (N/m or N/m3) 337 [ 2.06x10° [ 700
Table 5
Design parameters of physical control devices
DM/VIDM TMD
Structure Parameter —
Linear | Nonlinear | YITMD
Mass (kg) 2.282 2.294 4.58
Six-column | Damping coefficient 242 | 158 2.45
(N-s/m)
Ii}jﬂf}f;ness coefficient (N/m or 400 1.2 % 10° 820
Clearance (mm) 2 1.5
Four- Damping coefficient 242 238 351
column (N-s/m)
St1f3fness coefficient (N/m or 400 1.2 % 10° 750
N/m”)
Clearance (mm) 4 0

One may see that some physical parameters differ from the optimal ones.
These data from the scientific literature can serve as a guideline for
selecting the NES input parameters to be optimized.

4. Conclusions

Based on the world scientific literature, models of single-sided and double-
sided vibro-impact nonlinear energy sinks (SSVI and DSVI NESs) are
proposed.
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They are the passive energy dissipation devices designed to rapidly absorb
vibration energy (due to shock, blast, earthquakes, etc.) from a primary
structure, to which they are attached, and locally dissipate it. The motion
equations and the impact rule are given. Methods of specifying an impulsive
loading on the primary structure are discussed. Some numerical parameters
that can be used as initial ones for NES and then have to be optimized are
given. All these data enable:

* to create a complete mathematical model of VI NES;

* to studyits efficiencyforvibration mitigation of impulsively loaded primary
structure with different descriptions of the external impulsive force;

* to analyze its dynamical behavior in dependence on changing in its
parameters and types of external loading.
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Jizynoe ILI1., Ilocopenosa O.C., I[locmuixosa T.I'.
BHUBIP MOJIEJII BIFPOYJAPHOI'O HEJIIHIMHOTO MMOTJIMHAYA EHEPTTi
Heniniitunit normuHay eneprii (NVES) BH3HAYA€TbhCS SIK CTPYKTYPHHH €IEMEHT 3 OXHHM
CTYIEHEM BIJBHOCTI 3 BiJHOCHO HEBEIMKOIO MAcOI0 Ta CIa0KUM PO3CIIOBaHHAIM, NPHETHAHUIT 10
IEPBUHHOI CTPYKTYpH 3a JOIOMOIOI0 CYTTEBO HeliHiHOro 3B’s3ky. Lle mpucrpiit macuBHOro
pO3CiIOBaHHS eHeprii, MpU3HAYECHUIl A IUBMAKOrO IOIJMHAHHS eHeprii BiOparii (BHacmimok
yaapiB, BUOyXy, 3eMJIETPYCY TOILIO) Bijl IEPBUHHOI KOHCTPYKIIIT Ta JIOKAJIBHOTO ii po3citoBaHHsA. Y
CTATTi MiCTHTBCS MiHi-orJsi po0it 3 NES. Ha OCHOBI KOHIENTYalbHUX Ta PO3PAXyHKOBHUX CXEM
NES, sxi icHylOTb y CBITOBIi HAyKOBiil JiTepaTypi, 3aIpOIOHOBAHO PO3PAaXyHKOBI CXeMH
0IHOOIYHUX Ta ABOOIUHHX BiOpoymapuux NES (SSVI ta DSVINES). JlaHOo pIiBHSHHS PyXy Ta
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yaapHe mpaBwio. SIK ymapHe NMpaBHIO NPHHHATO KBa3iCTATUYHMII KOHTAaKTHHH 3akoH I'epua.
OOroBOpIOIOTBCS Pi3HI YSBICHHS IMITyJIbCHOIO HAaBaHTAXXEHHS HA ICPBUHHY CTPYKTYpy. Lle
30Y/KCHHSI JIMIIE OYATKOBMMH IIBHIKOCTIMH, [EPIOANYHE 30yDKEHHS, yAap HalliB-CHHYCOIIHOT
(hopmMHu, OZHOCTOPOHHI HEPIOANYHI IPIMOKYTHI IMITYJIECH, BITPOBE, CEHCMIUHE Ta IIHPOKOCMYT'OBE
30ymKenHs. HaBeneHo TaGuuii JesKnX YMCIOBUX IapaMeTpiB, sIKi MOXYTbh OYTH NMPUHHSATI mis
BiOpoynapuux NES. BHKOpPHCTOBYIOYM HaBeIEHI [aHi, aBTOPH MAlOThb HaMip MOCITIIUTH SIK
edexTuBHICTE POOOTH OAHOOIYHMX Ta ABOOIYHHMX BiOpoymapHux NESs mpu pi3HHX BHIAX
IMITyJIbCHOTO HaBaHTQ)KCHHS, TAK 1 IXHIO JHMHAMIUHY IIOBEAIHKY [IPH 3MiHi IXHIX HapaMeTpiB.

KurouoBi ciioBa:HeniHiHHMI mOranMHAY eHeprii, IMIyJIbCHE HaBaHTa)KCHHs, BIOPOyIapHUiA,
HEePBUHHA CTPYKTYpa, ONTUMI30BaHUH, OXHOOIYHHH, IBOOIIHHH.
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Jisynoe I111., Ilozopenosa O.C., Ilocmuixosa T.I. Budip moaeJii BiopoynapHoro HeJiHiliHoro
nor;ianHaya eHeprii / Omipmarepiainis i Teopist cropya: Hayk.-TeX. 30ipH. — K.: KHYBA. 2022. —
Bumn. 108. - C. 63-76. — Anri.
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Hano  pisnannua pyxy ma ydapne npaguno. 0Q62080piolomvcs pishi  eapianmu  3a80aHHS
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UDC 539.3

Lizunov P.P., Pogorelova O.S., Postnikova T.G. Choice of the Model for Vibro-impact
Nonlinear Energy Sink // Strength of Materials and Theory of Structures: Scientific-and-technical
collected articles. — K.: KNUBA. 2022. — Issuel08. — P. 63-76.

Being based on the sources of world scientific literature, authors offer models one-sided and
bilateral vibroshock nonlinear absorbers energies, which target at softening of vibrations of
primary structure which these devices are hardly CPLD with. Equalization of motion and shock
rule is given. The different variants of task of the external impulsive loading come into a question
on a primary structure and some numerical parameters which in subsequent research need
optimization.
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The results of numerical investigation of the stress-strain state of elastic rectangular plates with
reinforced elongated holes under the action of axisymmetric tensile forces are presented. The holes
have different orientations relative to the direction of forces, the materials of the plate and
reinforcements are different too. Computer modeling was carried out using the finite element
method. The influence of mechanical and geometrical parameters of plates and reinforcements,
orientation of holes (angle of rotation relative to the direction of action of forces) on the stress-
strain state of the plate are studied. The dependence of the change in the stress concentration factor
in the plate on the orientation of the hole, the ratio of the elastic modulus of the plate materials and
reinforcements (the elastic modulus of the reinforcement material is 3 times greater (or less) than
the elastic modulus of the plate material) has been established. Plates with holes located at angles
of 60°, 45° and 30° in the direction of the load are modeled. It is shown that a good choice of
geometric and stiffness characteristics of the parameters of reinforcement, plate and elongate hole
orientation can significantly reduce the stress concentration in the plate. Patterns of stress intensity
distribution in the plate sections passing along one of the hole sides and stress concentration in the
vicinity of the corner points of the holes are constructed. The results obtained in this work can be
used to solve the problems of optimization of thin-walled rectangular plates with elongated holes,
having strip reinforcement along the edges.

Keywords: plate, elongated hole, reinforcement, stress-strain state, stress concentration factor,
finite element method.

Introduction. The problems of deformation of mechanical systems with
various inhomogeneities — structural, technological, or operational (holes,
cavities, cracks, inclusions, etc.) are components of a wide class of problems in
the mechanics of thin-walled structures. The presence of discontinuities,
geometric imperfections (pores, cracks) and various inclusions has a
significant impact on the processes of deformation and destruction of solids and
structures [1-9].

The study of the effect of holes, particularly reinforced, on the stress-strain
state was begun by S.P. Timoshenko and al. [1-3], who reduced the problem
of determining the stresses at the hole to the problem of finding the stresses in
a curved beam that is loaded along the outer contour. There are also significant

© Hart E.L., Hudramovich V.S.
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achievements in this area associated with the researches of domestic scientists
[10-14].

For the tasks of studying inclusions of the canonical form, it is possible to
use analytical methods. But in the case of bodies of complex shape, the
presence of inclusions of various configurations and orientations, the use of
analytical methods is most often impossible. Therefore, it is advisable to use
numerical methods [15, 16].

The question of the possibility of reducing the stress concentration in the
vicinity of the corner points of a rectangular plate hole due to its reinforcement
with triangular overlays was studied in [6]. At the same time, a computer
simulation of the deformation of the plate was carried out depending on the
orientation of the hole, the mechanical properties of the material and the size
of the overlays. The selection of the optimal parameters of reinforcement can
reduce stress concentration.

In this work, a computer simulation of the deformation process of
rectangular plates with reinforced holes of different orientations relative to the
direction of the tensile force is carried out on the basis of the finite element
method. The aim of the study is to identify the influence of the orientation of
the holes on the decrease in the intensity of stresses and deformations in the
plate.

Problem statement. Consider an elastic square plate of size axa, with a
reinforced elongated rectangular hole bxc (¢ = 3b) of various orientations
relative to the direction of action of a uniaxial tensile force q applied from two
opposite sides of the plate (Fig. 1). We neglect the mass forces.

The study of the stress-strain state of the plate is carried out, taking into
account the influence of reinforcements and the orientation of the holes.
Reinforcement is modeled by inclusions located in the plane of the plate, and
at the boundaries of which with the matrix there are specified conditions of
rigid adhesion. Plates with holes are modeled, which are located at angles of
60° (Fig. 1 (a)), 45° (Fig. 1 (b)) and 30° (Fig. 1 (c)) with respect to the
direction of the load. The intensity of the load is selected in such a way that the
stress does not cross the elastic boundary.

Analysis of the results obtained. Here are the calculation results. In Fig. 2
shows the distribution of the relative stress intensity c,/g in a plate with a
rectangular hole facing 30° relative to the direction of the tensile force
(Fig. 1(c)).

For the purpose of a more visual representation of the results, a part of the
plate is shown in an enlarged form (Fig. 2 (b)). With this hole location, the
stress concentration factor (SCF) is 14.5.

In order to reduce the stress concentration in the plate, the hole was
reinforced with inclusions from a different material.

In Fig. 3 shows the distribution of the relative stress intensity /g, in
section A—B for the plate shown in Fig. 1 () at angle between section and
direction of tensile forces 30° (£, is the modulus of elasticity of the plate, E, is
the modulus of elasticity of the inclusion).
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Fig. 1. Plate load diagram (a)—(c) and reinforcement options (d), (e)

(2) (b)

Fig. 2. Distribution of the relative stress intensity 6/g for the case shown in Fig. 1 (c):
(a) the distribution of the relative stress intensity;
(b) an enlarged image of the area of stress concentration

Let us carry out a comparative analysis of the calculation results for various
ratios of the elastic modulus of the plate and reinforcements.

The presence of inclusions less rigid than the base material (with the ratio of
their elastic modulus E, - E, = 3:1) in the case under consideration led to a
decrease in the SCF by ~ 49%.

Consider a model of a plate with a hole located at an angle of 45° relative to
the direction of the load (Fig. 1 (b)). In Fig. 4 shows the distribution of the

relative stress intensity o;/g in a plate with a hole without the use of
reinforcements.
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Fig. 3. Distribution of 6/¢ in section A-B at 30°

This angle of rotation of
the hole increased the SCF
to 17.2 in comparison with
the results shown in Fig. 2.

Let us carry out a
comparative analysis of the
calculation results for the
plate shown in Fig. 1 (e).

In Fig.5 shows the
distribution of the relative
stress intensity o©;/g  in
section A—B. The presence
of inclusions less rigid than
the base material in the case
under consideration led to a
decrease in the SCF by ~
52%. But with this hole arrangement, the SCF increased by ~ 20% compared
to the results shown in Fig. 3.

In Fig. 6 shows the distribution of the relative stress intensity 6;/q in a plate
with a rectangular hole without reinforcement (Fig. 1 (a)). With this
arrangement, the SCF is 17.2.

The values of the maximum stresses have hardly changed compared to the
result shown in Fig. 4.

Let us compare the calculation results for a plate with a reinforced hole by
varying the ratio of the elastic moduli of the plate and reinforcements. The
plate model is shown in Fig. 1, there is.

In Fig. 7 shows the distribution of the relative stress intensity cj/g in the
section A—B. Here, the SCF almost did not change in comparison with the case,
the calculation results of which are shown in Fig. 5. The stresses near the corner
points of the reinforcements decreased, but the values of the maximum stresses

Fig. 4. Distribution of the relative stress intensity /g
for the case shown in Fig. 1 (b)
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did not change. The smallest stresses in the places of concentration arise when
orienting the reinforced hole shown in Fig. 1 (e) at 60°.

G/q

30,00

25,00

20,00

/f En:Ee

15,00

Al —3a
------- 13

Fig. 5. Distribution of 6/¢ in section A-B at 45°

Let us consider the
distribution  of  the
relative stress intensity
o;/q in section A-B for
the plate model shown
in Fig. 1,d at 30°.

In Fig. 8 it can be
seen that with this
orientation of the hole
and the parameters of
the reinforcements, the
SCF is ~ 20% less than
in the case, the results
of which are shown in
Fig. 3. The presence of
reinforcements made of

<8

L Lol

Fig. 6. Distribution of the relative stress intensity c/q for the
case shown in Fig. 1 (a)

other material reduced the SCF by ~ 57%.
Let us compare the calculation results for the plate shown in Fig. 1 (d) at
45°. In Fig. 9 shows the distribution of the relative stress intensity c;/g in

section A—-B.

Comparing the results shown in Fig. 9, with the results in Fig. 8, it can be
noted that the maximum stresses have increased. This may be due to the fact
that the length of the hole in the direction perpendicular to the direction of the
load is greater than in the case shown in Fig. 8.

Consider the calculation results for the plate shown in Fig. 1 (d) at 60°. In
Fig. 10 shows the distribution of the relative stress intensity c;/g in section A—B.
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Fig. 7. Distribution of 6,/ in section A-B at 60°
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Fig. 8. Distribution of 6,/¢ in section A-B at 30°

Conclusion. The analysis of the influence of the orientation of the

reinforced hole relative to the direction of the load action in a rectangular plate
is carried out. As a result of comparing the results obtained for all considered

cases, it was revealed:

o The best of the three options for the orientation of the hole relative to the
direction of the load (Fig. 1 (a) — Fig. 1 (¢)) from the point of view of stress
reduction, we can note the option shown in Fig. 1 (¢).

e Variants of the location of reinforcements, which are shown in Fig. 1 (d)
gave a better result than the options shown in Fig. 1 (e).

e From the point of view of reducing stresses, the best of the considered
options turned out to be the option shown in Fig. 1 (d) at 30°. As a result of the
use of reinforcements from a less "rigid" material, the SCF decreased by ~ 57%.
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e Variants of hole orientation, which are shown in Fig. 1 (a) and in
Fig. 1 (b), give almost the same results.

Gl
2500 q
A
20,00 5 —
15,00 \2( — En:Ee
A S
\ N ---1:1
1 AN
:1 > —_—31
10,00 f - 1:3
5,00
0,00
A
Fig. 9. Distribution of 6,/q in section A-B at 45°
5 -0/4
A
20 \ »
15 % | B En:Ee
t \ —
i} \
i 0 —3:1

Fig. 10. Distribution of 6,/¢ in section A-B at 60°

So, by varying the orientation of the hole with respect to the direction of the
load, as well as when using inclusions from a different material, it is possible
to significantly reduce the stress in the plate in the places of their
concentration. With a decrease in the angle of rotation of the hole relative to
the direction of action of the load, the maximum stresses decrease.

The developed calculation methodology can be extended to various

relationships between physical, mechanical and geometric parameters of the
considered system and other types of loading.
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Po3pobiieHO cxeMH I KOMITIOTEPHOrO PO3PaxyHKy HampyXeHO-I1e()OPMOBAHOTO CTaHy
HPY)KHHX IHPSIMOKYTHHX IUIACTHH 3 IIAKPIIUICHMMHM BHIOBXXCHUMH OTBOpaMH IpH il
BICECUMETPUYHUX PO3TAryBadbHUX CHI. OTBOPH MAalOTh Pi3HY OpIEHTAL{I0 LIOAO CHPSIMYBaHHS



ISSN2410-2547 85
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

3yCHIIb, MaTEpiaJii IJIACTHHY 1 MIAKPIIUICHb TakoXK pi3Hi. KoM’ 1oTepHe MOZAEIIOBaHHS [POBEICHO
METOIOM CKIHYCHHHUX eJEeMEHTIB. J{OCHiIKEHO BIUIMB MEXaHIYHMX Ta TCOMETPUYHHX MapaMeTpiB
IUIACTHH 1 MiAKpIMJICHb, Opi€HTALli OTBOPIB (KyT MOBOPOTY BIJHOCHO HAmpsIMKYy Aii CWJ) Ha
HaNpy)XeHO-Ie(OPMOBAHMI CTaH IUIACTHHH. 3alIOKHICTh 3MiHM KoeQillieHTa KOHIEHTpALil
HAmnpyXXeHb B IUIACTHHI BiJ Opi€HTaLil OTBOPY, CIIBBIIHOIICHHS MOMYJS NMpPYXXHOCTI MaTepiaiis
IUTACTHHHM Ta MiAKPIIUICHHS (MOIYJIb MPY)KHOCTI MiAKPIIIIIOBAIBHOIO MaTepiany B 3 pa3u OinbLinid,
HIXX MOZYJIb IPY>KHOCTI MaTepiay IUIACTHHH). MOJENIOI0ThCS MIACTHHH 3 BUIOBKCHUMH OTBOPAMH,
po3TamoBaHiMK i Kytamu 60°, 45° i 30° BiqHOCHO HaNpsIMKY il HaBaHTaXeHHs. [1oka3aHo, 1110
BN BHOIp F€OMETPUYHMX Ta JKOPCTKICHUX [apaMeTpiB MiAKpIMIeHb, OPi€HTALIi BUIOBKEHOIO
OTBOPY MOXKE 3HAYHO 3MCHIUNTH KOHICHTPALIl0 HampykeHb y IuiacTuHi. IloOymoBaHo cxemu
PO3MO/iTy IHTEHCHBHOCTI HANPYXKEHb Yy Iepepizax IUIACTHHH, 10 IPOXOAATH B3J0BXK OHI€T 31 CTOPiH
OTBOpY, Ta KOHILIEHTPALii HapyXeHb B OKOJI KYTOBHX TOYOK OTBOpiB. OTpmMaHi B 1iif poGori
pe3yiibTaTH MOXYTh OyTH BHKOPHCTaHi JUISi pO3B’s3aHHs 3a/ad ONTHMI3allil TOHKOCTIHHHX
HPSIMOKYTHHUX IJTACTHH 3 BUJIOBXKGHHMH OTBOPAMH, 110 HiAKPIIIIOIOTHCS 10 KpasiX.

KurouoBi ciioBa: 1uiacTiHa, BUIOBXKEHWH OTBIp, MiAKPIIUICHHS, HAMpyXeHO-Ie(hOpMOBaHHI
cTaH, Koe(hilieHT KOHIEHTpALii HALPY>KEHb, METO/ CKIHUCHHHUX CJIEMEHTIB.

Tapm D.JL, I'vopamoeuu B.C.
KOMIIBIOTEPHOE MOJEJTUPOBAHUE HAIIPSIKEHHO-JE®OPMHUPOBAHHOI'O
COCTOsIHUSI IIVIACTUH C NIOAKPENVIEHHBIMU Y JJIMHEHHBIM U
MPSIAMOYTOJIbHBIMA OTBEPCTHUSMM PA3JIMYHON OPUEHTALIANA

Pa3paboTaHbl cXeMbl ISl KOMIIBIOTEPHOT'O PacyeTa HalpspKEHHO-1e)OPMUPOBAHHOTO COCTOSIHUS
YIPYruX NPSIMOYTOJIBHBIX IUIACTHH C MOAKPEIUIEHHBIMU y/UIMHEHHBIMU OTBEPCTHSIMU TIPU A€HCTBUM
OCECMMMETPUYHBIX ~ pacTAruBarolMX cwil.  OTBEpCTHS MMEIOT — Pa3IMYHYI0  OPHEHTALHIO
OTHOCHUTEJIBHO HAlpaBJICHUs YCHJIMH, Marepualbl IJIACTHHBI M MOJKPEIUICHUH TaKXKe Pa3JIMYHBI.
KoMunbroTepHOE MOIEIMPOBaHUE POBEAEHO METOI0M KOHEUHBIX 1eMeHTOB. MccnenoBaHo BiusHue
MEXaHUYECKUX U F€OMETPUUYECKUX MapaMeTPOB IUIACTHH W MOAKPEIUICHUH, OpMEHTalMM OTBEPCTHIH
(yros moBOpOTa OTHOCHTENBHO HANpPABJICHUs IEHCTBHS CHJI) Ha HAIPSHKCHHO-Ie(HOPMHPOBAHHOE
COCTOSIHME IUIACTHHBL. VI3yueHa 3aBUCHMMOCT M3MEHEHHsS KOd(hQUIMEHTa KOHLEHTpaLHu
HAIPSDKEHUH B IJIACTHHE OT OPUEHTALIMKM OTBEPCTH S, COOTHOILEHUS MOJIYJIEH yIIPYroCTH MaTepHaoB
IUVIACTUHBl M TOJKpeIUIeHus. MOAeNUpYIoTC IUJIACTHHBI C  Y/UIMHEHHBIMH  OTBEPCTHSIMHU,
pacrosokeHHbIMU 1101 yriamu 60°, 45° u 30° OTHOCHTEIBHO HANpaBJICHUs JIEHCTBUS HArpysKu.
IToxazaHo, 4YTO MpH ONPEACICHHOM BBHIOOPE I'€OMETPHYECKHX H JKECTKOCTHBIX [apaMeTpoB
HOJKpPEIUICHNH, OpUEHTalMU  YUIMHEHHOIO OTBEPCTUS MOXKHO —3HAYUTENIBHO  YMEHBLIUTh
KOHLEHTPALMIO HANpsDKEHWH B IutacThHe. IlocTpoeHs! rpaduky pacipeneeHUss HHTCHCHBHOCTH
HaNpPSDKEHUH B CEYEHMSX IUIACTHHBI, HPOXOASAIUMX BJOJIb OJHOW M3 CTOPOH OTBEpPCTUS, U
KOHLIEHTpPALMH HATIPSDKEHHIT B OKPECTHOCTH YIJIOBBIX TOUYEK oTBepcTHil. [lonydeHHble B 9T0it pabote
Pe3yAbTAThl MOTYT OBITh UCIOJIB30BAHBI LIS PELLICHNUsI 33/1a4 ONTUMHU3ALHN TOHKOCTCHHBIX IUIACTHH
€ YUIMHEHHBIMU OTBEPCTUSIMH, KOTOPbIE HOAKPEILIAIOTCS MO KPasiM.

KiroueBble cJI0Ba: IUIACTHHA, Y/JIMHEHHOE OTBEPCTHE, MOAKPEIUICHUE, HANPSHKEHHO-
nehOopMUPOBAHHOE COCTOSHHE, KOI(QGHUUMEHT KOHLEHTPALHMH HANPSHKCHUH, METOJ KOHEYHBIX
9JIEMEHTOB.
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UDC 539.3

Hart E.L., Hudramovich V.S. Computer simulation of the stress-strain state of plates with
reinforced elongate rectangular holes of various orientations // Strength of Materials and
Theory of Structures: Scientific-and-technical collected articles. — Kyiv: KNUBA, 2022. — Issue
108. —P. 77-86.

On the basis of the finite element method, a computer simulation of the influence of mechanical
and geometric parameters of reinforcing elements on the stress-strain state of the plate with
elongated rectangular holes of different orientation relative to the direction of action of tensile
forces has been carried out.

Tabl. 0. Fig. 10. Ref. 16.
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The estimation of a stress-strain state of a steel vertical tank with an initial semi-elliptical crack
under the thermal loading is performed. The distribution of stress intensity factor along the crack front
is obtained. A comparison of the results obtained under hydrostatic pressure is made.

Keywords: finite element method (FEM), elliptic crack, stress intensity factor, tank, thermal
loading.

Introduction. Reservoir parks are the main place of storage of petroleum
products at refineries and transport companies nowadays. However, it is leads
to fire risk increase to accumulate large quantities of petroleum products in a
relatively small area of such enterprises. Tank fire is one of the most dangerous
emergency event, which can lead not only to significant material damage but
also to ecological human losses. There has been a tendency transition to the
use of larger tanks in recent years, which is economically justified. In turn, the
risk of spreading of fire to other tanks increases during the fire event of such
tank. According to statistics, data there have been 12 fires a year in the post-
Soviet space over the past 30 years. During a fire, the temperature of the tank
walls can reach 800 degrees. The heat released during combustion is
distributed to neighboring tanks that leads to heat of their walls up to 300
degrees [7]. To ensure safety and test the bearing capacity in these conditions
determination of the stress-strain state in such tanks must be performed taking
into account the temperature load. Temperature loading is especially dangerous
if there is an initial crack in the tank wall. In such cases, the assessment of
crack resistance should be performed based on fracture mechanics approaches.
The stress intensity factor (SIF) is used as a parameter to crack resistance
assessment most often.

The problem of SIF calculating under thermal load is considered in a
number of scientific papers of different years. The most attention is paid to the

© Pyskunov S.0., Goncharenko M.V., Shkryl O.0O.
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development of analytical methods [1, 5, 6, 10, 12, 19], in particular taking
into account the structure of the material [1, 19] or specific crack shape [5, 6].
In article [12] the use and calculation of two-dimensional thermal J*-integral
for linear thermoelastic materials using the finite element method (FEM) is
discussed. The publications cited here by no means exhaust the known
experience in solving the problem under consideration.

The authors of this article developed the experience of calculating the
parameters of fracture mechanics for a long time also [2-4, 8, 11, 13, 14, 15,
17], including thermal stress [15, 16, 18]. It was shown, in particular, that in
order to achieve the required accuracy of the solution under temperature
loading, it is necessary to use smaller size of finite elements at the crack tip
then one needs under force loading [15].

In a previous work [13] the authors determined the SIF distribution along
the semi-elliptical crack front in the RVS-5000 tank under hydrostatic
pressure. It is important to continue the study of crack resistance of this tank,
taking into account the temperature load.

Determination of SIF values under thermal load can be done by direct and
energy methods. The relationship between displacements and values of mode I
SIF (opening or tensile mode) K, near the crack tip at a constant temperature

T when the direct method is used, is described by

TP' the following formula [9]:
i K[ r ' i"
u-=—’—~F9+a~k~T , 1
: 1" y3,,r i 2G 271_ l( ) y ( )
I 4 f‘i"’e where G — the shear modulus; v - Poisson's ratio;
= ;7 a'=a - coefficient of line,ar expansion in the case
L1 l of a plane stress state, a’'=a(l1+v) for a plane
=== — deformation
.0 2 9)
F(0)=sin=(k+1-2cos” =|,
J’ P 1) 2( 2
Fig. 1. Normal break crack F, 6) = COS%(]{ —1+2 sin2 Q)’

where k=3-v)/(1+v) for a plane stress state, k=3-4v for a plane

deformation.
The formula (1) acquires a more specific form if values of displacements
which is perpendicular to the crack plane being used:

—a-( Ty
K, =2 9"‘ (I+v)-T-x 276, )
sm3(2—4v+c059) r

Implementation of the SIF calculation technique using the direct method in
discrete models of FEM is described in [8, 11, 13-16].

The energy method involves the SIF calculation using the J* value, which
in case of thermal load has the next form:
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J =J+[acye; Lav . (3)
i ox

The first component is the Cherepanov-Rice’s J-integral, determined by
integration along the contour S of the domain V-

sz(Wnt o 6—“njde. @)
5 0x

The second component is determined by integrating of the internal volume
of the domain V.

The generalized reaction method in discrete FEM models [8, 11, 17] is used
for calculation of J* in this paper. The implementation of this method
involves the consideration of two states of the volume, which is situated near
of tip of with a fixed length /. (Fig. 2). During the transition from the first
state to the second the location of the domain » changes on one finite element
in relation to the crack tip (Fig. 2).

2
crack front integration contour
T T T T
| | | |
S I | S T I
! | | | |
ZS‘ [ [l [ [
| | | |
| | | |
| | | |
7?2 I ! ! I
e Az,
1 2

z'

4

Fig. 2. Scheme of subdomains transition in J" calculation procedure
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The vectors of displacements and nodal reactions of the subdomain in states
1 and 2 are denoted as {u};, {R}; ta {u}y, {R}; Each of these vectors
contains 3N components, which are the values of displacements and nodal
reactions in three directions, respectively:

T
{u}, ={(u1')1 (up)y (uz)y oo (g )y - 3y () y (uy)y (“3')N}s
where the indices k' =1,2,3 represent the directions of movement, and the
indices n=1,2....N are the numbers of nodes within each of the subdomains.

Under the condition of a regular finite element mesh in the 2 direction, the
definition formula in discrete models takes the following form [2, 8, 11]:

I =t Ry~ R )y ) (1), + (R, )- )

After multiplying the reactions to the corresponding movements and adding
of similar components we obtain:

I =t AR~y (R ) ©

The reliability of this calculation procedure is shown in [3, 11].

Numerical modeling of a tank with a crack. The geometric scheme of the
HRV-5000 tank and the initial data are shown in Fig. 3(a). Mechanical
characteristics E=2.1-10°MPa, v =0.3, o =1.2-107°: The surface of the oil

product is at a height of 11,4 m. Hydrostatic pressure varies from 0 at the mark

of 11,4 m to 91,7kN/m2 on the bottom. The part of wall of the tank, located

closest to the fire epicenter, is heated unevenly in height: from 300 degrees at
the top to 200 degrees at the bottom. On the other part of the tank the
temperature reaches 70 degrees. The temperature within wall thickness is
considered constant since one is quite small (8,7 mm). Given the asymmetric
nature of the temperature distribution, a discrete model was developed for the
entire tank (Fig. 3(b)).

Sfasade 1362

12000
T

0.800 | |
=1L

(b)
Fig. 3. The general view (a) and the discrete FEM model (b) of vertical tank HRV-5000
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The calculation was performed in two stages, which involved determining
of the stress-strain state for the tank as a whole (Fig. 3) and determining the
SIF using the calculation model as a fragment of the tank wall with a semi-
elliptical crack (Fig. 5(a)). The obtained distribution of circumferential stresses
oyy , which are directed perpendicular to the plane of the crack and determine

the fracture process, under the action of hydrostatic pressure (axisymmetric)
and temperature load (not axisymmetric, due to heating of the part of the tank
closest to the fire) for the whole structure is shown in Fig. 4. These results
allowed to perform fragmentation of the calculation scheme, in particular - the
magnitude of the loads that must be applied to the cut fragment with a crack.
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Fig. 4. Distribution of circumferential stresses under hydrostatic pressure (a) and thermal load (b)

The values of these loads were determined using the stress distributions
obtained in the calculation of the tank as a whole and acting in the
corresponding sections, which are limit the fragment of wall with crack. Semi
analytical finite element method (SFEM) used for to form a discrete model of a
wall fragment with a crack [4, 11]. The crack modeling in the fragment was
made due to the implementation of the relevant boundary conditions: the

1 2

surface of the crack located in the plane z 2 (marked in white in

Fig. 5(a)). It is considered free from attachments along 2> . All other points of

the end surface (marked in gray in Fig. 5(a)) are fixed along 2.

Fig. 6 shows the the obtained distribution of SIF along the crack front under
hydrostatic pressure [13] and under thermal load. Calculation was carried out by
a direct and energetic method, the difference of results are in the range of 5%.

The obtained results show the uneven distribution of SIF along the crack
front both for the case of hydrostatic pressure loading and for temperature
loading. The minimum value of SIF acquires at the point of the front, which is
located on the outer surface of the tank. The maximum value of SIF acquires at
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the point of the front that is furthest from the outer surface. The difference of
SIF along the crack front is about 50%.

J

1300

(@) (6)
Fig. 5. The location of the crack in the wall of the tank (a)
and SFEM discrete model of the wall fragment with a crack (b)
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Fig. 6. SIF distribution along the crack front

Taking into account the temperature loading leads to an increase in the SIF
values by about 20%. Thus, taking into account the temperature components of
the load is important for the correct determination of fracture resistance of a
tank for petroleum products storage.
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Iucxynoe C.O., l'onuapenxo M.B., lkpuw O.O.
OLIHKA BIIJIMBY TEMIIEPATYPHOI'O HABAHTAKEHHSI HA
TPINUHOCTIAKICTH PE3EPBYAPY 3 HANIBEJINTUYHOI TPII[UHOIO

Pe3epByapHi napky Ha CbOTOAHIIIHIN JEHb € OCHOBHUM MiciieM 30epiraHHs HahTONPOIYKTIB Ha
HaTONEepepOOHHX 3aBOAX Ta IMiJNPHEMCTBAX TPAHCIOPTY. Beruke ckym4eHHs HAQTONPOAYKTY Ha
BITHOCHO HEBEJIMKIH IO Pe3epBYapHOro MapKy NPH3BOAUTH A0 MiABUIICHOI HOXKapHOI HeOe3meKn
Ha Takux mignpueMcrBax. Iloxexa B pe3epByapi € OIHIEI0 3 HaifHeOe3MeUHINMX Haa3BHYAHHUX
CHTYyalliil , 0 MOXE MPHU3BECTH HE JIMIIE IO 3HAYHUX MaTepiajbHUX 30MTKIB ajie i J0 JIFOJCHKHX
BTpat. B ocTaHHI POKH CIIOCTEPIiraeThCsl TCHICHILS IEPEXOAY 0 pe3epByapiB OLIbIIOI EMKOCTI, 110
EKOHOMIYHO OOIpyHTOBaHO. B CBOIO 4epry, y BHIIJKy BUHHKHEHHs IOXEXI B TaKHX pe3epByapax
HigBHIIyeThCsS HeOe3neka il MepeKHIaHHs Ha iHII pe3epByapu. BH3HAuUCHHsS HAIPYKEHO-
nedopmoBanoro crany (HJC) B Takux pesepByapax IOTPIOHO BHKOHYBAaTH i3 BpaxyBaHHSIM
TEMIIEPATypPHOTO HABAaHTAXKEHHS. B neskux pesepByapax IpH LBOMY MOXYTh OyTH nedextd y
BUMIIAL TpinwH. B Takux Bumazakax ouinka HIC B HMX BUKOHYETHCSI HA OCHOBI IMIAXO/IB MEXaHIKH
pyiiHyBaHHs. B momepenHiX IOCHIUKEHHSX aBTOpaMH Oyj0 BH3HAYCHO PO3MOALT KoedilieHTIB
inteHcuBHOCTI Hampykenb (KIH) B3moBx ¢poHTy HamiBeminTuyHO!I TpilwHH B pe3epByapi PBC-
5000 Bix il rigPOCTATHYHOrO THCKY. B naHiil cTaTTi MPOXOBKEHO JOCIIKEHHS TPILMHOCTIHKOCTI
IAHOTO pe3epByapy i3 BpaxyBaHHSIM TEMIIEPATYPHOrO HABAHTAXKECHHs, IO BHHHUKA€ BHACIIJOK
HOXEeXKi CyciHboro pesepByapa. Busnauenns KIH BinOyBanocsi npsMUM Ta €HEpreTHYHHUM
Mmeronamu. TemiiepaTypa CTIHKH YBEpTi pe3epByapa, 10 PO3TAIIOBAHA HAHOMIDKYE [0 CMILEHTPY
HOXEXI, 3MiHIOETBCs 10 BUCOTI Bix 300 rpaxyciB y BepxHiit yactuni 1o 200 rpaayciB y HIDKHIH
vyactuHi. Ha ixmiit wactuHi pesepByapa temmeparypa csrae 70 rpamyciB. OCKiNbKHM TOBIIHHA
CTIHKH € JOCHTh MAJOI0, TO TEMIepaTypa B Il MeXaX BBaXKaeTbCs MOCTiHHO0. BpaxoByroun
HECUMETPUYHHI XapakTep PO3MOALLY TeMIepaTyp, AUCKPETHA MOIENb PO3po0JieHa ATl BCHOTO
pesepsyapa. ITicis Busnayenns HJIC B winomy pesepByapi, okpeMo OyB MPOBEACHHI PO3paxyHOK
(parMenTa 3 HAMIBENINTHYHOIO TPILMHOK. B SKOCTI 30BHIMIHBOr0 HaBAHTAKECHHS HPHKIALCHO
HAIpy>KeHHsI, 0 BU3HAYCHI i3 3arajpHOro PO3paxyHKy pe3epByapa Ha TiPOCTATHYHHN THUCK Ta
TemIepaTypHe HaBaHTaXeHHs. OTpHMaHi pe3yibTaTH MNPSIMOrO Ta EHEPreTHYHOrO METOAIB
BIIpI3HAIOTBCT B Mexax 5%. BpaxyBaHHS TeMIepaTypHOro HAaBaHTAXKCHHS IPHU3BOAUTH [0
36inpienHs 3HadeHb KIH mpu6musHo Ha 20 BiACOTKIB MOPIBHSHO i3 pe3yibTaTaMU PO3PaxyHKY
JIMIIE HA T1IPOCTATUYHUIT TUCK.

KurouoBi cioBa: meron ckindenHux enemeHTiB (MCE), emintuyna TpimmHa, KoedirieHT
IHTEHCHUBHOCTI HaNpyXeHb, pe3epByap, TePMOCHIOBE HaBAHTAXKCHHSL.

Pyskunov S.0., Goncharenko M.V., Shkryl O.0.
ASSESMENT OF THE TEMPERATURE LOADING INFLUENCE ON CRACK
RESISTANCE OF A TANK WITH A SEMI-ELIPTICAL CRACK
Reservoir parks are the main place of storage of petroleum products. There has been a tendency

transition to the use of larger tanks in recent years, which is economically justified. However, it is
leads to fire risk increase to accumulate large quantities of petroleum products. Tank fire is one of the
most dangerous emergency event, which can lead not only to significant material damage but also to
ecological human losses in case of spreading of fire to other tanks. To ensure safety and test the
bearing capacity in these conditions determination of the stress-strain state in such tanks must be
performed taking into account the temperature load. If there is an initial crack in the tank wall the
assessment of crack resistance should be performed. In a previous work the authors determined the
stress intensity factor (SIF) distribution along the semi-elliptical crack front in the RVS-5000 tank
under hydrostatic pressure. The estimation of a stress-strain state of a steel vertical tank with an initial
semi-elliptical crack under the thermal loading is performed in this article. It is suppoused that the part
of wall of the tank, located closest to the fire epicenter, is heated unevenly in height: from 300 degrees
at the top to 200 degrees at the bottom. On the other part of the tank the temperature reaches 70
degrees. The temperature within wall thickness is considered constant. Given the asymmetric nature
of the temperature distribution, a discrete model was developed for the entire tank. After determining
the stress-strained state in the whole tank under hydrostatic pressure and temperature load, a
fragment with a semi-elliptical crack was calculated separately. The stresses determined from the
calculation of the whole tank are used like an external load, applied on fragment boundaries. The
difference of results of direct and energetic method of SIF calculation are in the range of 5%. Taking
into account the temperature loading leads to an increase in the SIF values by about 20 % in
comparison to the results of the calculation only under hydrostatic pressure.

Keywords: finite element method (FEM), elliptic crack, stress intensity factor, tank, thermal
loading.
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Iucxynoe C.O., l'onuapenko M.B., Llkpvins A.A.
OLEHKA BJIUSAHUS TEMIIEPATYPHOI'O HAT'PYKEHUS HA
TPEIIMHOCTOMKOCTD PE3EPBYAPA C OJYSJVIMNTHYECKOMN TPELIMHOM
IlpoBeneHa oLeHKa HampsLKEHHO-IE)OPMHUPOBAHHOIO COCTOSIHHS pe3epByapa ¢ HadajlbHON
l'lOJ'lyf)J'lJ'll/ll'lTl/l‘-leCKOi;l TpeLLLHHOﬁ npu ﬂeﬁCTBMM TEPMOCHJIOBOTO HarpyXeHus BBI3BAHHOI'O
JIEHCTBHEM T'HIPOCTATHYECKOTO MABJICHUS M TEIJIOBOTO BO3ACHCTBHS OT MOXKapa B COCEIHEM
pesepyape. IlonydeHo pacrpeneseHie KO3(p(UIIMEHTOB HHTCHCHBHOCTH HANpPSKEHUH BIOJb
(poHTa TPELIMHBL.
KaroudeBble cjoBa: Meron KoHe4HbIX »3iemeHToB (MKD), smmmnthueckas TpeluHa,
K03 ()HUILMEHT HHTCHCHBHOCTH HAIPSDKCHMUI, pE3epBYap, TEPMOCHIIOBOE HArPyKEHHE.
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The estimation of a stress-strain state of a steel vertical tank with an initial semi-elliptical crack
under the thermal loading is performed. The distribution of stress intensity factor along the crack
front is obtained. A comparison of the results obtained under hydrostatic pressure is made.

Fig. 6. Ref. 19.

VK 539.375

ITuckynos C.O., TI'onuapenxo M.B., Llkpeine A.A. OueHka BJUSIHUS TeMIIEPATYPHOIO
HArpY:KeHUsI HA TPEUIMHOCTOMKOCTh pe3epByapa ¢ MNOJYUIMNTHYECKOH TpemuHoui //
CoIpoTHBIICHHE MAaTEPUAJIOB U TEOPUsl COOPY)KeHHMi: Hayu.-TeX. coopH. — K.: KHYCA, 2022. —
Bein. 108. — C. 87-96.

IIposedena oyenxka HANPANCEHHO-0EPOPMUPOBAHHO2O COCMOSHUSL Pe3epeyapa ¢ HAYANbHOU
NONYILTUNMUYECKOU MPEWUHOU NPU OeliCMEUU MepMOCUI08020 HacpyIcens BbI36AHHO20
delicmeuem 2uOpPOCMAmMU4ecKo20 0AGIeHus U Menio8o2o 6030elcmaus Om noicapa 6 coceoHem
pesepsyape. Ilonyueno pacnpedenenue KodIQpPuyuenmos uHmMeHCUSHOCMU HANPANCEHUT 8OO0Tb
@ponma mpewunvl.

Wn. 6. bubauorp. 10 Hass.

ABTOp (BY€Ha CTYNEeHb, BUeHe 3BAHHS, I0CANA). npodecop, OOKMOp MEeXHIUHUX HAYK, 3a6i0yeay
Kagheopoio Ounamiku i miynocmi mawurn ma onopy mamepianie HTYY «KIII im. Ileops
Cikopcbroeo» [uckynoe Cepeiti Onezosuu.

Anpeca: 03056 Ykpaina, m. Kuis, npocn. Ilepemoeu 37, Hayionanohuii mexuiynuil ynieepcumem
Vrpainu “Kuiscorkuil norimexuiunutl incmumym imeni lzops Cikopcebkozo”, kagedpa ounamixu i
MIYHOCMI MAWUH Ma ONOPY Mamepianies.

Mobinbumuii Ten.: +38(050) 962-66-14

E-mail: s.piskunov@kpi.ua
ORCID ID: https://orcid.org/0000-0003-3987-0583




96 ISSN2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

ABTOp (BUeHa CTyNeHb, BUeHe 3BaHHS, MOCAAA). OOYeHM, KAHOUOAM MEeXHIYHUX HAYK, OOYeHm
kagheopu byoisenvroi mexanixu KHYBA I'onuapenko Mapuna Bikmopiena

Anpeca:03680 Vkpaina, m. Kuis, Ilosimpogromcokuti npocnexkm 31, Kuiscokuil HayioHabHutl
yHigepcumem 6y0ieHuymea i apximekmypu, kagpeopa 0yoigeibHOi MEXAHIKU.

Mobinbuuii Tea.: +38(096) 259-79-08

E-mail: maringo@ua.fin
ORCID ID: https://orcid.org/ 0000-0002-7396-5335

ABTOp (BYeHAa CTyNeHb, BYeHe 3BaHHs, NOCAAA). npogecop, OOKMOp MeXHIUHUX HAYK,
npoghecop rkagpedpu 6yodisenvroi mexaniku KHYBA lkpunw Onexciti Onekcanoposuu.
Anpeca:03680 Vkpaina, m. Kuis, ITosimpogromcokuti npocnexkm 31, Kuiscokuil HayioHaibHul
yHisepcumem 6y0ieHuymea i apximekmypu, kageopa 6y0igeibHoi MEXAHIKU.

Moboinbumuii Ten.: +38(050) 307-61-49

E-mail: alexniism@ukr.net
ORCID ID: https://orcid.org/0000-0003-0851-4754




ISSN2410-2547 97
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

UDC539.375

INVESTIGATION OF THE INFLUENCE OF FLANGE THICKNESS
ON THE NATURE OF DEVELOPMENT OF PLASTIC ZONES INTHE
CASING DETAIL

Yu.V Maksimyuk,
Doctor of Engineering

Yu. A. Chuprina,
Doctor of Economic

0.V. Kozak,
Candidate of Technical Sciences

L.Yu. Martyniuk,
Candidate of Technical Sciences

0.V.Maksimyuk

Kyiv National University of Construction and Architecture, Kyiv
Povitroflotsky Ave., 31, Kyiv, 03680

DOI: 10.32347/2410-2547.2022.108.97-106

In this work, using the method described in [1, 9, 13, 16], a numerical analysis of the stress-strain
state of a spatial object was performed, namely the study of the influence of flange thickness on the
nature of the development of zones of plasticity in the casing detail. It should be noted that the use of
a thickened flange allowed to localize the zone of plasticity and its length in this case does not
exceed half the length of the bell. In this case, the additional cost of material for the manufacture
of thickened flange is fully justified. This reduces the level of plastic deformations and stresses in
the hazardous area and prolongs the life of the casing detail.

Keywords:finite element method (FEM), semi-analytical finite element method (SAFEM),
stress-strain state,elastic and elastic-plastic deformation, curvilinear prismatic bodies, flange,
plasticity zones, the casing detail.

Introduction.For prismatic bodies with variable physico-mechanical and
geometrical parameters, the matrix of the system of solving equations is
completely filled and it is not possible to reduce the dimension of the problem.
The conditionality of the matrix of the system of solving equations of SAFEM
depends on the rational choice of the system of coordinate functions. High
efficiency of the method can be achieved only by ensuring the predominance
of diagonal elements.

Trigonometric [4-6] and beam functions [8, 13] are usually used in most
works on the application of SAFEM to the calculation of prismatic objects as
basic ones. Recently, there have been publications proposing to use spline
approximation [7, 14,20] or polynomial decomposition [2,3, 17].Beam
functions, Horvey polynomials [10], as well as some types of trigonometric
decompositions, for example, proposed by Filonenko-Borodych [9], are
focused on the calculation of only thin-walled objects. They, being orthogonal,
do not have the property of completeness in the energy space of the operator of

© Maksimyuk Yu.V., Chuprina Yu.A., Kozak O.V., Martyniuk I.Yu., Maksimyuk O.V.
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the theory of elasticity and can not be used in constructing the solution
relations of a universal finite element focused on the calculation of massive
and thin-walled bodies. The use of approximation of displacements by
segments of the Fourier series [12, 16] provides a straightforward prismatic
body complete separation of variables, but such a system of coordinate
functions allows to model the boundary conditions of only a particular species.
Since it is supposed to consider curvilinear inhomogeneous bodies with
arbitrary boundary conditions, the system of basic functions [12] is adopted,
the first two members of which are Langrange polynomials of zero and first
order, the others - Michlin polynomials [2, 3, 17]. This approach allows to
satisfy arbitrary boundary conditions in the traditional way for the FEM, which
is to exclude the corresponding equations.

Investigation of the influence of flange thickness on the stress-strain
state of a casing detail. The casing detailconsists of alternating fragments, the
general view of one of which is presented in Fig. 1.

RS=44000

Fig. 1. The casing detail

The object under study is a semi-cylinder of variable radius connected to a
flange rigidly fixed to the frame. The radius of the inner surface of the
cylindrical section R in the isthmus is 20 mm, in the area of maximum expansion
R =30 mm. The thickness of the shell h remains constant and is equal to 5 mm.
Between the isthmus and the bell is a transition area, the shape of which is
described by the arcs of two
circles with a radius of 16
mm  (Fig. 2). Fragment
length L = 70 mm. The
stress-strain state of the body
with  a flange whose
thickness is equal to the wall
thickness of the cylindrical
section / is investigated. The

= . ..
Fig. 2. The transition area between the isthmus radius of the filler transition
and the bell of the casingdetail

h=0.5

< >
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R2 is 75 mm. In Fig. 2 shows the cross section of the flange and indicates all the
required dimensions.

On the inner surface of the casing detailis loaded with an evenly distributed
load, intensity 29 MPa.
The modulus of
elasticity of the material
E = 2 - 105MPa,
Poisson's ratio v= 0,3,
yield strength at pure
shearts 1= 160 MPa.
Boundary conditions at
the ends of the fragment:

U¥/z¥ =0,5L (1)
model the plane of
symmetry. Along the
length of the flange,
there is no displacement
in all three directions.

The calculation Fig. 3. Estimated scheme of the object
scheme of the object is
shown in Fig. 3, but in Fig. 4(a) shows an approximating grid in the cross
section of the flange.To more accurately describe the geometry of the body, an
uneven grid of finite elements is used, both in thickness and length of the

object. Along Z 3 a series decomposition by basic functions is applied.

_h=0.5
1 f !
©
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S @ /
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Fig. 4. Approximate grid in the cross section of the flange

In order to substantiate the reliability of the obtained results, convergence was
established depending on the number of finite elements in the cross-sectional
plane and the number of retained members of the series.As a result of the
research, a finite element grid with a total number of nodes 102 was adopted, and

9 members of the decomposition were stored along Z 3" Further change of these
parameters leads to deviations of the results of the solution within 1.5%.
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At the first stage, the calculation of the casing detail was carried out by
elastic staging. Analysis of the results of the solution allows us to conclude
that the highest stress level is reached at points A and C on the inner surface
and at the point on the outer (see Fig. 3). For these points, the intensity curves
of tangential stresses along the length of the product are constructed (Fig. 5).

45
Jhg ]

4 — ///

3.5

o
\/
/
/
[
|

2.5

o 0 1.75 3.5 525 Z* 7

Fig. 5. The intensity curves of the tangential stresses along the length of the product

As we can see, the maximum level of intensity at all points under
consideration is achieved in the cross section lying in the plane of symmetry
on the side of the bell. Since at this yield strength plastic deformations will
develop at I/g = 4, we can predict the presence of three zones of plasticity.

Since the highest intensity of tangential stresses takes place on the inner
contour of the object (points 4 and C) to determine the dangerous area, we
construct the distribution of the intensity of tangential stresses in a circle (Fig. 6).
The diagram has two pronounced maxima and according to the elastic
calculation we can assume the presence of two zones of plasticity that pose a
danger - one in the central part of the cylindrical section, the other - near the
rigid foundation.

To clarify the information obtained, the calculation of casing detail in the
elastic-plastic setting was given.

The results of solving the problem in the elastic-plastic formulation are
presented in the form of isolines of plastic deformations in Fig. 7, 8. As
expected, in the process of deformation there are three zones of plasticity, two
of which are located on the inner surface - in the central part of the cylindrical
section (near point 4) and in the area of rigid foundation (near point C), and
one on the outer contour in the area of the joint of the filler and the rectilinear

section (point B). Although zones A have a sufficient length along Z 3 and
capture the length of most of the bell, their intensity is small and in the
maximum range does not exceed 0.15%. The zone of plasticity in the area of
fixing the flange on the frame, the length of which exceeds the length of the
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bell, is dangerous. Zone C is close to the clamped corner of the flange and the
maximum intensity in this area is 0.5%.

45
J |

4

3.5

2.5

5 : 3 0 5 10 15 20
circumference l Si(mm)

Fig. 6. Distribution of the intensity of tangential stresses in a circle

Thus, the assessment of the load-bearing capacity of the structure, carried
out on the basis of elastic calculation, allowed only to determine the areas of
occurrence of plastic zones. Detection of the dangerous zone of plastic
deformations is possible only with the help of elastic-plastic solution.

One of the ways to reduce plastic deformations in the area of fastening is to
increase the geometric dimensions of the flange. Consider the stress-strain
state of a casingwith a flange 2/ thick.The dimensions of the cross section of
the thickened flange and the option of dividing it into finite elements are
shown in Fig. 4(b). In this case,
there are also three zones of
plasticity. The length along

7% and the maximum intensity
of plastic deformations in
regions A and B for the body
with a thickened flange (Fig. 8)
differ slightly from those
previously obtained with a
flange of thickness h.In what
follows, we distinguish
between flange Ne 1 and flange
Ne 2 with thickness h and 2h,
respectively. In the area near
the rigid foundation, the
intensity of plastic deformation for thecasing detailwith a flange Ne 2 is more
than 3 times lower than in the presence of a thin flange and is 0.15%.

Fig. 7. Isolines of plasticdeformations
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It is also of interest to
compare the nature of the
stress change along the inner
and outer contours of the
section, which lies in the plane
of symmetry on the side of the
bell, which achieves the
maximum level of plastic
deformation.

The distribution of ring
stresses on the inner and outer
contours of the part is shown
in Fig. 9, 10 respectively.

On Fig. 9 diagram 6?2 are
denoted by the number 1, and the number 2 - graphs of tangential stresses,
which reach a significant value in the area of rigid clamping. At the junction of
cylindrical and rectilinear sections on the inner surface there is a marked

Fig. 8. Isolines of plasticdeformations

decrease in the value of 02'2', and on the outer - an increase. It should be
noted that the flange thickness has little effect on the distribution of both
normal and tangential stresses on cylindrical surfaces.
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Fig. 9. Distribution of annular stresses along the inner contour of the detail

Thickening of the flange causes a decrease in 622 and ° ! in the region of
their maximum values on the inner circuit and some increase in compressive
ring stresses in the area of braking. In general, the use of the flange Ne 2 did
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not lead to any significant change in the picture of the stress-strain state in
areas not adjacent to the rigid foundation.
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Fig. 10. Distribution of annular stresses along the outer contour of the detail

Conclusion.Thus, the thickening of the flange has reduced the intensity of
plastic deformations in the hazardous area and with this design solution, the
maximum level of plastic deformations for all three zones of plasticity is the
same. It should also be noted that the use of a thickened flange allowed to
localize the zone of plasticity and its length in this case does not exceed half
the length of the bell.

In this case, the additional cost of material for the manufacture of thickened
flange is fully justified. This reduces the level of plastic deformations and
stresses in the hazardous area and ensures the extension of the service life of
the casing detail.
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Maxcum 1ok FO.B., Yynpuna FO.A., Kozax O.B., Mapmuniok 1.FO., Maxcum 1ok O.B.
AOCJIIKEHH BIVIMBY TOBIUMHU ®JIAHLSI HA XAPAKTEP PO3BUTKY 30H
IVMIACTUYHOCTI B KOPITYCHIU AETAJII

B pob6orax [11,15,18] peamizoBaHno po3B’s3yBajbHi CIIBBIJHOIICHHS Ta airOPHTM METOLY

ONOYHHMX iTepaliii pO3B’s3aHHS JHHIHHMX 1 HEMHIHHMX pIBHSHb HAMIBAaHAITHYHHM METOZOM
CKIHYCHHX €JIEMEHTIB U1 KPUBOIHIHIX HEOJHOPIIHUX HPU3MATHIHHX TUI. Y pobori [1] BukoHaHO
qpCeIIbHE JOCIIDKEHHS 301KHOCTI O3B sI3aHHS, PO3MJIHYTO MIHPOKE KOJIO TECTOBUX 3a/1a4 IS TiM 3
IUIaBHO 1 CTpUOKONOAIOHO MIHIIMBUM (Di3NYHUMH T TEOMETPUYHUMH XapAaKTEPUCTUKAMHU B MPYKHIH
Ta NpPYXHO-IUIACTHYHIM moctaHoBii. B [21] st minTBepmkeHHS MOCTOBIPHOCTI OAEPIKYBaHHX
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pe3yibTaTiB HA OCHOBI HAIBAHAIITHYHOrO METOLY CKIHYCHHX CJIEMEHTIB, MOKa3aHO e(EKTUBHICTH
3aCTOCYBAaHHS JAHOTO MiAXOAy UL PO3PAaXyHKY KPUBOJIHIHHMX HEOJHOPINHHX MPHU3MATHIHUX
00’ekTiB. PO3B’s3aHHS  KOHTPOJBHHX  3afad  TeOpii HPYKHOCTI, TEPMOIPYXKHOCTI Ta
TEPMOIUIACTUYHOCTI, @ TaKkoX 3amad (OPMO3MIHM A€ MOXKIIMBICTH 3pOOMTH BHCHOBOK IIPO
JIOCTOBIPHICTb PE3yJIbTATIB JOCIIPKEHHS BUALICHOr0 Kiacy 00’ €KTIiB Ha 6a3i po3pobiieHOl METOANKH
Ta peaiisye ii HaKeT NPUKIATHUX IPOrPaMm.

B naHiif poGOTi BHKOPHCTOBYIOUM METOAVKY BHKJAJCHY B HABEACHHX BHILE pobOTax Oyio
BUKOHAHO YMCEIbHMH aHali3 HalpyXeHO-IepOpPMOBAHOro CTaHy IPOCTOPOBOTO 00’€KTY, a came
JIOCTIMKCHHS BIJIMBY TOBLIMHU (pIIaHILSI HA XapaKkTep PO3BUTKY 30H MJIACTHYHOCTI B KOPIIYCHIM
neraii. CitiJ BiI3HAYKUTH, 110 3aCTOCYBAHHS IIOTOBIICHOTO (hIAHIIS TO3BOJIMIIO JIOKATI3yBaTH 30HY
IUIACTHYHOCTI 1 i JIOBXKHMHA B I[bOMY BHIIQJIKy HE IEPEBUILYE MMOJIOBUHH JOBXHHU po3Tpyda. Y
[[bOMY BHIIa[IKy DOJAaTKOBAa BHTpaTa MaTepialy Ha BUTOTOBJICHHS ITOTOBLICHOIO (hIaHIL LIIKOM
BunpapgaHa. Lle NpHU3BOAMTH N0 3HIKEHHS PIiBHA IUIACTHYHUX Aedopmauiil Ta HampyxeHb y
Hebe3neuHiit 06acti Ta 3a0€e31edye MPOJI0BKEHHS TEPMIHY CIIyKOU KOPIYCHOI JIe€TalIi.

KurouoBi cioBa: meron ckinyeHux enemenTiB (MCE), HaniBaHAmTHYHUE METOJ CKIHYCHHX
enemenTiB  (HMCE), HanpyxkeHo-1eOPMOBaHUN CTaH, MPYXKHE Ta MNPYKHO-TJIACTHYHE
nedopMyBaHHs, KpPUBOJIHIWHI NpuU3MaTHuHi Tina, (QJiaHenb, 30HM IUIACTHYHOCTI, KOPIYCHa
JieTalb.

Maksimyuk Yu.V., Chuprina Yu.A., Kozak O.V., Martyniuk 1. Yu., Maksimyuk O.V.
INVESTIGATION OF THE INFLUENCE OF FLANGE THICKNESS ON THE NATURE
OF DEVELOPMENT OF PLASTIC ZONES IN THE CASING DETAIL

In papers [11, 15 18] the solution relations and the algorithm of the method of block iterations
of solving linear and nonlinear equations by the semivanalytic finite element method for
curvilinear inhomogeneous prismatic bodies are realized. In paper [1], a numerical study of the
convergence of solutions was performed, and a wide range of test problems for bodies with
smoothly and abruptly changing physical and geometric characteristics in elastic and resilient-
plastic formulation was considered. In paper [21], to confirm the reliability of the results obtained
on the basis of the semi-analytical finite element method, the effectiveness of this approach for the
calculation of curvilinear inhomogeneous prismatic objects is shown. Solving control problems of
the theory of elasticity, thermoelasticity and thermoplasticity, as well as problems of shape change
makes it possible to draw conclusions about the reliability of the results of the study of a selected
class of objects based on the developed methodology and implements its application package.

In this work, using the method described in the above works, a numerical analysis of the stress-
strain state of a spatial object was performed, namely the study of the influence of flange thickness
on the nature of the development of plasticity zones in the casing detail. It should be noted that the
use of a thickened flange allowed to localize the zone of plasticity and its length in this case does
not exceed half the length of the bell. In this case, the additional cost of material for the
manufacture of thickened flange is fully justified. This reduces the level of plastic deformations
and stresses in the hazardous area and prolongs the life of the casing detail.

Keywords:finite element method (FEM), semi-analytical finite element method (SAFEM),
stress-strain state, elastic and elastic-plastic deformation, curvilinear prismatic bodies, flange,
plasticity zones, the casing detail.
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nature of the development of zones of plasticity in the casing detail.
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A comparative analysis of finite element models and methods for solving complex problems of
geometrically nonlinear deformation, buckling and post-buckling behavior of thin shells of stepwise
variable thickness is carried out. An approach based on the use of the moment scheme of finite
elements is considered. The features of using the software suite LIRA and integrated software system
SCAD for solving the assigned problems are also provided. Thin and medium thickness shells are
considered. They can have different geometric features in thickness and be under the action of static
thermomechanical loads. A technique for solving these problems with the help of an efficient refined
approach is presented. The technique is based on the general methodological positions of the three-
dimensional theory of thermoelasticity and the use of the finite element moment scheme. With this
approach, the approximation through the shell thickness is carried out by a single universal spatial
finite element. The element can be modified in different portions of the shell with a step-variable
thickness. It can be located eccentrically relative to the middle surface of the casing and can change
its dimensions in the direction of the shell thickness. Such a unified approach made it possible to
create a unified designed finite element model of a shell of an inhomogeneous geometric structure
under the combined action of a thermomechanical load. A comparative analysis of the application of
three finite element approaches for problems of geometrically nonlinear deformation and buckling of
shells of stepwise variable thickness is carried out.

Key words: flexible shell, step-variable thickness, thin inhomogeneous shell, universal spatial
finite element, finite element moment scheme, geometrically nonlinear deformation, buckling,
post-buckling behavior, thermomechanical load.

Introduction

Shells as flexible thin-walled elements of increased strength are widely used
in various engineering structures in many industries. Therefore, the problems
of analyzing the behavior of thin elastic shells have a long history and
currently continue to arouse great and constant interest. In recent decades, the
number of works on the subject has increased significantly [1-20]. Much
attention is paid to the study of elastic shells of stepwise-variable thickness, in
particular, thin shells reinforced with ribs [1-6, 8-9, 12, 15, 16]. Much less
research is devoted to the consideration of shells with different types of
weakening [1-2, 4, 5, 12, 19, 20]. Shell structures are usually subjected to
various operational loads, including thermomechanical ones. It should be noted
that common algorithms for studying the nonlinear deformation and stability
of shell structures with stepwise thickness are not sufficiently developed in the
known software suites. Due to their complexity and possible ambiguity of the

© Krivenko O.P., Vorona Yu.V.
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obtained results, obtaining solutions for this class of problems is difficult to
implement in the form of a standard computational procedure.

The development of approaches to solving this problem took place in
parallel with the progress in the field of computer technology. Modern
methods for studying the strength, stability and vibrations of the responsible
shell elements of structures under complex thermomechanical loads are
presented, in particular, in [1-9].The most significant developments are the
creation of a finite element method for studying the processes of nonlinear
deformation, buckling, post-buckling behavior and oscillations of a wide class
of thin and medium-thickness elastic shells of complex shape and structure
under the complex mechanical and thermal loads. The method is based on the
unified methodological positions of the 3D geometrically nonlinear theory of
thermoelasticity and the use of the finite element moment scheme (FEMS).

1. Technique for solving geometrically nonlinear problems of

deformation and buckling of inhomogeneous shells using the FEMS

A finite element method for studying geometrically nonlinear deformation,
buckling, post-buckling behavior and vibrations of elastic shells of various
shapes and structures under the static action of thermomechanical loads has
been developed from the unified standpoint of the 3D geometrically nonlinear
theory of thermoelasticity [1, 2]. A model of a linearly elastic continuous
medium subject to the generalized Duhamel-Neumann law has been used.
Large displacements but small deformations are assumed.

The finite element moment scheme developed and theoretically substantiated
by A.S. Sakharov [21] has been applied. The FEMS is extended to problems of
geometrically nonlinear deformation of thin shells of stepwise-variable thickness
under the action of thermomechanical loads [1-2, 5-6]. Approximations of
displacements and deformations within finite elements (FE) are coordinated
according to the FEMS. This approach guarantees the correct consideration of
rigid body motion, which increases the convergence and accuracy of the
solutions obtained for sparse meshes. The temperature field in the volume of the
shell is considered to be a known function of coordinates independent of the
stress-strain state [1-2]. The temperature distribution over the thickness of the
shell because of its thinness is assumed to be linear.

A thin shell is considered as a three-dimensional body and is modeled in
thickness by one isoparametric spatial FE with multilinear shape functions.
The FE is universal. It can be eccentrically displaced relative to the middle
surface of the shell casing, can change its dimensions in the thickness
direction, modeling ribs and cavities. The casing of a shell is understood as the
body of the shell without stepped features. The universal FE has additional
variable parameters. Varying the values of these additional FEs’ parameters
makes it possible to model a wide class of shells with geometric features along
the thickness according to a unified methodology. Thanks to this approach, the
volume of finite elements with ribs, cover plates, channels and cavities, located
eccentrically with respect to the middle surface of the shell, is accurately
modeled. The examples of modeling shells of stepwise variable thickness by
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the universal FE are schematically shown in Fig. 1 (for the shell with 'ribs”)
and Fig. 2 (for the shell with ‘cavities’).

upper rib e=(h‘r“’—h'r‘"’)l2

mid-surface p 1= Z
of the casing P - %y
h ‘s
~ r /s
lower rib & Ioe:

Fig. 1. Modeling a shell portion with ‘ribs’ by the universal FE

mid-surface of FE
with ribs

upper mid-surface of FE e=(-h+hy")i2
cavity (deepening)/ with reduced thickness

mid-surface lower
of the casing cavity (deepening)

Fig. 2. Modeling a shell portion with ‘cavities’ by the universal FE

Features of the stress-strain state of a thin inhomogeneous shell are taken into
account by using two non-classical hypotheses: (i) the static hypothesis which
assumes that the compressive stresses in the fibers throughout the shell thickness
are constant; and (ii) the kinematic hypothesis of deformed straight line. The use
of the first hypothesis does not deprive the stress state of an inhomogeneous shell
of its three-dimensional properties. The latter hypothesis makes it possible to
perform the docking of spatial FEs in the process of deformation without
violating the compatibility in terms of coordinates and displacements, as well as
to simulate in a natural way sharp bends in the mid-surface, slopes of the walls
of ribs, recesses and holes. In the thickness direction, the distribution of
displacements is assumed to be linear as it is accepted in the theory of thin shells
[22]. The nodal displacements on the bounding surfaces of the finite element
shell model, defined in the global Cartesian coordinate system, are taken as
unknown. To improve the convergence of solutions for thin shells, the set of
displacements of nodal points on the middle surface of the FE and the difference
of nodal displacements on its bounding surfaces are usually taken as resolving
functions [1, 2]. The algorithm for constructing a system of resolving equations
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for a finite element model of a shell with a stepped thickness always requires
transformation of the corresponding matrices of the modified FE relative to the
reference surface [1, 2]. The mid-surface of the shell’s casing is taken as a single
reference surface.

The implementation of the nonlinear stability problem is performed by a
step-by-step algorithm that combines the parameter continuation method and
the Newton-Kantorovich iterative procedure. Automated procedures have been
developed for solving problems of nonlinear deformation, buckling, and post-
buckling behavior of inhomogeneous shells with determination of branching
points g *, the upper g.¢ and lower cjcllv critical loads [1, 2].

2. The analysis of geometrically nonlinear buckling problems for shells

with stepped thickness using LIRA and SCAD software

Two types of flat shell FE are applied to determine the stress-strain state of
thin shells and plates with the help of the software package (SP) LIRA [23, 24]
and the integrated software system (ISS) SCAD [25, 26]: (i) the triangular
three-node FE No.342 and (ii) the quadrangular four-node FE No. 344. Finite
elements have a constant thickness. FE nodes located on its middle surface
have 6 degrees of freedom: three displacements u;,u,,u3 and three rotations

ay, oy, a3 relative to local Cartesian axes x; .

2.1. Modeling of shell fragments with step-variable thickness in SP
LIRA and ISS SCAD. Special elements are used in SP LIRA and ISS SCAD,
when modeling the geometric features of shells in the form of eccentrically
located elements of stepwise-constant thickness (ribs, overlays, channels and
cavities). Two types of such elements are used in SP LIRA. These are the so-
called ‘absolutely rigid insertions’ (ARIs) and ‘absolutely rigid bodies’
(ARBs) [23, 24]. ISS SCAD uses ‘absolutely rigid (solid) bodies’ (ARBs)
[25, 26]. In all cases, this is an artificial technique. It is used to approximate
the step change in the thickness of the shell and consider the eccentric location
of its elements. The purpose of introducing these special elements is to set the
kinematic connection of the corresponding nodal displacements.

2.1.1. ‘Absolutely rigid insertions’ of SP LIRA are used for attaching special
elements nodes to the main structural nodes located on its middle surface in
areas of the stepwise-constant thickness. Modeling of the shift (eccentricity) of
the “elastic part’ of the FE is carried out with the help of the ARI too.

The ‘elastic part’ of the rigid insertion is understood as the FE of the
corresponding constant thickness, shifted relative to the middle surface of the
structure. The nodes of the ‘rigid insertion”’ are tied to the middle surface of the
original shell using kinematic relations. The use of the ARIs in the calculation
model is schematically shown in Fig. 3 on the example of a shell portion with
‘lower’ and ‘upper’ deepening (cavities). A similar technique is used when
modeling ribs and cover plates.
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mid-surface of the rigid insertion’s elastic part
mid-surface of FE with reduced thickness
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(a)
upper rigid insertion's e<0

cavity (deepeny node

mid-surface mid-surface of the rigid insertion's elastic part
of the casing mid-surface of FE with reduced thickness
(W]

Fig 3. Modeling of step-variable shell thickness by ‘absolutely rigid insertions’ in SP LIRA
(a) in a portion with a ‘lower cavity’; (b) in a portion with the ‘upper cavity’

2.1.2. ‘Absolutely rigid bodies’ of SP LIRA and of ISS SCAD are special
(conditional) FEs of high rigidity. They are additionally introduced into the
calculation model to connect the nodes of the middle surfaces of the casing and
the eccentric element.

In general, the ARB can only be conditionally attributed to the concept of a
finite element, since it, in fact, does not have the classical attributes of a FE (basis
functions, finite element area, etc.) [24]. However, from an implementation point
of view, the ARB fits into a finite element procedure. The ARB is a rigid
connection between nodes of eccentrically located elements when modeling
displacements. This FE has no number in SP LIRA and it has No. 100 in ISS
SCAD. The use of the ARBs in the calculation model is schematically shown in
Fig. 4 on the example of a shell portion with ‘lower’ and ‘upper’ deepening
(cavities). A similar technique is used when modeling ribs and cover plates.

2.2. Algorithms for solving geometrically nonlinear problems in SP

LIRA and ISS SCAD

In both software suites three step algorithms are implemented.

2.2.1.SP LIRA implements the following algorithms for solving the
geometrically nonlinear stability problem:

(1) sequential loading method (‘simple stepping’). The number of steps and
the value of the load step are set by a user. It has the designation in the figures
as ‘1. SL’;
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(i1) sequential loading method (‘with automatic step selection’). The number
of steps and its value are automatically selected by the algorithm (‘2. SLA’);

(ii1) Newton-Raphson method (‘step by step with the search for new shapes
of equilibrium”) implements the method of compensating loads. The buckling
moment is fixed and the transition to a new stable branch of equilibrium is
performed (‘3. N-R’).

mid-surface of FE e>0

with reduced thickness

hd lhlcw

‘absolutely lower mid-surface
rigid body’ cavity (deepening) of the casing
upper
Ee e<0

cavity (deepening)

hg

mid-surface of FE ‘absolutely / mid-surface
with reduced thickness rigid body' of the casing

(b)

Fig 4. Modeling of step-variable shell thickness by ‘absolutely rigid bodies’ in SP LIRA and ISS
SCAD (a) in a portion with a ‘lower cavity’; (b) in the portion with the ‘upper cavity’

The first two algorithms use a simple modification of the sequential loading
method, where the calculation is performed until the system stiffness matrix
degenerates. The branch points and the upper critical load do not differ. The
solution of the problem of nonlinear deformation is realized either up to the

branching point (g *) or up to the point of the upper critical load (g.? ). The

third algorithm implements the transition to a new stable branch. As studies
have shown [4] it leads to a significant error.

2.2.2. The SCAD software also implements step-by-step algorithms for
solving a geometrically nonlinear stability problem:

(1) sequential loading analysis (‘simple stepping’). The number of steps and
the value of each step of the load are set by a user (‘1. SL”);

(i) Newton-Kantorovich method (‘step-by-step with refinement’). The
number of steps, the value of each step and the number of iterations are set
(‘2. N-K*);
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(iii) Newton-Raphson method (‘step iterative’). The number of steps, the
value of each step, the number of iterations are set (‘3. N-R”).

The ISS SCAD does not analyze the possible occurrence of a branch point.

3. Numerical examples

Documentation for SP LIRA and ISS SCAD has insufficiently complete
descriptions of nonlinear algorithms. Therefore, the problems have been solved
using each of the three programs.

3.1. A smooth spherical panel of constant thickness is considered. All non-
linear calculation algorithms have been investigated in order to evaluate them
and select the most suitable one. The obtained solutions have been compared with
the solutions obtained using the FEMS and those presented in the article [12].

We consider the panel that is square in plan (in the 2 plane of the

global Cartesian coordinate system), hinged along the contour and loaded with
uniform normal pressure of intensity ¢ . The research results are presented

using dimensionless parameters 7 = a%q / (Eh*), uV =ul / h . The curvature of

the panel is determined by the parameter K =242 / (Rh)=32. The following
values of the design parameters have been accepted: a =604 — panel size in

plan, R =225h —radius, 4 =1cm — thickness, E =2.1-10° kg/cm2 , v=03.
The design fragment is a quarter of the panel with a finite element mesh of
30 x 30 elements.

Fig. 5 and Table show the comparison between results obtained using the
described finite element algorithms (FEMS, SP LIRA, ISS SCAD) and results
presented in [12] that are considered benchmark. As can be seen in Fig. 5 (a),

all results of the comparison give complete agreement of the curves ‘g -iz)

of the panel center in the sub-buckling domain.
Both variants of the sequential loading analysis (the ‘1. SL’ and ‘1. SLA’
methods of the SP LIRA) give a good match in terms of the value of the upper

critical load g7, where the solution of the problem ends (Fig. 5 (¢), the point

“*7), Newton-Raphson method (‘3. H-P’) implements the transition to a new
stable equilibrium branch with a large error (Fig. 5 (a)). The sequential loading
algorithm with automatic step selection (‘2. PNA”) leads to acceptable results.
All SCAD algorithms allow switching to a new stable branch of
equilibrium. Sequential loading approach (‘1. PS’) performs the transition to
the post buckling branch with a large error that occurs when calculating the

value g, (Fig. 5(d)). This problem is solved quite accurately by the

algorithms using Newton-Kantorovich method (‘2. N-K’) and Newton-
Raphson method (‘3. H-R’) (Fig. 5 (a), (d)).

The equilibrium shapes of the deformed panels in the subcritical and post
buckling domains have a simple form and are in good agreement when using
all the software suites. The Fig. 5 (b) shows the shapes of the middle surface of
the shells in the vicinity of the upper critical load.
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Table
Solution method (Algorithm) | g A% | w® | A%
Karpov V.V. [12] 200 0 1.1250 0
FEMS I:I—K [1,2] 193.7 -3.15 0.9125 -18.89
q* 192.6 0.8888
1.SL(g*) 194.1 -2.95 0.8796 -21.81
SP LIRA 2.SLA (g*) 202.8 1.40 0.8580 -23.73
3.N-R(g*) 196.4 -1.80 0.9013 -19.88
1. SL - - - -
ISS SCAD | 2. N-K 190.2 -4.90 0.7729 -31.30
3. N-R 190.2 -4.90 0.7730 -31.29

3.2. Analysis of the stability of shells with stepped-variable thickness is
illustrated using the problem of deformation of a panel weakened by four criss-
crossed channels [4]. The shell with the same parameters as in the previous
problem is considered. The channels are located symmetrically on the inner
and outer sides of the shell. Two types of channels are considered. Narrow
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channels have a width 5. =2k and a total depth 7, =0.34. Wide channels have
such parameters: b, =6k, h.=0.7h. The design fragment is a quarter of the

panel with a mesh of 30 x 30 finite elements.

To approximate channels, ‘absolutely rigid insertions’ are used in SP LIRA,
and ‘absolutely rigid bodies’ in ISS SCAD. Method ‘2. SLA’ in SP LIRA is
used to solve the nonlinear stability problem. Newton-Kantorovich method 2.
N-K’ is used in ISS SCAD. Comparison of the results with the solution
obtained using FEMS is carried out.

All curves ‘load-displacement’ obtained using FEMS, SP LIRA and ISS
SCAD completely coincide in the subcritical region and in the zone of the
upper critical load (Fig. 6, Fig. 7).

ar— " 0 7 9= LRA SCAD
! r : X fesitasziitas
’ W
200 o
150 | % b
FEMS
150 | A
: 100 |
100 FHif
ai
50 (f ot b.=2h ars]|_Lol] |
h:=0.3h e
]
0 0

0 -02 -04 -06 -08 -1 Q'
(b)

Fig. 6

Changing the width and depth of the channels significantly affects the
results. For panels with narrow channels (see Fig. 6), the discrepancy between
the value obtained by FEMS and SP LIRA is 4.45% while in the case of using
ISS SCAD it is -0.73%. For panels with wide channels (see Fig. 7), the
discrepancy is 2.43% when ISS SCAD is used. SP LIRA stopped calculations
at the branch point g*. The branch point g* has been also detected by
FEMS. The discrepancy of the results at the branch point is -1.83%. In this
case, the SP LIRA takes the branch point as the upper critical load. This load is
-11.2% lesser than critical one. The difference between the deformation shapes
is shown in Fig. 7b for the panel with wide channels.

Conclusions

Three methods for studying geometrically nonlinear deformation, buckling,
and post-buckling behavior of thin elastic shells of complex shape and
structure under the action of static loads are presented and analyzed. The
methods are intended for the calculation of shell structures, which may have
ribs, cover plates, channels, cavities, holes, breaks of the middle surface. An
approach based on the use of the finite elements moment scheme is considered.
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The features of using the software suites LIRA and SCAD for solving the
assigned problems are provided too.
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The performed investigations of nonlinear deformation and buckling of
inhomogeneous shells confirm the reliability of the solutions obtained by the
FEMS, software suites LIRA and SCAD.
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Cmamms nadiviwna 18.04.2021

Kpusenko O.11., Bopona FO.B. . .
MOPIBHSIVIBHUM AHAJII3 HEJIIHIMHOI'O JE®OPMYBAHHS I CTIMKOCTI
TOHKHUX MPYKHUX OBOJOHOK CTYINIHYACTO-3MIHHOI TOBII[MHA

IIpoBeieHO TMOPIBHUIBHUI aHali3 CKIHYEHO-CJIEMEHTHHX MOJeIed 1 MeTomiB pO3B’s3aHHS

CKJIAJHUX 3a7ad IeOMETPUYHO HemmiHiHHOI nedopmariii Ta BTpaTH CTIHKOCTI TOHKHX OOOJOHOK
CTYHIHYACTO-3MIHHOT TOBIMHY. PO3rIIsHYTO MigXin, 0 CHMPAEThCsl HA BUKOPHCTAHHI MOMEHTHOL
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CXeMH CKiHYEGHHHX eJeMeHTIB. Takoxk HaBeneHO ocobimBocTi BukopuctanHs mporpam JIIPA Ta
SCAD s BUpilIGHHS MOCTaBJICHHX 3aiad. PO3rsIaroThCsl TOHKI Ta CEPEAHBOI TOBIIMHH
000510HKH. BOHM MOXXyTh MaTH Pi3HI reOMETPHYHI OCOOIMBOCTI 3a TOBILMHOIO 1 epedyBaTh Mix
Ii€I0 CTATHYHHX TEPMOCHJIOBUX HaBaHTaKeHb. HaBeeHO MeTOMNKY PO3B’sI3yBaHHs KX [IPOOIEM
3a JJOMOMOror e(pEeKTHBHOIO YTOYHEHOro miaxoxy. Meroanka Oa3yeTbcsi Ha 3araibHHX
METO/OJIOTTYHHX MOJIOXKEHHIX TPUBUMIPHOI TEOPii TEPMONPYKHOCTI Ta BUKOPHCTAHHI MOMEHTHOI
CXeMH CKIHYEHHHX eyeMeHTiB. Ilpu TakoMy migxoni ampokcHMaiiss 10 TOBIUMHI OOOJIOHKH
3[IHCHIOETHCS. OHMM YHIBEpCaJbHHM IPOCTOPOBUM CKIHUCHHHMM €JIeMEHTOM. EjeMeHT Moxe
Moau(biKyBaTHCS HA PI3HUX OUITHKAaX OOOJIOHKH 31 CTYNMiHYacTO-3MIHHOIO TOBIIHHOIO. BiH Moxe
PO3TALIOBYBATUCS EKCLIEHTPUYHO BiJIHOCHO CEPEAHBOI MOBEPXHi OOLIMBKM 1 3MIiHIOBATH CBOI
pO3MipH B HANpPSAMKY TOBUIMHK OOOJOHKH. Takuii yHi(iKOBaHHM MiIXiJ 103BOJIMB CTBOPHTH
€IMHY CKIHYEHO-CJIEMEHTHY MOJEIb OOOJIOHKH HEOJHOPIAHOI I'eOMETPUYHOI CTPYKTYypH MpH
CHIBHIM Aii TEPMOCHIOBOrO HaBaHTaKEHHs. IIpoBefeHO MOPIBHSUIBHUN aHali3 3aCTOCYBAaHHS
TPbOX CKIHYEHHHX €JIEMEHTIB AJIs1 3aJad eOMETPHYHO HEeNiHiHHOro nedopMyBaHHS Ta BTPAaTH
CTifiKOCTI 000JIOHOK CTYIIHYACTO-3MIHHOT TOBILIUHH.

KurouoBi cioBa: ruydka O00OJOHKa; CTYHIHYAacTO-3MiHHA TOBIUMHA; TOHKa HEOMHOpIIHA
000JI0HKa; YHIBepcaJbHUH MPOCTOPOBHI CKIHYCHHHI €JIEMEHT, MOMEHT Ha CXeMa CKiHYCHHHX
€JIEMEHTIB; I'€OMETPHYHO HeiHiiiHe AeopMyBaHHSI; CTIHKICTb; BTpaTa CTIHKOCTI; 3aKpUTHYHA
HOBEiHKA; TEPMOCHJIOBE HABAHTAXKCHHSI
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J10 PO3PAXYHKY CTAJIEBUX KOHCTPYKIIIN I3
TOHKOCTIHHUX CTEPKHIB
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JI-p TE€XH. HayK

HIIO CKA/l Cogpm, 03037, Kuis, éyn. Ocsimu, 3a, og. 2.

Kuiscokuil nayionanbhuil ynisepcumem 6yodienuymea i apximexkmypu

DOI: 10.32347/2410-2547.2022.108.119-130

Po3risaeThCsl PO3paxyHOK CHCTEM, CKJIQJCHHX 13 TOHKOCTIHHMX CTPHXHIB BiJKPHUTOIO
npoiio 3 ypaxyBaHHSIM HEOJHAKOBOCTI JIeMJIaHAllii, 1[0 BUHHKAIOTh Y TOPLEBHX Iepepizax
CTPWIKHIB, SIKI HPUMHKAIOTh OO BYy3Jid. BHKOPHCTOBYETBCS METOH CKiHUCHHX EIEMEHTIB 3
MAaTPHULICI0 JKOPCTKOCTI TOHKOCTIHHOTO CTPWXKHSA 14-ro mopsiaky, moOymoBaHoi Ha IiJcCTaBi
KnacH4yHoi Ge3cyBHOI Teopii BnacoBa amst CTPHIKHIB BIZKPUTOro Mpodiiro, KOMM BPaxoBYEThCS
JIeTUIaHallisl [OMEPeYHoro Iepepizy. By3im po3risgaeTbest sSK CYNEpPeIeMEHTH CKIaIeHi 3
000JIOHKOBUX KIHIIEBHX €JIEMEHTIB 3 m ACIUIAHALIHHMH CTYIEHSIMH CBOOOAM 3a KLIbKICTIO
CTPHXKHIB, IO MiAXOAATH IO HHUX, BKa3aHO mNpuiiom MoOyHOBH MaTpUILli KOPCTKOCTI BYy3Ja,
OCHOBAaHMII Ha BHKOPHCTAHHI HECKIHYGHHO JKOPCTKMX TijJ, 3MIIICHHS 1 IOBOPOTH SKHX
JIO3BOJISIFOTH IMITYBAaTH BIUIMB JACMJIAHALIH HA BY30JI.

Ku11040Bi cJ10Ba: TOHKOCTIHHUH CTPIIKEHb, ACIUIaHALlsI, 0IMOMEHT, CyllepeIeMEeHT, MaTPHIL
JKOPCTKOCTI.

Bertyn. B ocranHi poku crioctepiraeTbesl MIMPOKE 3aCTOCYBAHHS METAJIEBIX
KOHCTPYKIIH y IIPOMHUCIOBOMY Ta IUBUIBHOMY OyaiBHULTBI. OcobiuBe micie
B OymiBeNbHIHM IHAYCTPIi 3alMarOTh JIETKiI CTaJieBi TOHKOCTIHHI KOHCTPYKIIIT,
IO MaroTh psJI TEXHOJIOTIYHMX Ta eKCIUTyaTalliiHuX mepeBar (JIETKICTb,
IIBUIKO3BEACHHA 1 T.11.).

TeopeT4HO Yy TOHKOCTIHHHMX CTPWXXHSX (Irypye HOHSTTS JOJATKOBOTO
CUJIOBOT'O YMHHHKA, OIMOMEHTA, SKOMY BIJIOBIIA€ «ChbOMa CTYIIHb CBOOOIM
— JIeTUIaHamisl Mepepidy TOHKOCTiHHOro crpwkHs. Cij 3a3HauuTH, 10 B
IHKEHEpHIH MPaKTUIli GIMOMEHT € BasKJIMBOIO XapaKTEPUCTHKOIO, OCKITBKH BiH
Oe3rocepeHbO BIUIMBAE HA HOPMaJIbHI HANPYXEHH:, SIKI BPaxOBYIOTHCS il
Yac HepeBipKH HECYy4Ool 3AaTHOCTI.

Ane mpobiema monsrac B TOMY, IO JUIsi CHUCTEM, CKJIaJIeHHX i3
TOHKOCTIHHUX CTPWXKHIB, BIiJICyTHS METOAWMKa PO3PaxyHKY, IO BpPaxoBYE
B3a€EMOJIiI0 OIMOMEHTIB y BY3Jax, J€ Taki CTPIKHI CTHUKYIOThCS. B stkocTi
TaKoi METOAMKM 1HOJI BHKOPUCTOBYIOTH ampoOKCHMAIlI0 CTPIXHS HaOOpOM
00OJIOHKOBUX CKIHYEHHX €JIEMEHTIB, aje IpPH IbOMY KIIBKICTh HEBiIOMHUX
3pOCTa€ B TOPIBHSHHI 31 CTPIKHEBOIO alPOKCUMAIIIE€I0 CXeMHU B 0arato pasis i
PO3paxyHOK Oyb AKOI CKJIAIHOT KOHCTPYKIIIT CTa€ MpOoOIeMaTHIHUM.

Byno ummano crnpo® moOyaoBH NOCHTH YHIBEPCAJIHHOIO ANTOPUTMY LIS
PO3paxyHKy JOBUIBHUX TOHKOCTIHHHX CTPW)KHEBUX CHCTEM, I TYT OCHOBHOIO
po0IeMor0 O0yiio (hOpMYITIOBAaHHS KPalOBHX YMOB Ha KIiHIIIX TOHKOCTiHHOT'O
CTPYIKHSL.

© IlepensmyTep A.B.



120 ISSN2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

VY neskux poOOTax BUXOAWIIM 3 TOTO, IO Ha KiHII CTPIDKHS JerUiaHamis abo
MTOBHICTIO BiZICYTHs (aOCONIOTHO JKOPCTKUI BY30)1) a00 HE 3yCTpivae KOTHUX
neperko (MapHip Mmoo aerwianaitii). OJHIE 3 MePHIINX POOIT IHOr0 HAIPSIMY
Oyna crarta [9]. VYV HIil po3msigaiucs NpoCcTOpoBi (30KpeMa, IMKIIYHO
CHUMETPHYHI) CHCTEMHU 13 TOHKOCTIHHUX CTprxkHiB. [lepenbavanocs, mo ixHi
BY3JH € a00 HECKIHYEHHO JKOPCTKHMH, 1 JeIUIaHallisi TOPLEBUX Iepepi3iB ycix
CTPIIKHIB, IO CXOJSThCS y BY3JI, JOPIBHIOE HYIO, a00 KOHCTPYKIisl By3Ja
Taka, 110 IS BCIX TOPLEBHX Iepepi3iB 3a0e3meuyeThcsi cBOOOMA AeIUIaHaMil
HYITIO JIOPIBHIOIOTH OIMOMEHTH B TOPIIEBHX TIepepi3ax CTPHXKIB.

B iHmMMX IOCTIKCHHAX BHKOPHCTOBYBajacs TiloTe3a IPO PIBHICTH
JIeTUIaHallii Ha TOPIAX BCiX TOHKOCTIHHHMX CTPWKHIB, IO CXOISATHCS y BY3II
(muB., Hanpuknaz, [12]), B memo 3MiHeHiH ¢opMi I XK TimoTe3a MPHUCYTHA B
po6ori [10], B sKili BBOIUTHCS TOHATTSA «KOE(IIIEHT IEPEeTBOPEHHS
nertananii». Ili koedimieHTH 3a7al0ThCs VIS MEPEXOAy THITY "CTPHIKEHb-
CTpIKEHB", a He "CTPYIKEHb-BY30J1" 1 BU3HAYAIOTHCS JUIS TIApH CTPIKHIB, IO
MIPUMHKAIOTH JI0 By3Ja. SIKuM BiH OyJie Ui TPEThOT0, YETBEPTOro abo iHIIOro
CTPIKHS, SIKI MOXKYTh CXOIUTHUCS Y BY3Ji HeBifioMo. OCKUIBKHM JIEIIaHalis €
CKaJIIpOM, TIOBHICTIO 1T030aBJIEHI CEHCY BUCIIOBIIIOBAHHS TUITY «OPi€HTALis OCi
JIeTUIaHaIii», 1 HaBiTh 1HII MaHIMY/AINT 31 3MIHOK OpPIE€HTAIIl TAKUX «OCCH»,
SIKUMU HacuueHa kuura [10].

VY Bcix mUX MyONiKamisX Maylo yBard MPUAULUIOCS 3HAYHOMY BIUIMBY
CTPYKTYpPH By3J1a Ha Horo nedopmariii Ta po3moii OIMOMEHTIB y MOMEPEYHUX
nepepizax. Y 1975 pomi Szmidt J.K. OyB mepmum, XT0 IOMITHB Ta BUBYHUB IIi
Bax«TuBi eexTr. BiH mpeacraBuB 1i 0COOIMBOCTI pOOOTH paM, BUTOTOBJIEHHX
3 JIByTaBPOBBIX TOHKOCTIHHUX CTPW)KHIB, 3 OLIOMOT'OI0 PO3PaXxyHKY METOIOM
CKIHUEBHMX €JIEeMEHTIB, Ta BHKOHAB EKCIIEPUMEHTANIbHI JOCTiDKEeHHS. byno
MiATBEP)KEHO BaXTUBHI BIUIMB KOHCTPYKINI By3Jla Ha PO3IMOJiJI BHYTPILIHIX
CHJI, 30KpeMa OiMOMEHTIB [23].

Y 3aranbHOMY BHIAAKy HECHPOMOXHICTh TINOTE3W IpO PIBHICTh
JieTUIaHaliid BCIX TOPUEBUX Iepepi3iB, L0 NPUMHUKAIOTh JO BYy3na, Oyia
mpoleMOHCTpoBaHa B poOoti [7]. Ha mnpoctux mnpukimagax —Oyio
MIPOJIEMOHCTPOBAHO, IO JCIUIAHAIll TOPIEBUX MEpepi3iB BCIX €IEMEHTIB, IO
CXOIAITBCSL y BY3JI, HE 30IratoThes, a iX 3HAYEHHs 3aJeXaTh BiJ KOHCTPYKIii
BYy3I1a, nehopmallist IKOro Hala€ MOMITHUH BIUIMB Ha TIOBEIHKY KOHCTPYKIIIi.

Buxonom i3 cuTyarii cTaB miaxij, 3ampornoHoBaHUN Y poOOTax MOJIECHKOT0
BueHoro S. Koczubiej [19, 17]. Ockinbku TIOBHE CKIHYCHHO-CIIEMCHTHE
MOJICTTFOBaHHSI BCIX TOHKOCTIHHUX CTPIIKHIB ITPU3BOIUTH J0 JYXKe IPOMI3IKUX
PO3paxyHKOBUX CXeM, y Horo po0oTax MpOIMOHYEThCS BUKOPHCTOBYBATH
IUTIOCKI CKIHYCHHI €JIEMEHTH TUIBKM B 30HI KOHCTPYKINI BYy3/1a, a Io3a
KOHCTPYKIIIEI0 BYy3jJa — TOHKOCTIHHI CKIHYCHHI eleMeHTH. Takui miaxina
3HAYHO CKOpOUye 00CsT BUXiAHOT iH(pOpMaIlii, a MOZIesTb KOHCTPYKIIii BiIOUBa€e
i1 CTpIKHEBUI XapakTep.

[MpuponHuM po3BUTKOM wi€l i€l Oyno BBEIEHHsS MOHSTTS CylepeneMeHTa
By3na [22,20], sike HO3BOJISE BpaxyBaTH B3aEMOIII0 MK BHYTPIIIHIMH
3YCWUIAMU Ta AcOopMaIlielo By3ja i TOPICBUMH IepepizaMH TOHKOCTIHHHX
CTPIIKHIB, IO IPUMHKAIOTH JI0 HHOTO.
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€.1. bputBin y poOori [1] 3ampornonyBaB MeTo po3paxyHKy MpPOCTOPOBUX
paMHUX KOHCTPYKIiH, c(hOPMOBaHMX 3 TOHKOCTIHHHX CTPHKHIB, [II0 BPaXOBY€E
HEpIBHICTh JIeIUIaHALlill Tepepi3iB, TUX CTPIKHIB, IO MiAXOIATH IO BYy3Ja.
Byzon posrisimaeTbcs  SIK OAHOTOYKOBWE  CKIHUEHHH €IeMEHT 3 7
JeTUIaHAIIIMHUME CTYTICHSAMH CBOOOJHU 3a KUIBKICTIO CTPHKHIB, IO TiAXOISTh
0 Hboro. JlaeTbcst MOCHTH BHUTOHUEHHMH CIOCIO TOOYIOBH MaTpHIli
JKOPCTKOCTI BY3JIa 1 ITOKa3aHO, IO €JIeMEHTH KOHCTPYKIii By3j1a BUKOHYIOTh
POJIb 30BHIIHIX MPYXXHUX JEIUIAHAIIIHUX B'S131B, HAKIIAJICHUX Ha BY30IL.

Bynu 3anporoHoBaHi iHINI TNPUHAOMH pPO3PaxyHKy, IO JO3BOJISIIOTH
BpaxyBaTu JepOpMaTHBHICTb BY3JI0BUX 3'eHanb [15], [19]. ¥V Bcix 3ramaHux
poboTax IIEHTPaJbHUM MOMEHTOM QITOpPUTMYy € TMo0y/loBa MaTpull
JKOPCTKOCTI BYy3Jla, B OCHOBI SIKOrO JISKUTh aHaji3 CKiHUYEHO-EJIEeMEHTHOI
MOJIeITi BYy3JIa, 1 I MOAETh Oe3rmocepenHbo abo Micis CIelialbHOi 00poOKU
BKITIOUAETHCS JIO 3arajibHOT pO3paxyHKOBOI CXEMH.

ToukocTinanii cTpmwkendb sik edeMeHT MCE. J[BOXBYy3I0BUI CKiHUCHUIA
€JIEMEHT TOHKOCTIHHOTO CTPIKHSI Mae 14 cTymeHiB cBoOOAM, SIK TOKa3aHO Ha
puc. 1.

B,
0. B, @
M____”ﬂ e

M. 0.4 2

M,

Puc. 1. TOHKOCTIHHUI CTPHIKEHB: CHCTEMa KOOPANWHAT Ta KiHLIEBI 3yCHILIS

Martpuil  JKOPCTKOCTI, €JIeMEHTYy Ma€ CTPYKTypy, IpelcTaBiIeHY
cXeMaTU4uHO piBHIHHAM (1):

N, Fii 0 0 0 Frs  Tis 0 s 0 0 For ¥y 0 0 u,;
Q, £ 0 0 0 2s 0 0 Fao 0 0 LEYEI] v,
o, ry; 0 Tis 0 0 0 0 Fio 0 Fin 0 w,
M, Foy 0 0 Yoz 0 0 0 " 0 0 0 Py
M‘. Fss Vss 0 0 0 Fsi0 Fsi 0 0 Q,;
M, Fss 0 Fos  Tio 0 0 0 Fors 0 ¢,
Bl = ¥ry s 0 0 0 0 0 L D/ (l)
N, Fss 0 0 0 Fsiz Fsiz 0 °) U,
[0 Foy 0 0 0 Fois 0 v,
Q. Tiow 0 Frop 0 0 w,
M, CHMETPHYHO Fun 0 0 Firre 0.,
M-s Vi Yes 0 ®,,
M, Frsis O 0.,
| 5,1 L o L D,

F3

KoMmnoHeHTH 11i€1 MaTpHIli 00YHCITIOIOTHCS 32 (hopMyIaMu:
7’1,1 = 7"8,8 = EA /l, 7‘1,8 = —EA /1, rz,z = r9,9 = 12E[Z/l3 N 7'2,6 = 7"2,13 = 6EIZ/12 N
3 2 3
}"2,9 = _12E[Z/l N r9,13 = —6E[Z/l N 7"3,3 = 7‘10,10 = 12E[y/l N
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rys=rup =—6EL, [I*, 1y =—12E1_ [, 1y, =—6EL, [I?,

Py =ryg =AEL, [P, 1y ==MEL [, Ryyy = —aElLy [P,

s =tz = (4EL, +EAZ ) [I, 15y = (2E1, —E42?) I, )
— — 2 _ 2 _ 2

oo = 1isis = (4Bl + EAY?) I, rgg ==6EI /17, 151y = (2E1, - E4Y*) I,

P17 = faga =MEL, /L, 111 =—0EL [P, 114 = gEL, /L.

Bonu 3anexarts Bix Takux ¢yHKIiH napamerpy k = Gl , / (El,)

 BPleh(k)-1]  K[sh(k)-k]
T kish(kd)—2ch(k)+2" 8 kish(k)—2ch(k)+2 )
1P sh(kl) ~ k[kch(kl)—sh(kl)]

= N M = .
klsh(kl)—2ch(kl)+2 klsh(kl)—2ch(kl)+2
[leperBopeHHs1 1O TIIOOATBPHUX KOOPAMHAT HEOOXiHE Ul CKJIaJaHHS
aHcaMOJIto eneMeHTiB (piBHSHb piBHOBaru). Lli mepeTBopeHHs BUKOHYIOTHCS
JIOCUTB TIPOCTO ISl BEKTOPIB 3CYBIB Ta BEKTOPIB BHYTPIIIHIX 3yCWIIb, 1€ BOHU
peani3yroThes 3a A0moMOrorw Matpili C KOCIHYCIB KYTiB MiXK JIOKQJIBHUMH Ta
IJI00aJbHUMH OCSIMUA KOOPIHMHAT. AJie BY3JIOBI 3MIIIEHHS Ta IIOBOPOTH €
BEKTOPHUMH BEJIMYMHAMH, a JeliaHalis — ue ckausp. lle BU3HavaeTbCs
BiZIOMMM TBEpIKEHHsSM, IO JUBEpreHlicto Bekropa M= (M, M M .)€

ckamapna Qynkuis divM =0M  /0x+0M, [0y +0M [0z . Tomy Matpuus
THIEPETBOPEHHS MA€ BUTIIS

_ cC 0
C= 01' 1 ’ (5)
nie 0 — TPUKOMIIOHEHTHUH HYIbOBUI BEKTOP.

BysnoBi cymepeinemenTH. By3iHM TOHKOCTIHHMX KapKaciB € HAHOLIbII
3HAYYIIMMHU E€JIEMEHTaMH, 1€ TOHKOCTIHHI CTPWXHI 3'€IHaHI MiJ PI3HUMH
KyTamu. B 1iboMy BUTIagKy B paMKax OZHOMIpHOI KJIACHYHOI TeOpii CTPHKHIB
HEMOJXXJIMBO BU3HAYMTH, SKAM YWMHOM BY30Jl DO3IOAUILE JAeIUIaHaiii Ta
6iMomeHTH. 1{e MOXKHA 3pOOUTH TIIBKU MPH PO3TIIAAI KOHCTPYKIIIT BY3JIOBOTO
3'€JJHAaHHS CTPIDKHIB 1 TIPH pO3paxyHKaxX METOJOM CKIHYEHHUX EJIEMEHTIB
MOJIEIUTIO BY3JIa € CYIIEPEIEMEHT, 3a JIONIOMOT 00 SIKOI'0 MOYKHa BpaxyBaTu BCi
3rajiaHi eeKTu.

30BHILIHIMH BY3JIAMH TaKOTO CyMEpPEIeMEHTY € BY3JIH, 10 SKUX TPHUMHUKAIOThH
TOpLIEB] Nepepi3u TOHKOCTIHHOTO cTprkHA. Lli By3iu mepenatoth GiMOMeHTH, a
iX mepeMilleHHs MOBHHHI JOMycKaTH aedopMaliito JetulaHalliifHOro THITy, IO
BUHHMKAE Ha TOPII TOHKOCTIHHOTO CTpwkHs. Lle mocsraerwcs, sk, HampuKIan,
3aMpPOIIOHOBAHO B po0OTI [22] MUITXOM BCTAHOBJICHHS HECKIHYCHHO MKOPCTKHX
TiJI, IPUETHAHUX J0 BY3JIiB, BIAMOBITHUX KOXKHIH IUIACTHHI, 3 IKUX CKJIAJAETHCS
TOHKOCTIHHHH CTPKEHb (JUB. PHC 2).

i Tina 3'€qHYIOTH ONMH HE3aICKHUH BY30J1 («IPOBIAHHI») 31 3MiHHOIO
KUTBKICTIO 3aJISKHHUX BY3JIB («BIIOMHX»). 32 JOMOMOIOIO TBEPAMX TUT MOXKHA
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iMITYBaTH 3aBHaHHA jAemwiaHamil. JliicHO, TpW Kpy4eHHI TOHKOCTiHHOIO
CTPIDKHSI, BHACHIZIOK JeIUIaHaIli Tepepi3y, IO30BXHI MEpEeMIleHHS Yy
HAIPsIMKY OCi CTPIKHS X 3MIHIOIOTBCSA 3TIAHO 13 3aKOHOM CEKTOPIaJIbHHX
TUTOLIMH

(6)

Puc. 2. By3ioBuii cynepeneMeHT: - By3/H MPUMHUKAHHS TOPLEBUX Mepepi3iB,
- TBEpE TiJIO Ta HOro MpoBiTHUI BY3011

Skmo npemnavauis D =d¢,/dx nopiBaioe ommuuumi (D=1,0 M), TO
NepeMillleHHs. KOHTYpY IIONEpeYHOro Mepepidy YHCeNbHO 30iraroThbes 3i
B3SITOIO 13 3BOPOTHHM 3HAaKOM EIMIOPOI0 CEKTOpiasibHUX IuiomuH. OTXe, npu
OMHWYHIIH Jeruananii moTpiOHO 3aJaTh MepeMillleHHs ¢ YUCEIbHO PiBHUMHU
3HAYEHHSIM - . A 1Ie MOKHA 3pOOHTH, 3a/IaBIIU MPOBIIHIM BY3JIaM JKOPCTKHX
TiJI 3MIIIEHHS Ta OBOPOTH, SIK 1€ TOKa3aHO Ha pHC. 3.

u=-0,00017 m
¢=0,00412 pap

u=0,00010 m

-0,00125
u=-0,00435 m \a

#=-0,21393 pan .- 4 00305 m

(2) ©6) (®)

Puc. 3. ImiTaris oquHIYHOI JeruiaHamii: (a) - enopa ceKTopianbHUX Mo, (6) - BiAnoBinHi i
3a/1aHi nepeMilleHHs IPOBIIHNX BY3IIB, (B) - peakiii y 3B'13kax

Martpuns >KOpPCTKOCTI BY3JIOBOTO CYyINEpeIeMEHTY IOAO JeIUIaHalliil Mae
CTPYKTYpPY, CXEMaTUYHO IIPEJICTABIEHY Y CITiBBiqHOLIEHH] (7)
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B, dy dyy - dyy || D
By | _|dy dy - dy D,

LEs T Q)
Bm dml dmZ dmm Dm
Enementu d j; (j.k=12,...,m) uiei MaTpuIi pO3paxoByETHCS 3a 3araIbHO

HpOLENYpOl0  OAMHMYHMX IPUMYCOBHX  HepeMillleHb. Posrmsmaerscs
HOCIIIIOBHICTh HaBaHTaXK€Hb, Y KOXKHOMY 3 SKHX OJHOMY 3 NPOBIJHHX BY3IIB
3a/laeThcsl 3MIIIEHHS Ta KYT IIOBOPOTY, HAaBKONO OCi, HEPIEHIUKYISPHIA 10
HaNpsAMKY BiJIOBITHOT CMY)KKH. 3HaUEHHS [[UX ITapaMeTpiB OOUHUCIIOIOTHCS 3a
dbopmynamu:

U= (0, +0;0)/2, ¢; = arctan((col-’b —col-’e)/bl-), i=1,..,m. (8)

Tyr BBeneHi Taki NMO3HAYECHHS: ©;p, ;. — 3HAUEHHS CEKTOPIaJbHOI ILIOLI
nepepizy Ha nodatky (begin) i B kiHmi (end) aHami30BaHOI i-TOT CMYXXKH, b; — Ti
LIMPHHA.

Pe3yibTyroui peakiiiiHi CUITH, 110 BUHUKAIOTH TIPH IPUMYCOBOMY 3MiIl[eHHI
KO)KHOTO Ha0Opy >KOPCTKHX TiJI, IO BiJIHOCSTHCS IO CTUKY 3 TOHKOCTIHHHM
CTPW)KHEM,  YTBOPIOIOTH  BIAMOBIAHI ~ CTOBII[  MATPHIl  YKOPCTKOCTI
cynepenementa. PeaxmiiHi cuimu (MoMeHTH M; Ta mo3MOBXHI cuin N;)
BUHHMKAIOTh Yy HAKJIQJAEHUX Ha TMpPOBiJHI BY3JIM 3B'A3KaX, 3a JOMNOMOIOI0
3MIlEeHb KX 33J[aBAIUCS BEIMUUHU U; Ta ;.

Ili 3ocepemkeHi y MPOBIAHUX BYy3JaX peaklii MOXHA pPO3IIAIATH SK
PIBHOIIOYI HANpPYXEHHSI Oy, SIKi MIIOTh 3 OOKy By3Ja Ha JXOPCTKE TUIO 1
PO3IIOAIIEHI B MeXaxX CMYKKH, IO PO3TJLIIAETHCS, 32 JIHIHHAM 3aKOHOM,
3MIHIOIOYHUCH BiJl 3HAUEHHS G}, A0 3HAYCHHS G .

Ix 3HaueHHs 14 i-TOT CMYXKKH BU3HAYAIOTHCA 32 (HOPMYIaMu

N. O6M; N. 6M.
Cphi =+ =5 Opej =——t—, i=l.m. 9)
tbl' tbl- tbl‘ tbl-
3BHUYAIHO, 10 IOBUHHI BUKOHYBATHCh PiBHOCTI
Cwe,i = Owb,i+ls I =L.,m-1, (10)

SKI MOXXHa BHKOPHUCTOBYBATH JJIsl KOHTPONIO TOYHOCTI OOYHCIEHb, i IMpH
mopymienHi (10) BBakaTH IO MPaBWIbHE 3HAYCHHS HANPYTd B TOYII
CTHKYBaHHS CMYXXOK (Hexaii ii Homep Oyne k) popiBHIO€E

cm,k=(0we,i +cwb,i+1)/2, k=1,..m-1. (10)
SIKIIO CKOPUCTATHCS 3HAYEHHSIMU HAIIPYTH, TO 3 BiZIOMOIr0 BUPasy
Bw,
Gm,k = [_ (l 1)

(0]
JIETKO 3HAWTH BENUYMHY OiIMOMEHTY B.

[Tpu aOCoOMOTHO TOYHHX pO3paxyHKaxX 3HAYEHHs, OOYKMCIEHI MPH PI3HUX
G,,»®, , OBUHHI 30iratucs, ane BpaxoByroun HaOmmxeHicte MCE-moneni

BYy3J1a IIe MOXKE He cTaTtucs. ToJli i/l CKOPUCTATHCS CepeAHIM 3HAUCHHSIM.
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LmrocTpaTuBHMI NpUKIag

PosrnssHeMo  HaWmpocTily — TPUCTPUIKHEBY AN
CHUCTEMY 3 JKOPCTKHM 3aKpIIUICHHSIM 30BHIIIHIX
By3:iB. [lo4aTkoBi BY3IIM CTPHKHIB 3'€HAIOTHCS 1
BY3JIOBOIO KOHCTPYKIII€I0 (puc. 4), sKa |
XapaKTepU3yeTbCsl MAaTPHUIIEIO KOPCTKOCTI 00
eIUIaHaIiH:
pit I I::] s |§\
dyy dyy dys N
D =|dy; dy dy |
d13 d23 d33 2
Martpuiii )KOpCTKOCTI €IEMEHTIB MalOTh PO3MipH
qume 7x7, 1 MOXKyYTh OyTH ITpeJICTaBIIeH] SIK NN
e e
6x6 6x1 Puc. 4. Ilpuknan cuctemMu

(k) &5

TOHKOCTIHHHX CTPHIKHIB

ne K¢, - MaAMaTpuns eneMeHTa, o BiAIoBifa€e MIECTH 3BUYAHHIM CTYICHIM

CcBOOO/IM B TIOYATKOBOMY KiHIII CTPHIKHSI.

ul..

III00aJTEHOI0 MATPHUIICHO JKOPCTKOCTI Oy/Ie MaTH BUTJISII:

A cucTeMa BHUPILIAIBHUX PIBHSAHB MION0 3BHYAWHHUX BY3JIOBUX MEPEMIIICHb
‘U, Ta JeMNaHalliif TOpUEBUX Tepepi3iB cTpwkHiB D), D,, D; i3

Uy---Ug Dy D, Dy
R =K +Kis +Kgs 064 061 06 Pex
B = 0146 by +dyy dy3 _ by
B = 016 dy ki +dy  dy by
B, = 016 d3 dy, k3 +dy b

TyT pex1 — BEKTOp BY3JIOBUX HaBaHTaXeHb, by, b, Ta b; — HaBeleHi 10 BY3IIB
0IMOMEHTH, 1110 BUHUKAIOThH BiJl MiCIICBUX HABAaHTAXKCHb HA CTPUKHI.

Po3paxyHI<OBa MOZECJIb BY3JIOBOI'O CYIIEPEIEMECHTA HO6y2:[OBaHa B r[porpaMi

CKA/ i3 xiHIeBHX 000JIOHKOBHX eeMeHTIB (Tun 44) TouiiHoo 10 MM (IuB.
puc. 5). ns TphOX KOHTAKTiB 13 JBOTAaBPOBHMH CTPHKHSMH IiependadeHi
JKOPCTKI Tijla, Ha BYy3JlaX MOJUIb, HA BYy3JaX CTIHKH, Y SKUX CEKTOpialbHi
koopauHaTH =0, Taki Tija He OymayBaIHCs.

JleraHanisi BU3HAYAETHCS IOBOPOTOM TBEPJAMX TN, MPUB'SI3aHUX JI0 BY3JIB

MTOJIMIIb TBOTABPIB, HA KYTH +@ 1 —( HaBKOJIO OCi, IO 30iraeThCsl 3 HAMPIMKOM
criaku. Kyt ¢ obuncimoerses 3a Gpopmyioro (8) 3a 3HAYSHHSIM CEKTOPiabHUX
KOOPJIUHAT JIOPiBHIOE:

Jutst TBepaux Tt 112 ¢=0,1185 pan,
Uit TBepaoro Tina 3 ¢=0,2360 pan.
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PospaxyHok BukoHyBaBca 3a mnporpamoro CKAJl, posriasHyro Tpu
HaBaHTa)XEHHS JIeTUIaHaLisIMH (pHC. 6), BiAMOBiIHI AeOPMOBaHI CXEMHU IS
HUX IIOKa3aHi Ha puc. 7.

L
©,

“e,

Puc. 5. KoHcTpyKIiis By3Jia Ta )KOPCTKIi TiIa B MiCLISIX KOHTAaKTY 31 CTPHIKHIME
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Puc. 6. CxemMu HaBaHTa)X€Hb

Puc. 7. Pe3ynbTaTi po3paxyHKiB — ged)opMOBaHi CXeMHU By3JI0BOTO CyNEpeIeMEHTa
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Martpwuili *KOpCTKOCTI By3ja IIOAO ACIUIaHalill 00YHMCICHI 32 3HAUCHHAMU
PEaKTUBHUX MOMEHTIB TMPOBIIHUX BY3JiB TBepAUX TuI. s TOBIIMHM
€JIEMEHTIB BY3J1a, 110 JopiBHIoe 10 MM, MaTpurs D Mae Burisin

0,53688 0,03492 -0,50411
D=| 0,03492 0,53688 —0,49476 |.
-0,50411 -0,49476 7,24104

BucHoBok

PosrnsHyTa MeToquKa BHU3HAYAE PEANICTHYHMNA MIiAXiA 10 BUPIMICHHS
MpoOJeMH PO3paXyHKY KOHCTPYKIIH, c(opMOBaHMX iX TOHKOCTIHHHX
CTPW)KHEBUX eeMeHTiB. HeoOXiMHICTh MmonepeaHboro JOCIiHKEHHS KiHIIEBO-
€JIEMEHTHOI MOJIeNli By3Ja, MOKIaJeHa B 1 OCHOBY, HE € HaJMIPHO
OOTSHKIIMBOIO TIPOLENYPOI0, OCOOIHMBO Uil KapKaciB PEryjsipHOro TUIY, Y
SIKMX OUTBIIICTD BY3JIB € OJIHAKOBUMH.

Jiss  OaraThboX YacTo BUKOPUCTOBYBAaHHMX KOHCTPYKTUBHHX CHCTEM,
HAINpHKIAL Uil KapKaciB 0araTornoBEepXOBHX KHUTIOBHX Ta OQIiCHUX OyaiBenb,
MOXKHa YSBUTH CHelianbHy O0i0iioTeKy MaTpHlb KOPCTKOCTI THUIIOBHX
BY3JIOBUX 3'€IHAHb.

[IpucrocyBaHHs iCHYIOYHMX PO3pPaxXyHKOBUX MNpPOrpaM sl BUKOPHCTaHHS
OITMCAaHOI METOJUKH MOXKHA YSBUTH a00 y (hopMmi, 10 I0MTyCKa€e BUKOPHCTAHHS
YHUCIIOBUX MATpPHUIb KOPCTKOCTI BY3JIOBHX CYIIEPEIEMEHTIB, a00 ILIIXOM
PO3pOOKH Creliai3oBaHuX OJIOKIB Ipernpoiiecopa, o0 CTBOPIOBATH 3rajiaHi
MaTpHIIi )KOPCTKOCTI.
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Cmamms nadiviwna 08.04.2022

Ilepenvmymep A.B.
10 PO3PAXYHKY CTAJTEBUX KOHCTPYKIIN I3 TOHKOCTIHHUX CTEPKHIB

CTaTTsi MICTUTh KOPOTKHH ICTOPUYHMI Hapyc, LIOJ0 OCHOBHHX il PO3paxyHKy CHCTEM,
CKJIAJCHHX 13 TOHKOCTIHHHMX CTPIDKHIB BikpuToro mnpodimo. BusHauaeTbcs BaXIHBICTH
ypaxyBaHHs KOHCTPYKTHBHHX pYLICHb BY3JIOBHX 3’€JHaHb, iX BIUIMB Ha IEPEPO3IOALI
JeIUIaHaLMH, 110 BHHUKAIOTh Y TOPLEBHX Mepepi3ax CTPHXKHIB, sIKi MPUMHKAIOTH A0 BY3Ja.
AHami3yl0ThCsl OCHOBHI MIAXOAM A0 PO3PAaXyHKY BKAa3aHHX CHUCTEM 3 ypaxyBaHHSIM HEpPIBHOCTI
BY3JI0BHX JICTUIAHALIMH.

IIporoHyeTbCsl BUKOPHCTOBYBATH METOZA CKIHYCHHMX €JIEMEHTIB BHKOPHCTAHHSM Y SIKOCTI
CKIHYEHHMX €JIEMEHTIB TOHKOCTIHHHUX CTPHXKHIB 1 CIIeliajbHO MOOYJOBAaHUX CYIEPEICMEHTIB, LI0
BPaxOBYIOTh Y4acTh BY3JIOBHX 3’ €HaHb. MaTpHILs >KOPCTKOCTI TOHKOCTIHHOTO CTPHXHS 14-ro
HOpsAKY, HoOymoBaHa Ha miacTaBi kiacuyHoi Oe3cyBHOI Teopii BmacoBa [y cTprkHIB
BIIKpHTOro mpo(imo, KOJIM BpPaxoBYEThCS [eIUIAHALIsl IOHEpPedyHOoro mnepepisy. Bysiosi
CYIEPEICMEHTH CKJIAIAFOThCS 3 OOOJIOHKOBHX KiHIIEBHX €JIEMEHTIB i MalOTh m JeIUIaHAL[IHUX
CTYyIEHIB CBOOO/IH BiANOBIAHO KiJIbKICTIO CTPUIKHIB, 1110 MiIXOIATh 10 By3JIa.

3a JOMOMOror MAaTpHL XKOPCTKOCTI BY3JIOBOTO CYHEPEIEMEHTY pPeai3y€eThes 3B'SI30K MiX
}:[ennaHayiﬂMu, ﬂKi BIUIMBAKOThL Ha BY30JI, l PEAKTUBHUMU 3YCUJLIAMU, IO MAKTh BUIIIAL
OuMOMeHTOB. BkazaHo mpuiloM HOOYZOBH MaTpulli >KOPCTKOCTI By3ia, sKka OCHOBAaHMI Ha
BHKOPUCTaHHI HECKIHYEHHO >KOPCTKUX TiJI, 3MIILEHHS 1 HOBOPOTH SIKMX NO3BOJLSIIOTH iMITyBaTH
BIUIMB JCIUIaHALil Ha By3oi1. BxazaHo Ha ocoOnuBOCTI omnepariii acceMOIIOBaHHS MIPH HAsSBHOCTI
BY3JIOBHX CYIIEPEIICMEHTIB.

Bka3aHo Ha MOXJIMBI BapiaHTH BKIIOYEHHS PO3TJIIHYTOI METOAMKH Y MPOTPaMHi KOMILICKCH
JUISL PO3PAaXYHKY OYAiBEIbHUX KOHCTPYKIIii.

Ki11040Bi cJloBa: TOHKOCTIHHHI CTPHIXKEHbB, JCTUIaHallis, OIMOMEHT, CylepelieMeHT, MaTPHILIS
JKOPCTKOCTI.

Perelmuter A.V.
TO THE CALCULATION OF STEEL STRUCTURES FROM THIN-WALLED RODS

The article contains a brief historical essay on the main ideas for calculating systems composed
of thin-walled rods of open profile. The main approaches to the calculation of these systems taking
into account the inequality of nodal deplanations are analyzed.

It is proposed to use the finite element method using thin finite rods and specially constructed
superelements as finite elements, which take into account the participation of nodal joints. The
stiffness matrix of a thin-walled rod of the 14th order, built on the basis of the classical Vlasov's
non-slip theory for open-profile rods, when the cross-sectional displacement is taken into account.
Nodal superelements consist of shell finite elements and have m deplanation degrees of freedom
according to the number of rods that approach the node.

With the help of the matrix of stiffness of the nodal superelement, the connection between the
deplanai, which affect the node, and the reactive forces, which have the form of bimoments
realized. The method of construction of the node stiffness matrix is indicated, which is based on
the use of infinitely rigid bodies, displacements and rotations of which allow to simulate the
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influence of deplanations on the node. The peculiarities of the assembly operation in the presence
of nodal superelements are indicated.

Possible variants of inclusion of the considered technique in software complexes for
calculation of building designs are specified.

Keywords: thin-walled rod, deplanation, bimoment, superelement, stiffness matrix.

VK 624.94.012.6.044

Ilepenomymep A.B. 1o po3paxyHKY CcTajJleBUX KOHCTPYKIii i3 TOHKOCTIHHHX cTep:kHiB // Omip
MaTepialiB i Teopis cnopya: Hayk.-Tex. 30ipH. — K.: KHYBA, 2021. — Bun. 108. — C. 119-130.
Posznsidaemovcst po3paxyHoxk cucmem, CKIAOGHUX 13 MOHKOCMIHHUX CMPUICHIE BIOKPUMO20
npoginio 3 ypaxyeamnam HeoOHAKo8OCMI OeniaHayill, wo GUHUKAIOMb V MOPYESUX nepepizax
CMPUdICHi6, AKIi NPUMUKAOmMb 00 6y3id. Buxopucmogyemvbcs Mmemoo CKiHYeHux enemenmis 3
MaAmpuyero HCopcmkoCmi. MOHKOCMIHHO20 cmpuchs 14-20 nopsioky, no6yoosanoi na niocmasi
KaacuuHoi 6ezcysnoi meopii Bracosa 0nsi cmpudichis 6iokpumoz2o npoghino, Ko 8paxosyemoes
dennanayis nonepeuHo2o nepepisy. Byszmu posensoacmbes Ak - cynepeiemeHmu  CKIa0eHi 3
00010HKOBUX KiHYeGUX eNeMeHmié 3 m OeniaHayitinuMu CMYNneHsMu c80600U 3a KiTbKICMIO
CMpUdICHiB, Wo nioxodsams 00 HuX, Brazano npuiiom no6yoosu mampuyi JcoOpCmKoCcmi 6y3nd,
OCHOBAMULl HA BUKOPUCMAHHI HECKIHYEHHO JICOPCMKUX ML, 3MIWeHHs [ No6Oopomu  SKUX
003601A10Mb IMImMyeamu 6naue 0enianayii Ha 8y30i.

Puc. 7. bi6mior. 21 Ha3B

UDC 624.94.012.6.044
Perelmuter A.V. To the calculation of steel structures from thin-walled rods // Strength of
Materials and Theory of Structures: Scientific-and-technical collected articles. — Kyiv: KNUBA,
2021.—Issue 108. —P. 119-130.
The calculation of systems composed of thin-walled rods of open profile is considered, taking into
account the inequality of deplanations that occur in the end sections of the rods adjacent to the
node. The finite element method with a stiffness matrix of a thin-walled rod of the 14th order, built
on the basis of the classical non-slip Vlasov theory for open-profile rods, is used, when the cross-
section deplanation is taken into account. Nodes are considered as superelements composed of
shell finite elements with m deplanation degrees of freedom by the number of rods that fit them.
Figs 7. Refs. 21.

VK 624.94.012.6.044
Ilepenvmymep A.B. K pacuyery CTaJIbHBIX KOHCTPYKIWiI M3 TOHKOCTEHHBIX CTep:kHel //
CoIpOTHBIIEHHE MATEPUAIIOB M TEOPHs COOPYXKEHHit: Hayd.- TeX. coopH. — K.: KHYCA, 2022. —
Beim. 108. — C. 119-130.
Paccmampusaemcs pacuem cucmem, coCmagieHHbIX U3 MOHKOCMEHHbIX CMePICHEl OMKPbINO20
npoguias ¢ yuemom HepaseHcmeéa OeniaHayull NPUMBIKAIOWUX K Y31aM MOPYEsblX CeyeHull.
Hcnonvsyemesi mMemoo KOHEUHbIX DJEMEHMO8 ¢ MAmMpuyei JIceCmKOCmu MOHKOCMEHHO20
cmeporcust 14-20 nopsaoka, nOCmMpoeHHOU HA OCHOBAHUU KIACCUYECKOU 0e3c08Uuc080u meopuu
Bracoea ons cmepoicheli OmKpbINo2o npopuis, Ko20a yuumuléaemcs Oenianayis nonepeio2o
ceuenus. Y3l paccmampueaemcsi Kak — CynepiiemMeHmuvl ¢ m OeniaHayuOHHbIMU CIEeNneHsMu
€80600bl NO YUCTY NOOXOOSWUX K HUM CMEPIICHEU, COCMAGNEHHbIE U3 000N0YEUHbIX KOHEUHbIX
onemMenmos.  Yxazan npuem nOCmMpoeHuss MAmpuybl JCeCmMKOCMU  Y31d, OCHOGHbIU HA
UCNONL306AHUY OECKOHEUHO JICeCMKUX Mel, CMeWjeHusi U No6Opomyvl KOMOPHIX NO3G0IAIOM
UMUMUPOBAMb 8030eticmeue 0enIanayull Ha y3el.
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THE STABILITY OF LOW-PITCHED VON MISES TRUSSES WITH
HORIZONTAL ELASTIC SUPPORTS
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Doctor of Technical Science, Professor

A.S. Bilyk,
Candidate of Engineering Science, Associate Professor
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The work’s aim is to study the horizontal supports stiffness impact, which simulate the
conditions for supporting the domes upper tier on the von Mises trusses' stability. A three-hinged
truss' deformed scheme with a concentrated vertical load in the ridge joint was considered. A two
transcendental equations' system for the dependence of the load on vertical and horizontal
displacements taking into account the rods' compression was obtained. The truss' stability
numerical studies were carried out depending on the structure's design geometry.
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1. Introduction

Topicality. Dome coverings are used in the public buildings construction.
Such constructions best meet the rational design criterion - minimizing the
difference between construction and functional volume [4, 5], along with other
design solutions [5].

It should be noted that there are a large number of the solid shell structures
stability studies [1, 2, 3, 17, 23]. But in the transition to rod dome systems it is
possible to design cylindrical shells and geodesic domes structures with
different tiers' variable stiffness to reduce the inclined elements deformation's
impact with small uppermost tier angles.

There are also known dome coverings accident studies, which showed the
rod domes or shell systems sensitivity to the stability loss with the joints' snap-
through effect to the covering's center [22]. It is important that the several rods'
stability loss effect which hinged in the dome's node has a caloptic character
[6, 7, 9, 17, 19, 20]. Dome node stability loss effect description similar to
snap-through effect first was studied in von Mises works (Richard Edler von
Mises) [19, 20], which were described a trusses deformation model that
consists of two rods or several rods hinged at the ridge and hinged to the base.
However, these studies relevance remains, because it is possible, by
complicating the von Mises truss physical and mathematical model, to study
the sloped rod structures (cylindrical shells and geodesic domes) nodes snap-
through effect, by modeling the load at an angle and elastic supports in the
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ridge node [6,9]. In the next, some similar structural systems nonlinear
deformation problems, including the loss of stability, are described in [10, 11,
12, 13, 14, 15, 16]. Some scientists to illustrate the theory of catastrophes cites
the von Mises's truss snap-through effect example. The following works were
devoted to such phenomena [21, 22]. The researchers paid special attention to
the tall two-rod systems stability loss, in which they discovered the skew-
symmetric stability loss possibility [7].

An important task is also to avoid, during dome with rods made of thin-
walled profiles deformation, local stability loss by choosing the optimal cross-
section of the rods [8].

Modeling the dome system upper tier elements support's elasticity with
small angles inclination to the horizon will make it possible to predict such
system’s stability loss. Therefore, the upper tier support elastic conditions
influence study on the lower tiers for such rod-systems is relevant. At the same
time, it is necessary to study displacements' growing and impact in the
horizontal direction. In this case, into the von Mises truss structural model
should be added the horizontal elastic supports. Such asymmetrical
constructive systems are considered in work [18].

Topical von Mises trusses stability problems, which needs to be further
investigated, include the two-rod systems on elastic supports stability
problems. The need to solve them is conditioned by the compliance influence
of dome upper-tier rods connection to the rods structures lower-tier.

2. Works’ purpose

Obtain analytical dependencies and reveal the elastic horizontal supports
stiffness influence on the von Mises trusses stability at small inclination
angles and at different elastic supports' stiffness, thereby simulating the dome
annular elements stiffness effect on the its upper tier stability.

3. Basic research

The von Mises truss design scheme is a three-hinge rod system: the support
risers are hinge supported on the foundations; the rods are pivotally connected
in the ridge node (Fig. 1).
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Fig. 1. Three-hinge system design scheme and its deformed scheme
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Three-hinge sloping truss (Fig. 1) has rods length 1y, a truss span equals to
2a, the truss height 7, — the distance between hinge-supports to the ridge joint.
The initial support-rod angle from the vertical axis equals ag. The horizontal
elastic support stiffness characteristic is taken as follows — ky=1)/19;, where
T)- standard force at which an elastic support elongation or contraction occurs
by a certain value - uy;.

Truss elements are made from linear elastic material with the deformation
module E.

Under the vertical load (P) which effects to the ridge joint the system
deforms symmetrically. The ridge node is undergoing displacement - v, , and
the rods length is reduced due to the compression, the longitudinal reduction in

length is indicated by Aly; =, — ;. In the deformed state the length of each
element will be - /;. Now each inclined rod’s deformation will be as follows:

Slel()]/l() :1—11/1(). (1)

Under the load action, due to the occurrence in the supports, in addition to
vertical reactions, also horizontal reactions in elastic supports, the horizontal
supports will move by an amount u, . The relations between rods angles (o.; )

in deformed state depending on horizontal and vertical displacements will be:

tan oy, = D0 (2,a)
tan Qo
TR N B _ 1 Y
(f vp) (tan Aoy V‘DJ % (tan Aoy ay J (z’b)
cos (o) = fz_vp —= ((f/:lo)—(vp/ao)) _
@y +ug) +(f =v,) J(1+(u0 Jag))” +((f/ag) (v, Ja))
sin (o) = ay +ug _ (1+ (ug /ay)) ’

\/(ao ug)? +(f ~v,)? \/(1+(“0/“0))2 +((f/a0)_("p/“0))2

1+(u0/a0)
(f Jag)~ (v, Jag)
From the deformed truss state equations (2,3) it is composing a

deformation’s continuity equation through the conjoint vertical displacements
at the ridge node under the load:

f=v, =l cos(ay ), ag+ug=1Isin(ay), Iy =ay/sin(og). (4)
The deformations in rods by (1) (Fig.1):

)

tan (o) =
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ao _ ao +u0
sin(o sin(o sin(o.
_ sin(agy)  sin(oy;) { (14 (up Jag)) ( 01)} 5)
] sin(o;)
sin(ag;)
The compression forces in rods (N, ) at deformed state under the vertical
load has type:

sin(aLg;)
Nl = SIEAcal;_> Nl |: (1 + (uO/ )) o :|EAcal' (6)

111(0(11)

The forces in the rods, which are due to the balance of the forces in the
node:

P =2N, cos(ay;). 7
The ratios combination (1, 2,5) with equation (7) gives an equation
(criterion) for the two-rod truss structure on elastic supports operation:

= 2{1 -(1+ (uO/aO))W}COS(aU);

EOAcal 111(0(11)
P54 (1+(up /ag))sin(ogy ) (f/ag)=(v, [ao)
EgAca (1+(ug/a9)) 2 bV
e
J(l+(u0/a0)) +((f/a0)—(vp/a0)) a, a, a
EZ =z[f VPJ L sin(ag) |- (7)
04cal ay q \j(1+(“o/a0)) ((f/ao) (v /“0))

However, the horizontal displacements u, depends on thrust (Ts =k ;g ).
From the forces balance at the ridge node:
TKS = ksouo, TKS = N] Sin(OLU).

P =2N,cos(ay;). > N, = KIEQ).
17
1
Tys = k sotig = gtan (o) = g_(f/;o )(Lio(/vao/)a_o) , (®)
p

From the equilibrium equation of the moment’s sum that arise due to
external forces-reactions in the semi-arch support in the deformed state, the
following equation can also be obtained:
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ot ((F a0) =5, fa0)) =5 (1+ g ) =

(1 )= 5, fa0)) - 1+ o)) =0
0 s0“0
((f/ag)~(v, /ao))Z—Z= 2ki " (1+ (ug /ay)) - 9)

Next, we will find the relationship between the supports horizontal
displacements and the ridge node vertical displacements under the action of the
force P according to equation (8.9).

+(uy/ay)) = P (1+(u0/a0))
(o) = 3 eV [ Jao) oy fa)

+(ug/ag))|1- P =1
(1 ))[1 2(kSOaO)((f/aO)_(vp/a()))] 1
(1+(uo/ag)) = L : (10)
_ P
[ 2(ksoao)((f/ao)—(v,,/ao))]

Thus, the condition that the structure is quickly geometrically unchanged is
the condition:

1- P >0, (11,a)
2(k ya0)((f/ag)— (v, [ay))

i <1. (11,b)
2(k y0a0)((f/a0) = (v, fay)
That is, the elastic support rigidity must be sufficient to fulfill the last
condition so that the structure does not instantly turn into a mechanism.
Equation (8.9) implies another equation for the vertical and horizontal
displacements dependence on the vertical load:

= ag)—(v,/ay)). (12)
S ey (0=

Combining equation (12) with equation (7), we obtain a system of two
transcendental equations with two unknown relative displacements

((vp fa) . g /ag) ):

Sin(OLOl)

P =2[ f VPJ 1
Eodea g ag \/(1+(u0/a0))2 +((f/a0)—("p/“0))2 - (13)
P =|:( (UO/GO) :|((f/a0)_(vp/a0))

2(k30a0) 1+(u0/a0))
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Thus, the two nonlinear equations system for the two-rod hinge system
deformation calculation with a certain geometry on elastic supports with two
unknown displacements v,, u, under a load with a force P and the rods

constant stiffness £,4,,, and the supports stiffness & .
To solve the equations system (13), we introduce a dimensionless relative
vertical and horizontal displacements parameter (y,,, ).
()=, fag)) g (1=0v, /1) (14
" (1+(uo/ap)) ag (1+(up/ag))
The relative displacements parameter (y,,) is a rod's inclination angle
changes trigonometric function:
(f/ao) (v, /ag)
tan(ey) = iy, = ( b/) = tan(cg;)

(1+ (g /ay))

In addition, we have dependencies:
(1+ (g /ap)) Wy = ((f/ag) = (v, Jap)) = (f [ag)(1=(v, /.1))-
Wy /1) =1~ )1+ (g /0)) Wy (15)

Now, the given equations system has single common reduced argument
(V)

(l_("p/f))
(1+ (g fag))

ez
EZ s ay a, 1 - _(1+u—0jsin(oc01)
0A4cal (HM_OJ 1 ((f/a9)- (v, Jay)) ay

+

N (U wofa))? |
P 2k (1) (F/a9) =, Jay))
EyAw  Eod \ag (14 (up/ay))

P _ 1 _ ;
oAy 2y, [—\/”wa (1+ (up/ag))sin oy )]. "
P _, (ksoao)(“oj

EgAdyy "™ EgA \ay
Eliminating the load parameter (P/(Ey4,,)) from the two equations, we
have the equation:

2(k jpa9)( u Uo |
—é i;) 0)[_()}“/14\/ = 2\‘rluv %_[l_F_OJ Sin (aOl) ’
04%cal A Vl TV o

cal cal
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M[“_ojz #{n“i}m(aw) .

Egdew \ao ) | 142 ag
Next:
ug | kyoag . 1 .
— —+sm(oc0,)} =————sin(oy).
ag |:E0Acal +v2

Finally, from the last equation, a recurrent formula for determining
horizontal and vertical displacements was obtained depending on the
displacements relative parameter (y,,, ):

u |:1/V1+WL2W:|_Sin (otor)
L_Oj == , (17,a)
" [
" [l/\/1+wfv}—sin(a0,)
[—OJH: +1. (17,b)
“o

k oa .
[E(:ilcj] +sm(a0, )j

Thus, combining the recurrent formula (17, b) with the first equation from
the equations system (16), we can obtain a criterion for the two-rod system
deformation on elastic supports under symmetric nonlinear deformation:

1

ﬁ—sin(a(]l)
P _ |1t .
v =2y, \/1 . oay +1(sin(ag)p.  (18)
0%al Wy ESA +sin (o, )
0“%cal

The resulting equation (18) is a criterion for the sloped two-rod truss
stability of the Mises truss type on elastic supports. It should be noted that
equation (18) is an analytical equation for direct calculation in the critical force
relative coordinates. Moreover, the obtained equations (17, b) and (15) are
recurrent formulas for the transition from the displacements relative parameter
(w,, ) according to formula (14) to relative displacements ((v,, /ao) ,(ug/ag)).

from the relative vertical

At Fig. 2 is shown the dependency of

04*cal
. L . k s0a9
displacements — with o,;; =80°. Where: 1 - a diagram when =1;2-
f OAcal
: k 50 : k 50 :
a diagram when ————= 2; 3 - a diagram when =5; 4 — a diagram
OAcal OAcal
k 500
when =15.

0 Acal
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Fig. 2. Numerical studies of von Mises truss with horizontal elastic supports results
by formula (18) with the displacements parameters by formulas (15, 17)

4. The numerical studies results

In order to determine certain regularities of elastic double-rod trusses' on
elastic supports nonlinear deformation under a vertical load in the ridge node
numerical studies were carried out. Thus, it was found that the truss' inclined
rods angle, as well as the elastic supports stiffness, affects the ridge node
vertical displacements dependence on the vertical load.

When manufacturing a truss structure from an elastic material without
elastic supports (u,/a,=0) that is a rigid horizontal support, at small rods

inclination angles, the obtained expression (16, the first equation) goes over to
the traditional solution given in [19, 20].

v
P =2[ 1 __pj 1 : —sin(og;) | (19)
Ed.u tano, g Jl+((l/tana0,)—(vp/a0))

At the first researches stage, the elastic supports rigidity influence was

determined at a fixed initial angle a,; =80° and a;; =82.5° (Fig. 2, Fig. 3).
At Fig. 3 is shown the dependency of P/E,4

cal

from relative vertical
displacements v, / S with  op;=80°. Where: 1 - a diagram
when (k ygag)/(EgAey) =1; 2 — a diagram when (k ;g ag)/(EgAeq;) = 2; 3 — a diagram
when (k ;0ag)/(EyA.q) =5; 4 —a diagram when (k goag)/(EyA.q;) =15

It is shown that the general deformation's nature is similar to the traditional
von Mises truss deformation without elastic horizontal supports - the truss'

ridge node is snapping through the horizontal axis, but under a vertical load,
which depends on the horizontal supports stiffness.
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Fig. 3. Numerical studies results of the von Mises truss with elastic horizontal supports
deformation according to equation (18) with displacement parameters according to formulas
15.17)

It has been established that the lower the horizontal supports rigidity, the
lower the truss critical buckling force. The critical force value corresponds to
such a load at which a slight decrease in the vertical force does not lead to the
return the truss to the design position. It was also found that at an initial angle
value o; =80° (Fig. 2), an increase in the elastic supports relative stiffness
from (k y9a9)/(EyAq) =1,0 to (kg9ag)/(EyA.q)=2,0 increases the critical
force reduced to the rods stiffness by almost 1.4 times. But with a further
increase in the relative horizontal elastic supports stiffness from
(k y0a0)/(EgApy) =2 to (k soay)/(EgA.) =15 an additional increase in the
critical reduced force can be achieved, but such an increase in the horizontal
supports stiffness is apparently not economically feasible. The same effect is
observed at the initial design support rods angle o.;; =82,5° (Fig. 3).

Thus, by constructive measures by creating additional horizontal rigid
elements in the domes belts, or by increasing the elements' cross-sections for
lower tiers, it is possible to increase the domes upper tier stability, which will
ensure the architectural form and structural safety.

At the second stage, to determine an inclination angle influence on the truss
with elastic supports stability, the studies were carried out at a fixed elastic
supports stiffness: it is assumed that the relative elastic supports stiffness is
(k y0a0)/(EyAzy) =2. The studies were carried out at the truss' elastic



140 ISSN2410-2547
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2022. Ne 108

supporting elements deflection angles from the wvertical axis:
Oy =75% 0Lg;0 =77,5; 0g;3=80° a4 =82,5°. The research results are shown

at Fig. 4.
At Fig.4 is shown the dependency of P/E,A4,,

displacements parameter v, /f and with (k ;oag)/(Eg4.,) = 2. Where: 1 - a

diagram when a,y;; =75° 2- a diagram when o;, = 77,5; 3 — a diagram when

from the relative vertical

aOl} :800’ 4—-a diagl‘am when OL014 :82,50.

0,005

\
0,004 i "

0,003 i \

~ |

0,002 f ¥

a001 |-

1'\ 1l s 16
Y13
\

-0,001

-0,002

Fig. 4. Numerical studies results of the von Mises truss with elastic horizontal supports
deformation according to equation (18)

Studies have confirmed an additional essential sensitivity to the two-rod
three-hinged trusses stability loss from the initial inclination angle and at a
certain horizontal supports stiffness.

The presented results analysis (Fig. 2) showed that on snapping through the
neutral axis which connecting the supports, the rods are stretched. It was also
noted that, regardless from small inclination angles, at a given stiffness ratio of
the rods and horizontal supports, the truss nonlinear deformation occurs rather
quickly. In the stability loss case, any small reduction in the critical load may
not lead to a stable state, but will lead to an increase in vertical and horizontal
displacements. Therefore, a more detailed dependence graph vertical
displacements on the load at different stiffness of horizontal supports is shown

in Fig. 3 and Fig. 4.
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5. Conclusions. Scientific novelty and practical significance

1. The horizontal supports elasticity influence which is simulating the
domes upper tier supporting conditions on the Mises trusses stability has been
investigated. A three-hinged truss deformed scheme when a concentrated
vertical load is applied to the ridge node is considered. An analytical method is
used to obtain a generalized equation for the three-hinged trusses stability
criterion to determine the critical load depending on the design system
parameters: the rods' inclination angle, the rods' stiffness, and the horizontal
elastic supports' stiffness. A two transcendental equations system for the load
dependence on vertical and horizontal displacements is obtained, taking into
account the rods' compression. Such equations system analytical solution using
a generalized parameter - an inclined rods variable angle's tangent, made it
possible to obtain one equation for the vertical load dependence on the vertical
and symmetric horizontal supports displacement. The truss' numerical stability
studies depending on the design geometry of a structure was carried out.

2. The dependence analytical expression of load on the structure reduced
to the rod's stiffness on the rods' inclination angle and the supports' horizontal
stiffness was obtained. The inclined double-rod three-hinged trusses nonlinear
deformation's nature, depending on the elastic supports stiffness and the rods
angle was confirmed. It has been established that the inclined two-rod three-
hinged systems' deformation nature has the node snapping-through effect. It
was found that, depending on the horizontal supports rigidity, and with a
decrease in the rods angle, the relative critical load reduced value significantly
decreases.

3. On the three-hinged inclined two-rod truss with elastic horizontal
supports deformed scheme's theoretical studies basis, was obtained a
generalized analytical solution to determine the critical load for such systems.
The horizontal supports' elasticity influence regularities on a decrease in the
critical load value and a decrease in such systems stability was obtained.

4. The obtained generalized analytical solution models the dome system's
annular elements stiffness through the horizontal supports stiffness and
determines the lower tier's elements stiffness effect on the dome's uppermost
tier structural system's stability.

The obtained analytical equation and a numerical studies has a practical
importance, since they allow one to determine the dome's annular elements
rigidity's rational design parameters to ensure the upper tier stability.
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binux C.1., binux A.C., Tonkauees B.I".
CTIAKICTh OJOTUX ®EPM ®OH MI3ECA MPH MPYKHUX T'OPU3OHTAJIBHUAX
OIIOPAX

AHortauisi. Mera. Meroro poOOTH € JOCHIDKEHHsSI BIUIMBY Ha CTiiikicte (epm ¢oH Mizeca
IPY)XHOCTI TOPU3OHTAJIBHUX OIOp, SIKI MOJEIIOIOTh YMOBH CIIMPAHHSI BEPXHBOIO SIPYCy KYIIOJIB.
Meronuka. Po3risiHyTo neopMoBaHy CXxeMy TPUILAPHIPHOI (pepMu MpH NPHUKIafaHH] B rpeOCHEBOMY
BY3J1i 30CEPEKCHOr0 BEPTHKAIBHOTO HABAHTAKCHHS. AHATITHYHAM METOIOM OTPHMAHO y3arajlbHeHe
PIBHSIHHSL KPHTEpIIO CTIHKOCTI TPHIIAPHIPHUX (epM Iy BH3HAYCHHS KPUTHYHOIO HABAHTAXKCHHS B
3QIGKHOCTI Bijl IapaMeTpiB PO3PaxyHKOBOI CHCTEMH: KyTa HaXWly CTPHIKHIB, KOPCTKOCTI CTPHIKHIB,
JKOPCTKOCTI TOPU3OHTAJIBHUX MPYKHHX ormop. OTprMaHa crucTeMa ABOX TPAHCLICHACHTHHX DIBHSIHB
3QJIOKHOCTI HABAHTAKEHHS BiJl BEPTUKAIBHUX 1 TOPU3OHTAJIBHHX MEPEMILLICHb 3 ypaxyBaHHIM OOTHCKY
CTPIKHIB. AHaJTHYHE PILICHHS TAaKOl CHCTEMU PIBHSHb Yepe3 y3aralbHEHWi mapamerp — 3MiHHHH
TAHICHC KyTa HAaXWIy MOXWINX CTPIDKHIB, MO3BOJMB OTPUMATH OIHE PIBHSHHS 3aJIOKHOCTI
BEPTHKAJIBHOTO HABAHTA)KCHHSI BiJl BEPTUKAIBHOIO Ta CHMETPHYHOIO FOPU3OHTAIBHOIO MEPEMiIlCHHS
orop. [IpoBeneHO YMCIIOBI DOCTIHKEHHS CTIKOCTI (hepMH B 3aJIOKHOCTI BiJ MPOEKTHOI reoMerpil
KoHCTpyKuil. Pesynbrarn. OTpuMaHO aHATHYHHIA BHPa3 3aJIGKHOCTI IPUBEIEHOrO IO KOPCTKOCTI
CTPIDKHSI HABAHTKCHHSI HA KOHCTPYKLIIO B 3aJIGKHOCTI Bil KyTa HAXMJIy CTPIIKHIB I TOPH3OHTAIBHOL
»opcTKocTi orop. IlinTBepHKEeHO HemiHIHHMI XapakTep AehOpMyBaHHS MOJIOKUCTHX JBOCTPIIKHEBUX
TPULIAPHIPHUX ()epM B 3aJIGKHOCTI BiJ JKOPCTKOCTI NPYXHHX OMOP 1 KyTa HAaXHJIy CTPHIKHIB.
BcraHoBieHO, 1110 XapakTep AehOpMyBaHHS JBOCTPIKHEBHX ITOJOKHUCTUX TPHUILAPHIPHUX CHCTEM Mae
edekT mpokalyBaHHs rpeOEHEBOro By3ily. BCTaHOBIICHO, IO pa3oM 3i 3MCHILIEHHSIM KyTa HaXWILy
CTPIDKHIB 3HIDKYETBCS BITHOCHE IPHBEACHE 3HAYCHHS KPUTHYHOIO HABAHTAXKCHHS B 3aJIOKHOCTI Bif
JKOPCTKOCTI ropu3oHTasbHUX orop. HaykoBa HoBu3HA. Ha mincraBi TEOpeTHYHMX JOCIIDKCHD
ne(OpMOBAHOI CXEMU TPULLIAPHIPHOI ABOCTPIIKHEBOI MTOXHMIIO! (pepMU 3 TIPY)KHUMH TOPH30HTAIBHUMU
OIIOpaMH OTPUMAHO Y3araJlbHeHE aHAMITHYHE DIIIEHHS TAakuX cucTeM. OTpUMaHO 3aKOHOMIipHOCTI
BIUIMBY IIPY)KHOCTI TOPHU30OHTAJIBHHUX OHOp HA CTIHKICTh TAKHX CHCTEM. Y3aralbHEHE aHaJIiTHYHE
PIILICHHST MOJIEIIIOE Yepe3 KOPCTKICTh T'OPU3OHTAIBHUX OIOpP JKOPCTKICTh KUIBLIEBHX €JIEMEHTIB
KYIOJIGHOI CHCTEMH, T4 BH3HAYa€ 3arajlbHAN BIUMB  JKOPCTKOCTI €JIEMEHTIB HIDKHBOrO SIpycy Ha
CTIMKICTh KOHCTPYKTHBHOI CHCTEMH CaMOro BEpPXHBOrO sipycy Kymona. IIpakTHyHa 3HAYHMICTB.
OtpuMaHe aHaNITHYHE PIBHSHHS [O03BOJSE BH3HAYUTH PALiOHANBHI KOHCTPYKTHBHI Mapamerpu
KUJIBLICBHX CJIEMEHTIB KYTIOMY, JUTsl 3a0€3I1E€IeHHS CTIKOCTI BEPXHBOIO SIPYCy.

KimouoBi cioBa: criiikicts; ¢epma ¢oH Miszeca, crajneBuil Kyrous, HeMiHIHHI IEepeMillleHHs;
neopMaliiHiil pO3paxyHOK, MPYXKHI FOPU3OHTANIbHI OIOPH; PIBHSHHS KPUTHYHOIO HABAHTAXKCHHS;
MOJICIIFOBaHHs1; BY3JI0Ba CTIHKICTb KYIIOJIB.

Bilyk S.I., Bilyk A.S., Tonkacheiev V.H.
THE STABILITY OF LOW-PITCHED VON MISES TRUSSES WITH HORIZONTAL
ELASTIC SUPPORTS

Abstract. Purpose. The work’s aim is to study the horizontal supports stiffness impact, which
simulate the conditions for supporting the domes upper tier on the von Mises trusses' stability.
Methodology. A three-hinged truss' deformed scheme under applying a concentrated vertical load in the
ridge joint was considered. An analytical method was used to obtain a generalized equation for the three-
hinged trusses' stability criterion to determine the critical load depending on the design system's
parameters such as the rods' inclination angle, the rods' stiffness, and the horizontal elastic supports
stiffness. A two transcendental equations' system for the dependence of the load on vertical and
horizontal displacements taking into account the rods' compression was obtained. Such equations'
system's analytical solution through a generalized parameter - a variable rods' angle tangent, made it
possible to obtain one equation for the dependence of the vertical load on the vertical and symmetric
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horizontal supports' displacement. The truss' stability numerical studies were carried out depending on
the structure's design geometry. Findings. An analytical expression of the dependence for the load on the
structure, which was reduced to the rod’s stiffness depending on the rods’ angle to the horizontal stiffness
of the supports, was obtained. The low-pitched double-rod three-hinged trusses' nonlinear deformation
nature depending on the elastic supports' stiffness and the rods' angle was confirmed. It was found that
with the two-rod low-pitched three-hinged systems’ nonlinear deformation nature the ridge joint's snap-
through effect takes place. It was found that the relative reduced critical load value decreases along with
the rods' inclination angle decrease depending on the horizontal supports' stiffness. Scientific innovation.
On the theoretical studies basis of the three-hinged two-rod low-pitched trusses with elastic horizontal
supports deformed scheme a generalized analytical equation for the such systems' solution was obtained.
The generalized analytical solution models the dome system annular elements stiffness through the
horizontal supports' stiffness and determines the general lower tier elements stiffness effect on the dome
uppermost tier structural system stability. Practical value. The obtained analytical equation makes it
possible to determine the dome annular elements rational design parameters to ensure the upper tier
stability.
Keywords: stability; von Mises truss; steel dome; nonlinear displacements; deformational

calculation: elastic horizontal supports; the critical load equation; domes’ nodal buckling.
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The paper considers the bending of a three-layer plate with a rigid filler, which is on an elastic
basis. Hypotheses of a broken line are accepted for the description of kinematics of deformation.
The contour of the plate has a rigid diaphragm, which prevents the relative displacement of the
layers. Analytical and numerical calculations of the three-layer plate using finite element method
(FEM) were performed. As a result of the calculation, the dependences of the deflection on the
stiffness coefficient of the elastic basis were determined. Recommendations on the choice of
stiffness factor are given.

Keyword: stress-strain state, bending, rigidity of the base, three-layer plate, building
structures.

Introduction. Composite materials (CM) with pre-predicted properties are
actively used for the manufacture of structural elements along with traditional
(isotropic) materials in recent years. This kind of materials meet the extreme
operating conditions of the products best of other. Widespread use of CM in
the creation of modern technology requires consideration of new factors, such
as the nonlinear nature of their deformation, anisotropy of rigidity and
strength; the possibility of their fracture along the layers interface provide the
load-bearing capacity of the structure; the possibility of the presence of various
defects. It is requires comprehensive analytical and numerical studies aimed at
elucidating the nature of the manifestation of the physical picture of the
processes occurring, both in structural elements and in the material, with
possible operating loads [1, 2] to solve such problems. Structures in the form
of three-layer plates and plates on an elastic basis are widely used in industrial,
civil and transport structures, as well as in other fields of technology. In
transport structures, the calculation scheme in the form of a plate on an elastic
basis is used to calculate pavement, slabs used to strengthen the slopes of
embankments, cones and the calculation of the bridge deck [3, 4]. In industrial
and civil structures, such a calculation scheme is used to calculate slab
foundations, retaining walls, etc.

© Pyskunov S.O., Trubachev S.I., Onyshchenko Ye.Ye., Kolodezhnyi V.A.
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Recently, the requirements for the level of strength of pavement to pass
heavy vehicles have increased significantly, as well as the requirements for
their equality to create conditions for the realization of dynamic opportunities
for traffic [5-7]. In our climate, longer service life can have tough road wear.
They are usually used in the most difficult operating conditions — on roads
with high traffic, on city highways, on approaches to large cities, quarry roads,
airfields, etc. [4, 5]. Despite the fact that currently the cost of structures of
rigid pavement is 10-20% higher than asphalt pavements, this ratio is not
stable and will change due to the price of oil products and transport services
[3-5]. The paper considers the problem of modeling the behavior of hard road
blankets taking into account the real operating conditions based on the Winkler
model [8, 9]. Such structures are subjected to intense static loads during
operation.

Basic relations and method of calculation. Consider an elastic three-layer
plate with a rigid filler, which is on an elastic basis. To describe the kinematics
of the package, the hypotheses of the broken line are accepted: in the bearing
layers Kirchhoff's hypotheses are valid, in the incompressible thickness of the
filler the normal remains straight, does not change its length, but returns to some
additional angle with coordinate axes quantities v, (x,y), y,(x,») [9,10]. We

consider deformations to be small. External distributed surface loads act on the
plate g¢(x,y) , p,(x,y), p,(x,y) and base reaction (Fig. 1).

z
z
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Fig. 1. Calculation scheme of a three-layer plate on an elastic basis

Base reaction ¢, corresponds to Winkler's model [8, 9]:
q, = —kw, ey
where k — base stiffness coefficient, w — deflection of the plate; a minus sign

indicates that the reaction is directed in the direction opposite to the deflection.
The coordinate system x, y, z connects with the median plane of the filler.

Through w(x,y), u,(x,y), u,(x,y) marked deflection and axial longitudinal

movements (displacements) of the middle surface of the aggregate. The
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contour of the plate has a rigid diaphragm, which prevents the relative
displacement of the layers. Denote by #, the thickness of the 4-th layer, with

hy=2c (k=1,2,3).
Using the introduced geometric hypotheses, the longitudinal displacements
in the layers u® can be expressed through the required five functions

Uy Uy Yoy Yoo W

ul =u +ey, —zw, , u(])=u yrey, —zw,, (c<z<c+h),
uf{3):ux+zwx—zw,x, uf):u +zy, —zw,, (—c<£z<0), (2)
u,(f):ux—cwx—zw,x, u;)=u —cy, —zw,, (-c—h <z<-c),

where z — the distance from the considered fiber to the middle plane of the
aggregate, u +cy — the value of displacement of the outer carrier layer due to
the deformation of the aggregate, for the second carrier layer, this
displacement will be appropriate (u—cy).

The components of the strain tensor are expressed in terms of the five
required functions using the Cauchy relations [9] and expressions (2):

D _ O _
8&,3—ux,x+cwx,x—zw,”, €y =Uy,, Y, —2W,, (cSz<c+h),
3 3
sgﬁx) = Uy FZW 0y —ZWyry g( ) = yoy T2W 0, —2w,, (-c<z<0),
2 _ 2 _
€y =Uysy —CWYyoy —ZWyyys &) =Uy,, —CY,, —2W,, (—c—hy <z<-c),

1 _
€y = 5 Ussry TCY sy —ZW,, Hl, +CY , —2W, ) =

1
:E(ux,y +uy,x)+cwx,y —ZW,y ) 3)

o1 _
xy = 2 uxay _C\Vx9y _ZW9xy +uyax _C\Vy ox _ZW’yx =
1

= —(ux,y +uy,x)—cwx,y —ZWyyys

2
RO _
ey = 2( ooy FEW ey =W, UL, 2 _ZW>yx)—
1
:E(ux’y +uy,x)+zwx,y —ZW,yy s
1 2 3 1 2 3 k k
8() _8( ) =0, 8( ) —E\yx, 8(yz) —g(yz) =0, 8(yz) :E\yy, 5(yx) :giy).

The ball and deviator parts of the strain tensor in this case will be as follows
(05 =¢; —€d;5 i, j=x,,2):

1 2 m 1 2 1
B W L R O
3 30 T3 TR Ty
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NG N ) N C RPN E ) 4)

% T &xz > yz yz *
We introduce the internal efforts and moments of the following relations
[9, 10]:

VO =3 o, NP =Y [,

k=lp, k=lp,
0, = j oldz, 0, =[Pz, o) = Z [oaz, (5)
hs hy k=L p,
MO — ; (k) (k) _ ; (k) (k) ; (k)
e —Zj.o'xedZ’ M, —Zj.c)'yyzdz, My, :Zj.c)'xyzdz,
k=1p, k=1p, k=1p,

(k)
b

the plate; 1ntegrals are taken by the thickness of the k-th layer.
Equilibrium equations are obtained from the Lagrange variational principle:

where 0(1;), o,, O, , 0,— components of the stress tensor in the layers of

84+3W =0. (6)
Here is a variation in the work of external surface forces:
8A:II(pSux+p6uy+(q+q,)6w)dS. @)
S

Variation of internal stresses takes into account the work of the aggregate in
the tangential direction:

W = ”{[Z J. (cH5e®) +(5(k)68(k) +2(5(k)68(k))d2]+
k=1p,
+2 j (0W8e) + oh)oe®) )dz) dxdy . (8)
3
Variations of displacements in layers:

,X,Su(y])—Su +cdy, —zdw,, (c<z<c+h),

du (3)—514 +28\uy zow,, (-c<z<¢), (9)

Suil) = Ou, +cdy, — zOw,

Suff) =0u, + 20y, — z0w

X

dul® =8u, —cdy, —zow,, , du (2) =8u, —cdy, —zéw,, (-c—hy <z<-c).

X
Variations of deformations follow from relations (3) taking into account (9).
Substituting the expressions for the integrals of the thickness of the layers in

formula (8) and equating the zero coefficients with independent variations, we

obtain a system of differential equations of equilibrium of a rectangular three-
layer plate on an elastic basis in the effort:

Nxx’x +Qxy’y ==Px> Nyysy +Qxy’x:_py’ Hxx’x +ny5y _Qx =0,

Hyy’y+ny’x Q _O Mxx’xx 2ny’xy+Myy9yy:_(q+qr)' (10)

To connect the stresses and strains in the layers we use the relation of
Hooke's law in the deviator-spherical form:

S0 =260, o =3KeW k=123 i, j=x,y,z, (1]
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where G,, K, — shear and bulk deformation modules, Sl»(jk), o® — deviator

and spherical parts of the stress tensor, 3(") , €% — deviator and layered parts

of the strain tensor.
The components of the stress tensor in the layers, taking into account
expressions (5) and (11) will be:

4 2 .
o =80 +0 = 2Gel) + Kell) - 2 Gell) + Kell) = Kjel) + Kpel)
k) _ p—.(k k k k
oly) = Keel) + Kl o) =2GeY), (12)

o) =2Gse,., o) =2G;e,,,

4 -
where K :Kk+§Gk, Ky :Kk—gle

Substituting in (8) the expressions of deformations due to the required
displacements (3) and using the integration in the thickness of each of the
layers, and taking into account expressions (7), (6) and (1), we obtain from
(10) a system of five linear equilibrium differential equations regarding the
required movements:

a (ux 2 XX +uy 2yx )+az (\Vx > XX +\Vy syx )—(13 (W5xxx +w ?yyx )+11814,C >y +119\Vr sy = ~Px>
a (uy sy +ux 2Xy ) +a, (\Vy syy +\Vx sxy ) —da3 (vayy +w. auy ) +
+a8uy’xx +a9Wy:xx:_pya (13)
a, (uy Yy +ux Xy ) + ay (Wy >y +\Vx Xy ) - (15 (W>yyy +W7xxy )+
gl sy FA1OY o —A7W, =0,
a (ux XXX +uy > YXX +y 2Xyy +uy vy ) +as (\Vx 2XXX +\Vy > YXX +y, SXyy +\Vy S yyy )_
—ag(w +w )+hkw=—-q,

IXXXX > y)/yy ’ Yyxx

where

3
a =Y hKi, ay=c(hK'-hK;),
k=1

h
a3:h1(c+?ljl<l —h2(c+}12j1<2, a, = (WK} +h2K2)+ KT,

h h, 2
as :c{h (c+?j1<1 +h2(c+7j1{2 e 3K3+},

2 h12 + 2 hz2 + 2 3t
ag=h|c +ch+— |K| +hy| c” +chy +—= |K; +=cK5 ,
3 3 3

a; =2Gsc, ag—thGk, ay = Gie(h —hy) 5 ayy =c*(Gyhy — G2h2)+ Gy
k=1
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The boundary conditions corresponding to free support of a plate on edges
on rigid support fixed in space are accepted. Then for the desired movements
must be performed at x =0, 1 the following requirements [6]:

U, =u,=y,=y,=w=0. (14)

To fulfill conditions (14), the solution of the system of differential equations
(13) is taken in the form of decomposition into double trigonometric series [6, 7]

in T . TUmX
w= Z w., sm—sm Z Ui cos—51 )
n,m=1 n,m=1 b
Tmx
u, = Z Uspn sm—co 5 (15)
n,m=l1
X i T Tmx
Z Wy COS——8IN Z Yo sm—co —_—,
n,m=1 a n,m=1 b
where W, Uiys Uspys VWigws Wap, — unknown amplitudes of
displacements.

Let the longitudinal load p, =0, p, =0. The transverse load ¢ is presented

in the form of decomposition into a double trigonometric series:

q= Z Don sin 2 sin nmx (16)
n,m=1 a b
Tmx

= —_“q(x y)sm—sm dedy

After substituting the dlsplacements (15) and the load (16) in equation (13)
we obtain a system of linear algebraic equations to determine the desired
amplitudes of displacements:

béUlmn +b7U2mn +b8Wlmn +b9w2mn +bl =0 ’
b7Ulmn +bllU2mn +b9w1mn +bl2w2mn +b2 mn = O’
bSUlmn +b9U2mn +bl3Wlmn +bl4W2mn +b3 mn =0 ’ (17)

b9Ulmn +bl2U2mn +bl4Wlmn +blOW2mn +b4 mn = =0 ’

mn

blUlmn +b2U2mn +b3w1mn +b4w2mn +b5 mn = 9mn >
where the coefficients b; are expressed in terms of values ¢; and depend on

the parameters m and n.
The solution of the system (17) can be obtained numerically using an
inverse matrix. After determining the amplitudes W,,,, U,,..> Uspn> Wi

W,,,, the required functions are calculated by formulas (15). Displacement in

the bearing layers and aggregates are from relations (2).

Results of numerical calculation. The calculation was performed for a
three-layer plate, the material of the bearing layers of which has the
characteristics: of the Young's modulus of 0,72-10° MPa; Poisson's ratio 0,32;
density 2770 kg/m®; and for the aggregate: the Young's modulus 1100 MPa;
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Poisson's ratio 0,33; density 2100 kg/m’. The relative thicknesses of the layers
were taken 4 =0,02, h, =0,04, ¢=0,09; the ratio of the sides of the plate

a=1, b=1. Intensity of surface load ¢ =1MPa.

Fig. 2. Numerical modeling of the structure

Calculations were performed in two ways: according to the above method
and the finite element method (FEM) [11]. The results of the calculation are
shown in the Table 1 and graphically in Fig. 3, 4. The maximum error did not
exceed 2,8%. Table 1 shows the change in the value of the deflection along Ox
axis (y = 0,5) from the stiffness of the elastic base.

The extremum of deflections is observed in the center of the plate.

In Fig. 5 shows the change in deflection in the middle of the plate along the
Ox axis (y = 0,5). The curves correspond to different values of the stiffness
coefficient of the base k. The extremum of deflections is observed in the center
of the plate. At increase in rigidity of the basis in 50 times the maximum value
of a deflection decreases by 40%.

.\{Y
!
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P

Fig. 3. Change the deflection w along the axis Ox in the middle of the plate: k£ =100 MPa/m
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Table 1
. Deflection w
Axis x (v=0.5) k =100 MPa/m k = 5000 MPa/m
0 0 0
0,25 -0,0012 -0,0019
0,5 -0,0018 -0,0028
0,75 -0,0012 -0,0019
1 0 0

i<\
Y

Fig. 4. Change the deflection w along the axis Ox in the middle of the plate: & =5000 MPa/m

0 0,25 0,50 0,75 x 1,00

w

-0,001

-0,002

L
008 \/

Fig. 5. Deflection w along the axis Ox in the middle of the plate:
1— k=100 MPa/m, 2 — k =5000 MPa/m
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Fig. 6. Change the relative offset in the filler , along the axis Ox in the middle of the plate:
1— k=100 MPa/m, 2 — k=5000 MPa/m
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Conclusions. Analytical and numerical solution of the problem of bending
a three-layer plate with a rigid filler on an elastic basis is given. Taking into
account the stiffness of the elastic base leads to a significant clarification of the
stress state that occurs in the three-layer plate under external force. The
influence of the stiffness of the base on the deflection of the structure is
analyzed, which makes it possible to determine the optimal parameters of this
mechanical system and give the necessary recommendations for its use.
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Iuckynos C.0., Tpybaues C.1., Onuwenko €.€., Konooesxcnuil B.A.
BIIJIUB )KOPCTKOCTI OCHOBHU HA JE®OPMYBAHHS IIAPYBATHUX
BYAIBEJbHUX KOHCTPYKIIII

Illupoke BIPOBa[KCHHs B IPOMHCIIOBICTh LIAPYBAaTHX KOHCTPYKLIH, 30KpeMa TPHIIAPOBHX
IUIACTHH, 00O0JIOHOK i HEMOXJIMBO 0e3 e(peKTUBHUX METOJIB OLIHKH X MIiIHOCTI Ta HaJiHHOCTI.
Bucoka MinHiCTh 1 JKOPCTKICT NpU BigHOCHO Mawiii Basi, Aemndyrodi i Terioi3omsuiiHi
BJIACTHBOCT] 3a3HAYCHUX KOHCTPYKIH 3yMOBMIIH IX BUKOPHCTAHHS B Cy4acHOMY OYIiBHHLTBI Ta
MamrHOOyyBaHHI. TpHIIAPOBI MIACTHHK | OOOJIOHKH, SIK IPABHJIO, € MOEAHAHHAM Pi3HOPIIHUX



154 ISSN2410-2547
Omip matepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2022. Ne 108

3a cBOIMH (Pi3HKO-MEXaHIYHIMH BJIACTHBOCTSAMH MaTepiaiiB. Po3paxyHOK MOAIOHMX KOHCTPYKIIH
IPEACTABISIE AyXKe CKIAIHE 3aBJAaHHSA, B OCHOBY BHPIIICHHsS SKOIO ITOBHHHI OyTH MOKJIaJeHi
MaTeMaTH4HI MOJeI, 1110 BOJIOAIIOTH BUCOKHM CTYIICHEM JOCTOBIPHOCTI i BioOpakaloTh peasbHi
MeXaHi4Hi BracTUBOCTI. Y mpomeci eKCIUIyaTtaiii TpUIIapoBi KOHCTPYKLIl 3HAXOAATHCS Mif
BIUIMBOM 3HAYHHMX CTATHYHHX HABaHTAXKCHb. TOMy po3poOKka €(pEeKTUBHHX Ta CKOHOMIYHHX
METO/iB BHPILICHHS 3aJa4 CTATHKH TPHULIAPOBHX CHCTEM € aKTyaJbHOI mpobiemon. Y
TPaHCIOPTHOMY OYAIBHULTBI PO3PaxyHKOBAa CXeMa Yy BUMVIAI IUTMTH (TUIACTHHKH) HA MPYXKHIH
OCHOBI BHKOPHCTOBYETBCSl AL PO3PaxyHKy IOPOXKHIX OAAriB, IUIUT. B poGoTi pos3risHyTO
3rMHAHHSA TPHIIAPOBOI IUIACTUHU 3 JKOPCTKHM 3alOBHIOBAYEM, sIKA 3HAXOIMUTHCS HA IMPYXKHIN
ocHOBI. [l omucy kiHeMaTHku IedOpMyBaHHS NPUHHATI rinore3u JamaHoi JdiHil. Ha koHTypi
IUTACTHHY NependadaeThCst HasBHICTh JKOPCTKOI AiadparMu, IO MEPeLIKOKaE BiJHOCHOMY 3CYBY
mwapiB. bynau npoBeneHi aHANITHYHUH Ta YHCENBHUH PO3PAXyHKH TPHUILIAPOBOI ITACTHHH METOIOM
CKIHYEHHHX eJIeMEHTIB. B pe3ynmbraTi po3paxyHky Oyja BH3HA4YeHI 3aJIeKHOCTI NPOrMHY Bif
Koedilienta xopcrkocti ocHoBH. HaBeneHi pekoMenauii nmpo BUOip KoedillieHTa )OPCTKOCTI.
VYpaxyBaHHs JKOPCTKOCTI HPY)XHOI OCHOBH IPU3BOAUTH A0 iCTOTHOrO YTOYHEHHS HAIPYKEHOTO
CTaHy, 1110 BUHHKA€E B TPHUILIAPOBIil NIACTHHI IPH 30BHILIHBOI CHIIOBIH aii. [IpoaHati3oBaHO BILUIMB
JKOPCTKOCTI OCHOBM Ha IPOTMH KOHCTPYKIII, 1€ Ja€ MOXJIMBICTh BHU3HAYMTH OITHMAJIbHI
HapaMeTpH AaHOI MEXaHIYHOI CHCTEMH 1 JaTH HeoOXiqHi pekoMeHaamuil moao il BAKOPUCTaHHS.

Keyword: HanpyxeHo-1¢()OpMOBaHHN CTaH, 3TMH, 3TMHHA JKOPCTKICTh OCHOBH, TPH-IIAPOBa
T, OyAiBeNbHI KOHCTPYKIIi.

Pyskunov S.0., Trubachev S.1., Onyshchenko Ye.Ye., Kolodezhnyi V.A.
INFLUENCE OF FOUNDATION STIFFNESS ON DEFORMATION OF LAYERED
BUILDING STRUCTURES

Widespread introduction into the industry of layered structures, in particular three-layer plates,
shells and is impossible without effective methods of their strength and reliability. High strength
and rigidity at relatively low weight damping and thermal insulation properties of these structures
have led to their use in modern construction and mechanical engineering. Three-layer plates and
shells, as a rule, are a combination of materials heterogeneous in their physical and mechanical
properties. The calculation of such structures is a very complex task, the solution of which should
be based on mathematical models with a high degree of reliability and reflect the real mechanical
properties. During operation, three-layer structures are under the influence of significant static
loads. Therefore, the development of effective and cost-effective methods for solving the problems
of statics of three-layer systems is an urgent problem. In transport construction, the calculation
scheme in the form of a plate on an elastic basis is used to calculate pavement, slabs. The paper
considers the bending of a three-layer plate with a rigid filler, which is on an elastic basis.
Hypotheses of a broken line are accepted for the description of kinematics of deformation. The
contour of the plate has a rigid diaphragm, which prevents the relative displacement of the layers.
Analytical and numerical calculations of the three-layer finite element method were performed. As
a result of the calculation, the dependences of the deflection on the stiffness coefficient of the base
were determined. Recommendations on the choice of stiffness factor are given. Taking into
account the stiffness of the elastic base leads to a significant clarification of the stress state that
occurs in the three-layer plate under external force. The influence of the stiffness of the base on the
deflection of the structure is analyzed, it gives the opportunity to determine the optimal parameters
of this mechanical system, and give the necessary recommendations for its use.

Keyword: stress-strain state, bending. rigidity of the base, three-layer plates, building
structures.
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Analytical and numerical calculations of the ITU three-layer plate were performed. The
dependences of the deflection on the stiffness coefficient of the base are determined.
Recommendations on the choice of stiffness factor are given.
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A parametric optimization problem of cross-sectional sizes for cold-formed steel lipped
channel structural members subjected to central compression has been considered by the paper. An
optimization problem is formulated as follow: to define optimum cross-sectional sizes of cold-
formed structural member taking into account post-buckling behavior and structural requirements
when stripe width and profile thickness as well as type of the cold-formed profile are constant and
defined by the designer.

Maximization of load-carrying capacity of the cold-formed structural member has been
assumed as purpose function. The latter has been presented in the form of linear convolution of the
buckling resistance to the central compression taking into account flexural, torsional and torsional-
flexural buckling of the thin-walled structural member determined according to the requirements
EN 1993-1-3:2012 and EN 1993-1-5:2012. Searching for the optimum cross-sectional sizes of the
cold-formed structural member has been performed taking into account the possibility of it post-
critical buckling behavior based on the local buckling of the web and flanges and/or distortional
buckling of the edge fold stiffeners.

As optimization results cold-formed steel lipped channel have been obtained. With the same
stripe width optimum profiles have higher load-carrying capacity level taking into account
buckling resistance under the central compression comparing with the cold-formed steel lipped
channel proposed by Ukrainian manufacturers. Besides, torsional-flexural buckling resistance of
the cold-formed steel lipped channel is determinative for all optimum cross-sectional decisions.

Key words: cold-formed steel, load-carrying capacity, buckling resistance, local buckling,
distortional buckling, parametric optimization, gradient-based methods.

Introduction. Previously, the use of cold-formed thin-walled profiles was
limited to cases where reducing the weight of the structure was a priority, such
as in the aviation or automotive industries. However, due to the development
of production technology, corrosion protection, product availability as well as
implementation of the design code the use of thin-walled structural elements,
including cold-formed profiles is gradually expanding.

Today, various structural systems made from cold-formed steel (CFS)

© Perelmuter A.V., Yurchenko V.V., Peleshko 1.D.
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structural members, which are widely used in the construction industry, are
actively imported to the Ukrainian market of steel structures. Implementation
of steel structures made from thin-walled cold-formed profiles in building
practice is relevant and economically reasonable. There are specific fields of
application where their efficiency is the highest [9]. However, the widespread
application of the structures made from thin-walled cold-formed profiles of the
domestic production is delayed due to the lack of domestic experience in
economic and reliable design of such structures.

A high degree of flexibility in the manufacturing of various cross-sectional
shapes provides a unique opportunity to further improve the load-carrying
capacity of these structural elements through an optimisation process, leading
to more efficient and economical structural systems [1].

The paper [2] reviews the existing studies on the structural optimization of
CES sections and the structural and thermal performance of such CFS
structures. The methodologies used in the existing literature for optimizing
CFS members have been summarized and presented systematically.

In the paper [1] a practical methodology for the optimum design of cold-
formed steel beam-column members with different lengths and thicknesses,
subject to various combinations of axial compression and bending moment and
with constant material use has been proposed by the paper. The optimisation
process is carried out using a genetic algorithm and aims to maximise the
resistances of CFS members, determined according to the Eurocode 3 design
guidelines.

Optimisation technique was employed to enhance the structural
performance and to effectively use the given amount of material of CFS
members in the paper [3]. Lipped channel, folded-flange, and super-sigma
have been optimised using the particle swarm optimisation method. Results
showed that the flexural capacity of the optimised sections was improved
significantly compared to conventional CFS sections.

The paper [4] presents a procedure to obtain optimized steel channel cross-
sections for use in compression or bending. The cross-sections are optimized
with respect to their structural capacity, determined according to the EN1993-
1-3 using genetic algorithms. The optimization for compression is carried out
for different column lengths and includes the effects of the shift of the
effective centroid induced by local buckling.

A methodology that would enable the development of optimised CFS beam
sections with maximum flexural strength for practical applications has been
provided by the paper [5]. The optimised sections are designed to comply with
the Eurocode 3 geometrical requirements as well as with a number of
manufacturing and practical constraints. The flexural strengths of the sections are
determined based on the effective width method adopted in EC3, while the
optimisation process is performed using the particle swarm optimisation method.

Papers [6, 7] aim at finding the optimal folding of open cold formed steel
cross sections under compression. The design space is searched primarily via a
stochastic search algorithm, genetic algorithm. The near-optimal folding of the
cross section is then fine-tuned through a few steps of the gradient descent
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optimization [7]. To arrive at practical designs the optimization problem is
augmented with constraints on the geometrical properties of the cross section.
The optimal cross sections are found to have compressive capacities that are
higher than the original designs [6].

Applied optimum design problems for structures in some cases are formulated
as parametric optimization problems, namely as searching problems for
unknown structural parameters, which provide an extreme value of the specified
purpose function in the feasible region defined by the specified constraints [8].
The mathematical model of the parametric optimization problems includes a set
of design variables, an objective function, as well as constraints, which reflect
generally non-linear dependences between them. If the purpose function and
constraints of the mathematical model are continuously differentiable functions,
as well as the search space is smooth, then the parametric optimization problems
are successfully solved using gradient projection non-linear methods [9]. The
gradient projection methods operate with the first derivatives or gradients only
both of the objective function and constraints. The methods are based on the
iterative construction of such a sequence of the approximations of design
variables that provides convergence to the optimum solution (optimum values of
the structural parameters) [10]. Additionally, a sensitivity analysis is a useful
optional feature that could be used in scope of the numerical algorithms
developed based on the gradients methods [11].

The paper [12] covers optimization problems and algorithms in the design
of CFS structural members. A brief review of problem formulation and
solution techniques in past research as well as details of optimization
algorithms, including gradient-based, stochastic search, artificial neural
network, and ant colony optimization, are discussed.

In order to increase the widespread application of the structures made from
CES profiles of the domestic production, effective national ranges of
assortments of CFS profiles have to be developed. In this paper, CFS lipped
channel structural members subjected to central compression are considered as
research object, which investigated for the searching for optimum cross-
sectional dimensions. The following research tasks are formulated: to develop
a mathematical model and a numerical technique to solve an optimization
problem for cross-sectional sizes of CFS structural members; to perform
numerical investigations in order to obtain optimal solutions for considered
research object; to develop a guide for designers relating to the optimum
material distribution in the cross-sections of the CFS structural members

1. Problem formulation. Let formulate a parametric optimization problem
as follow: to find optimum values of cross-sectional sizes for CFS lipped
channel structural members subjected to central compression taking into
account structural requirements when the profile perimeter (strip width),
profile thickness as well as the type of the CFS cross-section are constant and
specified in advance.

The formulated parametric optimization problem can be stated in the
following mathematical terms: to find unknown structural parameters:
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X={x}", 1= Ny; (1.1)
providing the least value of the determined objective function:
ST=f(XT)= min £(X); (1.2)
X e 3

in a feasible region (search space) I defined by the following system of
constraints:

O(X) ={p, () <0|n =1, Ny ; (1.3)
where X is the vector of the design variables (unknown structural
parameters); Ny is the total number of the design variables; f, ¢, are the
continuous functions of the vector argument; X" is the optimum solution or
optimum point (the vector of optimum values of the structural parameters); f ’

is the optimum value of the optimum criterion (objective function); N, is the

number of constraints-inequalities ¢, ()? ), which define a feasible region in

the design space 3.

Overall cross-section dimensions of a CFS lipped channel, namely web
height %, flange width b and single edge fold length ¢ (Fig. 1.1) are
considered as design variables. Initial data for optimization calculation are
profile thickness 7, internal bend radius r=1,5¢; base yield strength f);,

MPa; E — modulus of elasticity, MPa; design lengths of the structural member
corresponded to the flexural buckling /.. ,,, /,r . as well as to the torsional

buckling /s 7.

Fig. 1. Cross-section of the CFS lipped channel structural member

Design sizes of plane cross-sectional elements (Fig. 1) for CFS lipped
channel structural member are considered as state variables of the optimization
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problem and calculated according to [13] depending on the design variables # ,
b and c, internal bend radius » =1,5¢ and profile thickness ¢ as presented
below:

hp =h-2,5¢t;
bp =b-2,5¢t;
) =c—1,25¢.

where £, is the design web height; b, is the design flange width; ¢, is the

design length of a single edge fold.
Geometrical properties of CFS lipped channel cross section are determined
depending on the design variables and the state variables as presented below:

Ay =t(h, +2b, +2c,);
=i(tb12, + 2tcpbp);

th3 bt3 e’ T

2, p 2. _ |ty
V=0 +—6 +0,5b, thy +— —L 40,50, (h, —c,) 5 i, = —
hot tb3 2 C £ 2 1
_ P 2 _ p _ R -1
IZ —T‘Fﬂ’l z +?+2tb (O,pr Z) +_6 +2Cpt(bp Z) s, = _A .

where 4, is gross cross-sectional area; /,,, /. are second moment of inertia

relative to the main axis of inertia of the cross-section; i, , i. are radiuses of

9 y b
inertia of the cross-section; z is the distance which defines the center of mass
location.

z

Relative slenderness th of the web and relative slenderness Zpb of the

flanges for CFS lipped channel are calculated according to [13, 14] as follow:

— hp @.
Ph =56 8¢ 235
L A

A, =
P 56,81 V235
Relative slenderness ch of the single edge fold is determined according to
[13, 14] as follow:

. ‘p Ty ‘p e
708 4k, V235 g4 oe (e, /5,) V235
where k., Gc( e, [ Bpb ) is buckling factor calculated according to the

polynomlal dependency proposed by the papers [15] taking into account that
the formulated parametric optimization task is solved using a gradient-based
steepest descent method.
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Reduction factors p, and p, corresponded to the local buckling of the

profile web and flange respectively are determined according to [13, 14] as
presented below:

B
phze_ﬁzg[l_%ﬁ}g,o;

hp Aph )“ph
b
pbzbe_ﬁz_L 1-%22 121 0.
P Apb )“pb

Reduction factor p, corresponded to the local buckling of the single edge
fold is calculated according to [13, 14] as follow:

ﬂ:;(l_@_ﬁ}m.
C

c
e Ape

Cross-section flanges and web of CFS lipped channel structural member are
subjected to post-buckling behavior (when local buckling occurs) in the case

when its slenderness exceed limit value, namely th > 0,673 and/or flange
slenderness /Tp , >0,673. In this case effective widths of the web 4, and
flanges b, are defined according to [13, 14] as presented below:

h
hy = Lo [1_022) oo, 55 (1_12,49& 1_235}
Aph A ph \, yb hy \jf vb

b
by =22 [12922] s, @(l_w @J
Apb Apb fyb bp fyb

Single edge fold of CFS lipped channel cross-section is subjected to post-
buckling behavior (when local buckling occurs) in case when it slenderness

exceeds limit value (ch > 0,748 ).In this case effective single edge fold width

Co 1s determined according to [13] as follow:

= 53392t [
Copr = 28,418 K (Dpe [P0 ) [1 —’b—’g K, (B /bpb)J ;

pc
where kg, (bpc /bpb) is buckling factor calculated according to the polynomial
dependency proposed by the papers [15] taking into account that the
formulated parametric optimization task is solved using a gradient-based
steepest descent method.
Design cross-section of the stiffener (Fig. 2) consists of single edge fold
with effective width ¢,y together with effective adjacent part of the flange

with effective width 0.5, . Geometrical properties of the design cross-
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section of the stiffener are determined according to [13] as follow:
AS = t(Ceﬁ' + 0, Sbeff) N

3
;- tceﬁ' (1 N 0, Sbeﬂ J’

s 4 3 Cef + O, Sbeﬂ

where 4 and I, are area and second moment of inertia for the design cross-
section of the stiffener (Fig. 1.2).

Fig. 2. Flange plane element of the CFS lipped channel stiffened by the single edge fold

Single edge folds in CFS lipped channel structural members ensure partial
restraint for plane flanges which can be simulated using a linear spring. In case
of the central compression stiffness for such linear spring can be estimated
according to [13] as presented below:

__E £
3,64 22
0.5(0,5b,7)
Cef + 0, Sbeﬂ

0.5(0.55,5 |

1,5 +b, —
r p cef+0’5beﬁ'

It should be noted that analytical expression for stiffness of the linear spring
presented above is restricted by the case of cold-formed structural members
with flanges stiffened by single or double edge folds only and cross-section
symmetrical relatively to the main axes of inertia which is perpendicular to the
web plane.

Then relative slenderness of the stiffener 4; corresponded to the flexural

buckling of the stiffener is calculated according to [13] as follow:

oy iy

2 KE,
The reduction factor y,; for the flexural buckling of the stiffener (or
reduction factor for the distortional buckling cross-section resistance) is
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determined depending on relative slenderness /Td . Taking into account that the
formulated parametric optimization task is solved using a gradient-based
steepest descent method, reduction factor for the distortional buckling cross-
section resistance y,; can be calculated depending on /Td using polynomial
dependency proposed by the paper [15]:
Xd = E(/ld) .

We suppose that in the optimum cross-section the compressive stress at the
centreline of the stiffener estimated on the basis of the effective cross-section
equals to the base yield strength. Therefore, the reduced thickness ¢,,; of the

design cross-section of the stiffener allowing for reduced stiffener resistance due
to flexural buckling of the stiffener is determined according to [13] as follow:
_ As,red _ ZdAs
red =l— —=1— —
A, A,

is the reduced effective area of the stiffener allowing for flexural

t =ldta

where A .4
buckling.

Finally, the area of the effective cross-section of CFS lipped channel
structural member subjected to central compression is calculated as presented
below:

Ay =t (g + by )+ treq (B + 26,5 ) -

The maximization criterion of the overall design buckling resistance
represented as a linear convolution of the corresponded design buckling
resistances with the same weight factors can be considered as the purpose
function (1.2) and can be written as follow:

Noras = Niyra + Npzga + Nor,Ra + Norr,ra — MaX,

where Ny, gy Ny, pa are the design buckling resistance for flexural buckling
of the cold-formed structutal member relative to the main axis of inertia y—y
and z—z determined according to [13, 16]; Nyr py »Nprp pe are the design

buckling resistance corresponded to the torsional and flexural-torsional
buckling of the structural member calculated according to [13, 16].
Then the purpose function can be rewritten as follow:
Ao [t
Niras =%(Zy o+ xr +ZTF)_>maXa (1.4)
M1

where y, ,x..xr  xrr are buckling factors allowing for the flexural buckling

of the CFS structural member relative to the main axis of inertia y—y and

z—z, as well as for the torsional and flexural-torsional buckling. The buckling
factors are determined from the relevant buckling curve b according to:
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2 = (0.466+0.17/T+0.5)T2 +

+J(0.466—0.83/T+0.5%2)(0.466+1.17)T+O.5)7))_1 <1.0

with  substitution of the relevant non-dimensional slendernesses
Zy, )TZ, ﬂ_,r, Arp corresponded to the considered buckling modes and

calculated taking into account geometrical properties of the effective cross-
section of the structural member subjected to the central compression
according to [13, 16]:

T, = efff v 7= Aoy b :
cr ,y
eff I )
Ner Nerr
where N, ;s N i Nepj 1 Nepgp ;o are the elastic critical forces for the

relevant buckling mode calculated taking into account gross cross-section
geometrical properties of the structural member according to [16].

System of constraints (1.3) for the formulated optimization problem consists
of a constraint on the profile perimeter or on a strip width which can be written
as presented below:

Pmax
where P, is the maximum value of the cross-section perimeter for CFS

lipped channel.

The constraints reflected design code requirements [13] for the ultimate
slenderness of the cross-section elements of the CFS channel with flanges
stiffened by single edge folds are also included in the system of constraints
(1.3) and presented below:

h

1 _1<o0,

500¢ (1.6)
b

L _1<o,

607 (1.7)
£ _1<0.

507 (1.8)

Additionally, a constraint on the minimum gap between single edge folds ends
allowing for providing an access to the internal surface of the CFS lipped channel
(for example, in order to organize a bolted connection on the profile flanges) is
included to the system of constraints (1.3) as well and written as below:

b2 <o, (1.9)
min
where d_;, is the minimum gap between single edge folds ends.
Thus, the optimization problem of cross-sectional sizes for CFS lipped
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channel structural member is formulated as follow: to find optimum values of C-
profile cross-sectional sizes (web height 4, flange width 5 and single edge fold
length ¢) providing the maximum value of the determined objective function
(1.4) in the feasible region defined by the system of constraints (1.5)—(1.9)
when the profile perimeter (strip width) B, .., profile thickness ¢ as well as the

type of the cold-formed cross-section are constant and specified in advance.

The formulated parametric optimization problem has been solved using the
software OptCAD where the modified method of the purpose function gradient
projection onto the surface of the active constraints with simultaneous liquidations
of the residuals in the violated constraints has been implemented [17].

2. Optimization results. As optimization results the cold-formed C-profiles
with optimum cross-sectional dimensions have been obtained. Characteristics
of the obtained C-profiles with optimum cross-sectional sizes have been
presented by the Table 1.

With the same stripe width C-profile structural members with optimum
cross-sectional sizes have higher design buckling resistance under central
compression comparing with the cold-formed C-profiles proposed by
Ukrainian manufacturers (group of the companies «Blachy Pruszynskiy,
companies BF Zavod and STEELCO) [18]. It should be noted that torsional-
flexural buckling resistance of C-profile cold-formed structural members was
determinative for all optimum cross-sectional decisions.

Thus, for example, the initial cold-formed C-profile with the strip width
25.8 cm manufactured by the company «Blachy Pruszynski» has the cross-
sectional dimensions 100x60x19x1.5cm and the minimum buckling resistance
Npra min = Nprr.ra =7-373KkN  corresponded to the torsional-flexural

buckling mode. For the same stripe width 25.8 cm cold-formed C-profile with
optimum cross-sectional sizes A =8914cm, b=6.171cm, ¢=2.272cm or
88x62x23x1.5cm has been obtained. The minimum buckling resistance
corresponded to the torsional-flexural buckling mode for the optimum solution
1S Nppg min = Nprr.pa =8-093 kKN which is greater than 9.67% comparing to

the one of initial profile (see Table 2).

With the same stripe width CFS lipped channel structural members with
optimum cross-sectional dimensions have higher load-carrying capacity taking
into account minimum buckling resistance under the central compression
comparing with ones proposed by Ukrainian manufacturers.

Conclusion. Searching for optimum cross-sectional sizes of CFS lipped
channel structural members taking into account post-buckling behavior and
structural requirements has been realized. Presented results of the performed
optimization calculation allow developing guides for designers relating to the
optimum material distribution in the cross-sections of CFS structural members as
well as are base to develop effective national ranges of assortments of cold-
formed profiles.
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C-profile cross-sections with optimum sizes and characteristics

Table 1

t,
cm

Optimum sizes of the
C-profile cross-
section, cm

Acrtf ?

mm

P NbTF,Rd s

max

2|, cm| kN

ph

by

Xa

0.1

8.960x9.040x1.480

1.061

30.0 8.652

0.481

0.477

0.379

1.061

0.12

9.548x8.452x1.774

1.575

30.0] 10.828

0.535

0.597

0.478

1.575

0.14

10.104x7.896x2.052

2.235

30.0] 12.538

0.584

0.721

0.615

2.235

0.15

10.386x7.614x2.193

2.612

30.0/ 13.119

0.606

0.786

0.685

2.612

0.17

7.848x11.069%2.507

3.182

35.0/21.483

0.845

0.639

0.587

3.182

0.18

11.263x%9.237x2.632

3.757

35.0] 24.643

0.661

0.779

0.694

3.757

0.20

11.970x8.531x2.985

4.765

35.0] 25.827

0.686

0.896

0.815

4.765

0.21

12.141x10.859%3.070

5.104

40.0/ 41.498

0.707

0.774

0.700

5.104

0.22

12.442x10.558%3.221

5.663

40.0 43.201

0.720

0.821

0.749

5.663

0.23

12.796x10.205%3.398

6.255

40.0] 44.404

0.729

0.871

0.799

6.255

0.24

13.019x12.481x%3.509

6.654

45.0 64.687

0.745

0.771

0.705

6.654

0.25

13.315%12.185x%3.658

7.287

45.0] 67.494

0.756

0.811

0.747

7.287

0.26

13.648x11.852x3.824

7.951

45.0] 69.837

0.765

0.853

0.790

7.951

0.28

14.190x13.810x4.095

9.113

50.0]99.368

0.787

0.804

0.747

9.113

0.30

14.894x13.106x4.447

10.63

50.0] 106.22

0.799

0.881

0.823

10.625

Table 2

Comparison of the optimum solutions for CFS lipped channels with ones
manufactured by the company «Blachy Pruszynski»

Cross-sectional Ay s | Prax | Noze ra
C-profile sizes, cm Pr| Po | X em? |, cm| , kN
Initial profile 10.0x6.0x1.9%x0.15 |0.626 [0.937 [0.809|2.573|125.8 | 7.373
Profile with 8.8x6.2x2.3x0.15 10.691 10.919 |0.8392.698125.8 | 8.159
optimum cross-
section sizes

Load-carrying capacity of CFS lipped channel structural members subjected
to central compression has been determined by the torsional-flexural buckling
resistance for all optimum solutions. The single edge fold length improves
significantly the torsional-flexural buckling resistance of CFS lipped channel
structural members subjected to central compression. For all optimum
solutions the optimum size of the single edge fold length has been obtained
larger than ones in the initial CFS lipped channels manufactured by the
Ukrainian manufacturers (group of the companies «Blachy Pruszynskiy,
companies BF Zavod and STEELCO). At the same time, for all optimum
solution the local buckling of the single edge folds has not been occurred.
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Ilepenvmymep A.B., FOpuenko B.B., [lenewixo 1./].
OIITUMI3AILISI PO3MIPIB IIOINEPEYHUX NEPEPI3IB CTUCHYTUX EJIEMEHTIB
KOHCTPYKIII 3 C-ITOAIBHOIO XOJOJJHOTHYTOI'O MPO®DLITIO

VY crarTi po3msiHyTa 3ajada MapaMeTPHYHOI ONTHMI3auii pO3MIpiB MOIEPEYHOro Iepepisy
CTEP)KHEBOIO €JIEMEHTY KOHCTPYKUil 3 C-1ogiOHOro XOJOAHOIHYTOro MPOdII0, IO HPALIoE I
Ji€I0 MO3I0BXKHBOI CHJIM CTHCKY. 3ajada MapaMeTpHyHOl ONTUMI3aLii (OpMyTIOETHCS SIK: HPH
3a/laHHUX IIMPHHI Ta TOBLIMHI 3arOTOBKH (LUTPUIICH) ISl BUTOTOBJICHHS XOJIOAHOTHYTOro mpodisito, a
TaKOX THIII IIONEPEYHOro Iepepisy BH3HAYMTH HOro0 ONTHMAJbHI PO3MIPH 3 BpaxyBaHHIM
3aKPHTAYHOI POOOTH Ta KOHCTPYKTHBHUX BHMOT.

Sk KpuTepiii ONTHMAIBHOCTI IPUIIMABCsl KpUTEpiH MakcHMi3auii Hecydol 3qaTHOCTI npodiiro Ha
BTpATy 3arajbHOI CTIKOCTI IPU LIEHTPATBHOMY CTHCKOBI, SIKHH HPEACTAaBISIBCA Y (GopMi JiHiHHOT
3rOpPTKM HECY4YMX 3/aTHOCTEH, 110 BPaXOBYIOTb 3IMHAJIbHE, KPYTHJIBHE Ta 3rMHAIBHO-KPYTHIIBHE
BUILYYYBaHHS CTEP)KHEBOTO ENEMEHTY, OOYMCICHHX BimmoBimHo mo Bumor EN 1993-1-3:2012 i
EN 1993-1-5:2012. Ilomyk oOnTHMaJbHHX pO3MIpIB peai3oBaHHMil 3 BpaxyBaHHSAM MOXKIMBOI
3aKPUTHYHOI POOOTH TOHKOCTIHHOTO XOJIOMHOTHYTOrO MpOQiifo, sSiKa XapaKTepU3yeThCs BTPATOH
MiCIIeBOI CTIHKOCTI Ta BTPATOO CTIHKOCTI (hopMH Tepepisy.

CopmysiboBaHa 3aj1aya MapaMeTPUYHOI ONTHMI3alli Po3B'si3aHa 3 BHKOPHCTAHHSAM IPOrpaMU
OptCAD, y sikiif peani3oBaHHil METO[ MPOEKLIl IPaficHTy (yHKLIl METH Ha MOBEPXHIO aKTHBHHX
00MeXEeHb IIPH OJHOYACHIH JIKBifaLii HEB'SI30K y MOPYIICHUX OOMEKCHHSIX.

SIk pe3ynbTaT ONTHMI3aUifHOrO po3paxyHKy otpuMmani C-momiOHiI XonogHOrHyTi mpodim, ski
XapaKTepH3yIOThCs OLIBIIOK HECYYOI0 3IaTHICTIO HA BTPATY CTIMHKOCTI IPH LEHTPAILHOMY CTHCKOBI
HOPIBHSHO 3 XOJOAHOTHYTUMH NPOGIIIMI BITUN3HAHUX BUPOOHHKIB PH OJHIH 1 Tiit camiil mmpuHi
3arotoBKu. I1py 1[bOMY, JUIsl BCIX ONTHMAJIbHUX PIllICHb MOMEPEUHHX [IepPEpi3iB BU3HAYAIBHOW OyIia
Hecyda 31aTHICT C-1IOAIGHOrO XOJOOHOTHYTOrO MPO(INI0 Ha BTPATy CTIMHKOCTI 3a 3THHAIBHO-
KPYTHJIBHOIO (POPMOIO BUITYYyBaHHSL.

Kurrouogi ci1oBa: xo10aHOrHyTHiT TPo(isb, Hecyda 3aTHICTh, MiCLieBa BTpaTa CTIHKOCTI, BTpaTta
cTifikocTi hopmHu mepepisy, mapamMeTpHyHa ONTUMI3ALLs, TPpaJieHTHUHH METO.I.

UDC 624.04,519.853

Perelmuter A. V., Yurchenko V. V., Peleshko I. D.

OPTIMIZATION OF CROSS-SECTIONAL DIMENSIONS FOR COLD-FORMED STEEL
LIPPED CHANNEL COLUMNS

Parametric optimization problem of cross-sectional sizes for cold-formed C-profiles subjected to
central compression has been considered by the paper. Parametric optimization problem for cross-
sectional sizes of cold-formed C-profiles has been formulated as follow: to define optimum cross-
sectional sizes taking into account post-buckling behavior and structural requirements when stripe width
and thickness as well as type of the cold-formed profile are constant and defined by the designer.

Criterion of the profile load-bearing capacity maximization has been assumed as purpose function.
The latter has been presented in the form of linear convolution of the resistance to central
compression taking into account flexural, torsional and torsional-flexural buckling of thin-walled
structural member determined according to the requirements EN 1993-1-3:2012 and EN 1993-1-
5:2012. Searching for the optimum cross-sectional sizes has been performed taking into account a
possibility of post-critical buckling behavior of the structural member based on the local buckling of
the web and flanges and/or distortional buckling of the edge fold stiffeners.

Formulated parametric optimization problem has been solved using software OptCAD. Update
gradient method of the purpose function projection on the active constraints hyperplanes with
simultaneous liquidations of the residuals in the constraints has been implemented by the software.

As optimization results cold-formed C-profiles have been obtained. With the same stripe width
optimum profiles have higher load-bearing capacity level taking into account buckling resistance
under central compression comparing with the cold-formed C-profiles proposed by Ukrainian
manufacturers. Besides, torsional-flexural buckling resistance of the cold-formed C-profile is
determinative for all optimum cross-sectional decisions.

Keywords: cold-formed steel, load-carrying capacity, buckling resistance, local buckling,
distortional buckling, parametric optimization, gradient-based methods.

VK 624.04,519.853
Ilepenvmymep A. B., FOpuenxo B. B., [lenewixo U. J].
ONTUMMU3BAILIAS PASMEPOB MOINEPEYHBIX CEYEHU CXKATBIX SJJIEMEHTOB
KOHCTPYKIIUI U3 C-MOJOBHOIO XOJIOJHOTHYTOI' O ITPO®UJIA
B crathe paccMoTpeHa 3a1a4a MapaMeTpUYeCcKOi ONTUMH3ALNN Pa3MEPOB ITOIEPEYHOTO CEUCHUSI
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CTEP)KHEBOIO 3JIEMEHTa KOHCTPYKIMH K3 C-00pa3sHOro XOJIOAHOTHYTOro mpoguis, padoTaromero
noj  JedcTBMEM IPOAOJBHOM CWIIBI  CKaTHA. 3ajada  [apaMeTPUuecKod  ONTUMHU3ALUU
(dopMmynrpoBanach Kak: ITpPH 3aJ@HHBIX IIMPUHE W TOJIIMHE 3aroTOBKHM (LUTPHIICHI) ISt
HU3rOTOBJICHHUSA XOJIOAHOTHYTOI'O l'lpO(bl/lJ'lﬂ, a TAaKXE TUIIC MOINECPEYHOro CECUYCHHUSA ONPEACIUTH €ro
OINTUMAJIbHBIE PA3MEPBI C YUETOM 3aKPUTUUYECKOH PabOThI M KOHCTPYKTUBHBIX TPEOOBaAHUM.

B kauectBe KpHUTEpUs ONTHMAIbHOCTH IPUHUMAIICS KPUTEPUH MaKCUMH3AlMM Hecylel
CIOCOOHOCTH HPOQMIIS HA MOTEPIO OOLICH YCTOMYMBOCTH IMPH LEHTPAIBHOM CXKATHH, KOTOPbIi
HpeCTaBisuics B (HOpMe JIMHEHHON CBEPTKH HECYIIMX CIOCOOHOCTEH, YYMTHIBAIOLIMX H3rHOHOE,
KpYTHJIBHOE H l/ISFI/IGHO—prTl/leHOC BBITYYUBAHUE CTCPKHEBOI'O0 JJIEMCHTA, BBIYMCIICHHBIC B
coorBercTBuM ¢ TpeboBanusiMu EN 1993-1-3:2012 u EN 1993-1-5:2012. Tlornck ONTHMAJIBHBIX
pa3MepoB  peanH30BaH C Y4eTOM BO3MOXKHOM 3aKPHTHYECKOH pabOTBI  TOHKOCTCHHOI'O
XOJIOMHOTHYTOrO MpPO(MHIIsL, XapaKTePU3YIOIICHCS MECTHOW MOTepel yCTOWYHMBOCTH M IOTEpei
YCTOHYIMBOCTH (OPMBI CEUCHHS.

CoopmynupoBaHHasl 3a7ada HapaMETPUUECKOH ONTUMH3ALHU pPEIIeHAa C HCHOIb30BaHHEM
nporpammbl OptCAD, B KOTOpOil peasM30BaH MeETOJ IPOCKIMH TpajueHTa (YHKIMH LEIH Ha
ITOBEPXHOCTh aKTHUBHBIX orpaHuquMﬁ npu OﬂHOBpeMeHHOﬁ JIMKBUJALIUK HEBS30K B HAPYUICHHBIX
OIrpaHUYCHUAX.

B pe3yibrate ONTHMHU3ALMOHHOIO pacyera mnoiydeHbl C-00pa3Hble XOJOAHOTHYThIE MPOQHIIH,
KOTOpBIE TPU OJHOM M TOH JKe IIMPHHE 3arOTOBKM XapaKTEPHU3YyIOTCsl Ooiblueil Hecyiuei
CIIOCOOHOCTBIO HA IOTEPI0 YCTOMYMBOCTU IIPH ILIEHTPAIBHOM CKAaTHH IO CPAaBHCHHIO C
XOJIOAHOTHYTBIMU l'lpO(bl/lJ'lﬂMl/l OTCYCCTBCHHBIX l'lpOl/l3BO}:[l/lTeJ'lel7l, l'lpu 9TOM, JJIA BCEX ONTHMAJIbHBIX
pCLICHUI MOMEepPeYHbIX CedeHHil ompenersomeil Obuta Hecymias crocobHocTs C-00pa3Horo
XOJIOAHOTHYTOr0 NpoGMIi Ha IOTEPI0 YCTOMYHMBOCTH IO H3THOHO-KPYTHIBHOH  (opme
BBIITYYUBaHHUS.

KiaroueBble ¢j10Ba: XOJOJHOTHYTHIM MpOQHIb, HECyllas CIOCOOHOCTb, MECTHas IOTepst
YCTOWYHMBOCTH, TIOTEPsS YCTOMYMBOCTH (DOPMBbI  CEUCHHS, [apaMEeTpUyYecKas OINTHMH3ALIMS,
IpaJleHTHBIA METO/I.

YK 624.04,519.853

Ilepenvmymep A. B., FOpuenxo B. B., Ilenewxo 1. /]. OnTumizauist po3mipis nonepeyHux nepepisis
CTHCHYTHX eJleMeHTiB KoHCTpykuiii 3 C-moaionoro xosoanorsyroro mpodiao // Omip
MaTepiaiB i Teopis ciopya: Hayk.-Tex. 30ipH. — K.: KHVBA, 2022. — Bum. 108. — C. 156-170.

Y cmammi poszensnyma 3adaua napamempuunoi onmumizayii posmipie nonepeunHozo nepepisy
cmepocHeo2o enemenmy KOHCmpykyii 3 C-nodibno2o Xon00H02Hymoz20 npoQino, wo npayioe nio
0I€I0 NO3008AHCHLOI CUMU CMUCKY. 3a0aua napamempuyHoi onmumizayii Gopmyaoemvcs SK: npu
3a0aHUX WUPUHT MA MOGWUNT 320MOGKU (WMPUNcu) 05l 6U2OMOGIEHHS XOIOOHOZHYMO20 npodinio,
a makodc Muni NOnepeuHo20 nepepisy GUSHAYUMU U020 ONMUMANbHI DOSMIpU 3 6PAXYEAHHAM
3akpumuunoi pobomu ma KOHCMPYKMUGHUX eumoe. AK Kpumepiii onmumanbHOCMi NpuiMascs
Kpumepiti  maxcumizayii Hecywoi 30amHocmi npo@ino Ha empamy 3a2aibHoi cmilikocmi npu
yenmpanvhomy cmuckosi. Chopmynvosana 3adaua napamempuunoi onmumizayii pos3e'’sizana 3
BUKOPUCMAHHIM MemOOy NPOEKYIi 2padienmy yHKyii Memu Ha NOBEPXHIO AKMUBHUX OOMENCEHb NPU
oonoyacHill nikeidayii Hee's130k y nopyuienux obmedicennsx. Sk pesyivmam onmumizayitino2o
po3spaxyuky ompumari C-nodibmi Xon00HOZHYMI NPOGINI, KL Xapakmepuszyomocsi OLIbULOI0 HECYHOI0
30amuicmio Ha émpamy CMIUKOCMI NpU YeHMPATbHOMY CMUCKOGI NOPIBHAHO 3 XOJI0OHOSHYMUMU
nPOGIIAMU GIMUUSHAHUX SUPOOHUKIE NPU OOHIL | MIll CaMill WUPUHI 3020MOBKUL.

In. 2. Ta6a. 2. bi6mior. 18 Ha3s.

VK 624.04,519.853

Perelmuter A. V., Yurchenko V. V., Peleshko I. D. Optimization cross-sectional dimensions for
cold-formed steel lipped channel columns // Strength of Materials and Theory of Structures:
Scientific-and-technical collected articles — Kyiv: KNUBA, 2022. — Issue 108.—P. 156-170.

A parametric optimization problem of cross-sectional sizes for cold-formed steel lipped channel
structural members subjected to central compression has been considered by the paper. An
optimization problem is formulated to define optimum cross-sectional sizes of cold-formed structural
member taking into account post-buckling behavior and structural requirements when stripe width,
profile thickness and profile type are constant and defined by the designer. Maximization of load-
carrying capacity of the cold-formed structural member has been assumed as purpose function.
Formulated parametric optimization problem has been solved using a modified gradient method of
the purpose function projection on the active constraints hyperplanes with simultaneous liquidations
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of the residuals in the violated constraints. As optimization results cold-formed steel lipped channels
with optimum dimensions have been obtained. With the same stripe width optimum profiles have
higher load-carrying capacities comparing with the ones proposed by Ukrainian manufacturers.

Figs. 2. Tabs. 2. Refs. 18.

VK 624.04,519.853

Ilepenvmymep A.B., FOpuenxo B.B., [lerewxo M.J[. Onrumusanmsi pa3MepoB IONepPeYHbIX
CeYeHHil CKATBIX IJI€MEHTOB KOHCTPYKIHMi M3 C-MOA0OHOr0 XOJOJXHOTHYTOro mnpodwis //
CorpoTHBIICHHE MaTEPUAIOB M TEOPHs COOpYXEHHH: Hayd.- Tex. coopH. — K.: KHYCA, 2022. —
Beim. 108. - C. 156-170.

B cmamve paccmompena 3a0ava napamempuieckol OnmumMu3ayu pasmepos NONepesHo20 cedeHus
cmeporcnego2o dnemenma konempykyuu uz C-o6pasnoco xon00HoeHymozo npo@us, pabomaiowezo
noo  deticmeuem NPOOOALHOU  CUMbl  colcamusi. 3aoaua  napamempuyeckol — OnmuMU3ayuU
@opmynuposanace Kaxk: npu  3A0AHHBIX WUPUHE U MOWUHE 3A20MOSKU  (WMPUncel) O
U320MOGNEHUsL XOTOOHOSHYMO20 NPOQPUIS, A MAKIce Mune NONEPeyHo20 Ceuetus Onpeoeums e2o
ONMUMATLHBIC PAZMEPLL C YUENOM 3aKPUMUYECKOU pabomuvl U KOHCIMPYKMUGHIX mpebosanuil. B
Kauecmee — Kpumepusi ONMUMATGHOCIU — NPUHUMAACA — KPUMepUil  Makcumusayuu — Hecyujer
cnocobnocmu  npoguias Ha nomeplo  0dwell  YCMOoUuuuGOCHU  NPU  YEHMPATbHOM — COHCAMUL.
Cpopmynuposannas 3adaua napamempuieckol OnmuMu3ayuy peuwena ¢ UCnoIb306aHuemM mMemood
npoexyuu 2paduenma GYyHKYuY yea Ha noGepXHOCb AKMUBHBIX 02PAHUYEHUN NPU OOHOBDEMEHHOT
JUKGUOAYUU HEGI30K 68 HAPYWEHHbIX ocpanudenusx. B pesynomame onmumusayuonnozo pacuema
nonyuenvt C-00pasuvie X0A00HOSHYMble NPOGUAU, KOMopvle npu OOHOU U MOl e wupuHe
3020MOBKU XAPAKMepu3yIomcs 6obuiell necyueti CnocoOHOCIbIO HA NOMEPIO YCMOUYUBOCHU Npu
YEHMPATLHOM — COICamuu N0 CPAGHEHUIO ¢ XOJOOHOZHYMbIMU ~ NPOPUIAMU  OMEYeCmEEHHbIX
npoussooumenneil.

Wn. 2. Taba. 2. bubnuor. 18 Ha3s.
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IMPACT OF PULSE DYNAMIC LOADING DIRECTION AND
SURFACE CURVATURE ON THE STRESS-STRAIN STATE OF A
THREE-LAYERED SPHERICAL SHELL
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Doctor in Engineering Science

K.E. Kotenko,
Ph.D. in Engineering Science

0.G. Ruvin

Kyiv National University of Construction and Architecture,
31 Povitroflotskyi ave., Kyiv 03680
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On two size types of the semispherical three-layered structures, impact of the surface curvature
and impact of the pulse dynamic loading on the stress-strain state (SSS) of these structures has
been investigated. Values of normal stresses and vertical displacements of the structures’ bearing
layers and distribution of these indicators along the spatial coordinate have been determined. A
finite element calculation method implemented within the software calculation complex
NASTRAN has been applied.

Key words: three-layered conical shell, loading direction, stress-strain state, finite element
model, axisymmetric pulse load.

Introduction and problem statement. Layered shells are often used in
objects and facilities related to the space, military industry, innovative
machine-building enterprises etc. The extent of using such structures is
preconditioned by a number of circumstances, the most important of which is
optimization of their design solutions.

To a significant extent, this problem has been positively addressed through
theoretical basic provisions described in writings [1,2], reference and other
materials [3]. Also, positive effect is given by the results of investigations,
which characterize impact of geometric and physical and mechanical
properties of such structures on their stress-strain state [4-5].

Extending and enhancing such information could contribute to taking early
efficient design decisions, which would prevent negative consequences.

In this respect, assessment of the shell’s Gaussian curvature magnitude impact
and the dynamic pulse load impact direction on the shell deserve specific
attention. Impact of these factors on the layered shell’s stress-strain state has
been performed using two size types of hemispherical three-layered structures.

Investigation and analysis of obtained results

The efficacy of mentioned factors has been investigated using
hemispherical three-layered structures with different surface curvature and
other similar geometric and physical and mechanical properties. The pulse
dynamic loading of structures also had similar parameters and was applied in

© Gaidaichuk V.V., Kotenko K.E., Ruvin O.G.
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the forward and the opposite directions. Values of the structures’ bearing
layers’ spatial displacements (u;,u; ) and normal stresses (o;,05 ) and their

distribution along the spatial coordinate o have been determined. During the
analysis, the obtained results were additionally compared to the investigation
results of other authors.

In compliance with the hypothesis of thin-layered shells [6], determining
SSS parameters of such structures is based on applying a non-lineal theory of
structural orthogonal Timoshenko-type shells, in the quadratic approximation.
Equation of motion for such structures appear as follows [2]:

a) provided smooth surface s; <s;<s

ij+1
o*ul
————@4’) v'Ts +kTw—ph -1,
4 3, 2111 22 tH i
1.0 i i o%u}
40 (A T13) KT +ka Ty + P=pil—>,
:Dihi3 82go;

T_(AM]) v'M, +T1i3=T?, (1)

6) on the lines of discontinuity s=s; :

6214 2 o%u, .
it it _ 3
ZTH =p;F; 62 ; i:]Tls =Pt
_ oy,
ZI(MH Fh Tll ) pjlkpj a — . (2)
1

Equations (1), (2) are supplemented by corresponding initial and boundary
conditions (s =s;p,5 =5;y).

Calculations of spatial movements and normal stresses values along the
spatial coordinate ¢« has been performed by applying a finite-element
modeling adjusted to specific structures.

The finite-element models reflected relation between the potential energy of
deformation and the potential of external loads [5]:

H=E+W, (3)
where E is the potential energy of deformations and W is the potential of
external loads.

After splitting the integral field into the separate elements, equation appears
as follows:

E E
H=Z(E(e)—W(e))=Zﬂ'(e). (4)
e=1 e=l1

The global stiffness matrix [ K ] and the global column vector {F} in the

matrix equation

[KJ\U}={F} (5)
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correspond to correlations:

DM

[K]=3[+], ©)

{F}= —Z}{f‘”}- @)

=
Two layered hemispheres (fig. 1) have been analyzed with the clamped
footing and diameters (D;=0.30 m, D,=0.60 m), which had similar bearing
layers’ thickness (41=h;=0.010 m), polymeric filler with #,=0.020 m thickness,
reinforced with the discrete stiffening rings rigidly bound to the bearing layers.
Each hemisphere consisted of five rings located in points, which have been

o L

calculated according to the dependence below: o, =k*Aa, k=1,5, Ao = % .
Shells with the Young’s moduli ratio of the filler and shell sheathing
materials E;/E;y =500 have been studied. Values E;=F; were 70 GPa,
E=0.14 GPa, and other values were as below: w=u3=0.3,
p1=ps=2.7%10’ kg/m’.
The pulse load distribution P(¢) was as below:

P(t) = A*sin”?’[n(t) ~n(t-T1), (8)

where T is load duration; ¢ is time interval; 4 is the pulse load amplitude. The
following loading parameters have been accepted: 4 = 10°Pa; T'=50*10"s.

Distribution of displacements and stresses along the spatial coordinate o
was calculated according to the direct transient dynamic process algorithm
within the time interval 0 <7 < 107. Calculations have been performed by the
software complex Nastran. The time interval step duration was 0.25- 10, and
the total number of steps was 200.

Fig. 1. Constructional design of a spherical type three-layer shell:
1 — inner layer; 2 — filler; 3 — outer layer; 4 — reinforcing ribs
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Choice of the finite element model type was conditioned by the goal of
obtaining reliable and precise results. The finite element model of the structure
with the diameter D = 0.3 m (Fig. 2) had 83250 finite elements and 99906
nodes, and with the diameter D = 0.6 m it includes 22200 such elements and
26646 nodes, respectively.

The bearing layers’ displacement results related to the analyzed structures
under the internal pulse load impact are shown in Table 1.

As seen, vertical displacements of both structures reach their maximums

near the poles of the structures at a = % .

(d

Fig. 2. Finite-element model of the three-layered hemispherical shell:
(a) — inner load-bearing sheathing; (b) — same, outer; (c¢) — polymeric filler; (d) — reinforcing rings

Provided the inner loading, maximal displacements of the structure having
lesser diameter (D=0.3 m) have been detected at 8.257, and having bigger
diameter (D=0.6 m) — at 7.77. Absolute value of the inner layer displacement

(uf ) in the structure with the smaller diameter appeared to be greater. It has far

exceeded the displacement value of a similar layer within the structure
(D=0.6 m).

Provided the outer loading, displacements of the outer layer of both
structures appeared greater. At that, its absolute value in the structure D = 0.3
m appeared practically similar to that in the structure D = 0.6 m. Its maximal
value in the lesser diameter structure has been detected at 107, and in the
structure D=0.6 m — at 8.37. Provided this loading direction, maximal
displacement value has considerably exceeded displacement caused by the
inner loading in both structures.

The structure with the lesser diameter appeared more stressed (Fig. 3).
Maximal stress values in the inner layer of this structure exceeded for over
20% its values detected in the bigger diameter structure.
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First natural frequency of the structure D = 0.3 m was 2740 Hz, and of the
structure D = 0.6 m it was 1417 Hz.

Table 1

Maximal vertical movements ul’ of the sheathing shells with the polymeric
filler £,/E7=500 at time (7)

Pulse Hemispherical three-layer structures
dynamic|
loading D=03m D=0,6m
U3* 10%,(m) Us*10%, (m)

— 10 °

5] . ,

: 1

= .

L) 0

; |
8,25T 79T
Us* 10°, (m) Us*10°, (w)

S 15 N

O

2 .

= 10

S |, : 5

() ' o
107 83T
1 —shell inner layer; 2 — shell outer layer.
O2*10%,(Ma) 0. *10%,(Ma)
s e b re
(a) (b

Fig. 3. Normal stress of bearing layers of the median surface of sheathings under the inner loading:
(a) —shell D=0.3 m; (b) —same D=0.6 m

Conclusions

Value of the Gaussian curvature of the layered shell structures impacts their
stress-strain state. Increase of the surface curvature of spherical structures
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under the impact of the dynamic pulse load increases the displacement and
stress of their bearing layers.

In a three-layered hemispherical structure, the diameter decrease from 0.6 m
to 0.3 m decreases the displacement of the structure’s bearing layers. At that,
this became more significantly apparent under the outer loading of the
structure.
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TIanoaiiyyk B.B., Komenko K.E., Pygin O.I.
BILJIUB HATIPSIMKY JIIi IMITYJIbCHOI'O IMHAMIYHOI'O HABAHTAKEHHA I
KPUBU3HU IOBEPXHI HA HAIIPYKEHHO - JIEGOPMOBAHU I CTAH
TPUIIAPOBOI COEPUYHOI OBOJIOHKH

Ha nBoX THUIOBHX pO3Mipax HamiBCEpPUYHHX TPUILAPOBUX CTPYKTYP MOCIHIIKEHO BILIUB
KPHBH3HU TOBEPXHI 1 HAmpsM Aii IMIyJbCHOrO IMHAMIYHOrO HAaBAaHTAXXCHHS HA HAIMPYXCHO-
nehopMOBaHHMIl CTaH LUX CTPYKTYp. BuH3HAYeHi BEIMYMHM HOPMalbHUX HANPYXKEHb 1
BEPTHKAIBHUX NMEPEMIILIEHb HECYUIHX IIAPiB CTPYKTYP 1 PO3MOMLT LUX MOKA3HHUKIB [0 IIPOCTOPOBIit
KOOpAMHATI. BH3HaueHO BIJIMB KPHBH3HM MOBEPXHI TPUILApoBOI MiBCHEpHUHOI 00OJOHKU Ha ii
Hanpy)KeHO-1e()OpPMOBAHMI  CTaH IPH  BHYTPIIHBOMY 1 30BHIMIHBOMY  IMITYJIbCHOMY
HAaBaHTAXKCHHI. BpaxoBaHO (i3MKO-MeXaHIYHI XapaKTEPUCTHKH IMOJIIMEPHOr0 3allOBHIOBaYa
apMOBAHOI'0 IUCKPETHUMHU pedpamu.

KarouoBi ciioBa: Tpuiaposa cdepruuHa 000JIOHKA, HANPSIM Jii HABAHTaKCHHsI, HANPY>KEHO-
nehOpMOBaHHIl CTaH, CKIHYEHO-CIEMEHTHA MOJEINb, IMIYJIbCHE BHYTPILIHE BiCECHMETPHYHE
HaBaHTa>XXCHH.

Gaidaichuk V.V., Kotenko K.E., Ruvin O.G.
IMPACT OF PULSE DYNAMIC LOADING DIRECTION AND SURFACE CURVATURE
ON THE STRESS-STRAIN STATE OF A THREE-LAYERED SPHERICAL SHELL

On two size types of the semispherical three-layered structures, impact of the surface curvature
and impact of the pulse dynamic loading on the stress-strain state (SSS) of these structures has
been investigated. The layered hemispheres have been analyzed with the clamped footing and
diameters (D,=0.30 m, D,=0.60 m), which had similar bearing layers’ thickness (4,=/3=0.010 m),
polymeric filler with 4,=0.020 m thickness, reinforced with the 5 discrete stiffening rings rigidly
bound to the bearing layers.

Values of normal stresses and vertical displacements of the structures’ bearing layers and
distribution of these indicators along the spatial coordinate have been determined. Distribution of
displacements’ and stresses’ magnitudes along the spatial coordinate & was determined by the
software complex Nastran through the direct transient dynamic process algorithm within the time
interval 0 < ¢ < 107. The time interval step duration was 0.25%10° s and the total number of steps
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was 200. The detailed and accurate calculation results have determined the choice of the solid
finite element type.

Value of the Gaussian curvature of the layered shell structures impacts their stress-strain state.
Increase of the surface curvature of spherical structures under the impact of the dynamic pulse load
increases the displacement and stress of their bearing layers.

In addition to the vertical displacements and normal stresses of the bearing layers of the
analyzed semispherical three-layered structures, their first natural frequency (fi) was also
calculated.

Keywords: three-layered conical shell, loading direction, stress-strain state, finite element
model, axisymmetric pulse load.

YK 539.3

TI'aoaiiyyx B.B., Komenko K.E., Pysin O.I. BluinB HanpsaAMKY Aii iMInyJIbCHOro JMHAMIYHOTO
HABAHTAXKEHHS] | KPMBHM3HM TNOBEPXHi HA HANpYy:KeHHO-1e(OPMOBAHMIi CTAaH TPHIIAPOBOI
chepuuHoi o6os0HKH // Ornip Marepiais i Teopist ciopya: Hayk.-tex. 30ipH. — K.: KHYBA, 2022.
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On two size types of the semispherical three-layered structures, impact of the surface curvature
and impact of the pulse dynamic loading on the stress-strain state (SSS) of these structures has
been investigated. Values of normal stresses and vertical displacements of the structures’ bearing
layers and distribution of these indicators along the spatial coordinate have been determined. A
finite element calculation method implemented within the software calculation complex NASTRAN
has been applied.
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PO3B’SI3AHHS HEJITHIMHUX KOHTAKTHUX 3AJIAY
JTE®OPMYBAHHS BY3JIOBUX 3’€JHAHb CTAJIEBUX
KOHCTPYKIIA

M.O. BadimeBuu,
JI-p TEXH. HayK, npodecop

I.A. Cropuak,
Marictp

Kuiscokuil nayionanbhuil ynisepcumem 6yodienuymea i apximexkmypu

DOI: 10.32347/2410-2547.2022.108.178-188

Po3paxyHOK MIIHOCTI Ta HaAifHOCTI Pi3HOro PoAy BiAMOBIAIBHUX EIEMEHTIB KOHCTPYKLMH,
(yHKIIOHANIBHHUX BY3J1iB KapKacy € 000B’SI3KOBMM €TalloM IPOEKTYBaHHs OyiBesb. barato 3 mux
CIIEMEHTIB MalOTh BHUPAKCHHII KOHTAaKT B MeXax [eskoi MmoBepxHi. Po3paxyHOK HampyKeHo-
nehOpMOBAHOr0 CTAHY B YMOBAX CHJIOBOrO KOHTAaKTy € Ba)KJIMBHM, OCKIJIBKH B 0araTboX BUMaIKax
30Ha KOHTAaKTy € HIMOBIPHOIO 30HOI0 BTPAaTH MIL[HOCTI Ta 30HOI0 pyiHHYBaHHs KOHCTpyKuii. JaHi
PO HANpyXEHO-AehOPMOBAHHMI CTAaH TAaKUX EJICMEHTIB Ta BY3JIiB MOXHa OTPHUMATH,
BUKOPUCTOBYIOUH CYYaCHHUI amapaT MaTeMaTHIHOTO MOJCITIOBaHHS.

Ki11040Bi c/10Ba:KOHTaKTHA 3a/laya, KOHTAKTHI HAIPY)KEHHsS, METOJ CKIHYCHHHX €JIEMEHTIB,
SCAD, HeniHiiHHICTb, KOHTAKTHUIN €IEMEHT.

Beryn. Bei MmexaHi3sMuM Ta KOHCTPYKIII CKIamaroTbes 13 JeTanei, o
B3a€EMOJIIIOTh OJIHA 3 OJHOI0, a PO3MOJUI KOHTaKTHUX 3YCHJIb MK LUMH
JIETASIMU  3a3[aJieTiib HEeBIIOMUH 1 Moke OyTH 3HAWOEHUH TUIBKH B
pe3yabTaTi BUPINMICHHSA CIenUiYHUX 3a]ad, SKi Ha3UBAIOThCS KOHTAKTHUMHU
3agadamu [1].

[Tix KOHTAaKTHUMHU HANpPYKEHHSMH PO3YMIIOTh MICIEBI HampyXXeHHs, SKi
BUHHMKAIOTh TPU B3AaEMHOMY HATHCKYy JBOX JOTHYHHMX TuUI. BHacmigok
nedopmariii MaTepiaay B MiCIli JOTUKY BUHHMKAE IUTONIAIKa KOHTAKTY, MO SKiif
1 TNpoXOomWTh Iiepefaya TUCKY. He MawouM MOMKIMBOCTI  BUIBHO
neopMyBaTHCSA, Matepiad MOoOJU3y TaKoi IUIONIAJKH 3HAXOJUTHCI B
00’eMHOMY Hampy)xeHoMY cTaHi [2].

B 0inbmocTi KOHTaKTHUX 3aa4, HaBiTh IPH POOOTI Martepially B MPYXHIN
30HI, B3aJEKHICTH MiX 30BHIIIHBOIO CHJIOK Ta BHUKIUKAHUM HEIO
MepeMillleHHsSIM ~ BUSIBIISIETBCSL  HelliHiMHO0. lle TMosICHIOEThCS  3MiHOIO
(301IBIICHHSIM) TUTOLIAKK KOHTAKTY 1o Mipi 30unbimenHs cunu [3]. Tomy mis
BUpILIEHHS KOHTaKTHOI 3ajadi HeoOXigHEe BpaxyBaHHS TI'€OMETPHYHOL
HENIHIHHOCTI  po3paxyHkoBoi Moxenmi. JlomineHO OyayBaTH — pillICHHS
KOHTAKTHOI B3a€EMOIii TiJI HA OCHOBI METOly TTOKPOKOBOTO aHami3y [4].

Mera gochmipkeHHS — pO3poOKa METOJMKH MOJIENIOBAaHHS KOHTaKTHOI
B3a€MOIii €JIEMEHTIB KOHCTPYKIIIM Ta BU3HAYEHHS KOHTAKTHHX Halpy>KeHb Ha
6a3i mporpamuoro komiuiekcy SCAD. Ilpemmer AOCTIIKEHHS — KOHTAKTHI
HaNpY)XEHHS, 1110 BUHUKAIOTh IPH B3a€MOJIT €IEMEHTIB KOHCTPYKITii.

© Bab6imesuy M.O., Cropuaxk [I.A.
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B [5] cTBOpeHO pO3paxyHKOBY CTEP)KHEBY CKIHYCHHO-EIEMEHTHY MOJCIb
OyniBii ToproBensHoro ueHtpy NOVUS (puc. 1). IIpoBeneno cratuyHui
pO3paxyHOK Ta 3HAfJEHO BHYTpIIIHI 3yCWUII B €IEMEHTaX MOJIEII.
IleHTpanbHUM eJeMEHTOM Kapkacy € ¢epMa i3 THyTo3BapHuX mpodimis. B
SIKOCTi 00'€KTa JOCIIKEHHsI 00MpaeMo 3a7ady MOJENIOBAHHS KOHTaKTy MiX
(ytaHIIEeM BEpPXHBOTO MOSACY (epMH Ta ONOPHUM PEOPOM MiJAKPOKB'SHOI OaJiku
B OIIOPHOMY BY311i (pepmu (pHc. 2).

Bgr v"
T TR
'couv‘i“"

-‘.r-.-: e
'--,.-"‘I.‘
“"d'-’ -,‘

16, 150 , 150 . 16

180

840

170,70| ~-M20

Puc. 2. Onopuuii By3os hepmu

Maemo HacTyIHI BHXiJHI JaHi JJIsi po3paxyHKy: MOSIC 3alpOEKTOBaHHUHN 3
rHyroro npodimo [J180x140x8 (N =-85,7xkH ), po3TarHyruii poskic — 3

npodimro  [120x6 (N =244,3xkH, M =2,15kHm); ToBmmHa uaHus
t=20MM, TOBIIMHA OIOPHOrO pebpa ¢=16MM; MiIKPOKB'AHAa Oayka
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3alpOeKTOBAaHA 31 3BapHOrO JBOTaBpa 3 po3MipamMu b xh=300x770mm.
Cramp C345 3 R, =335MIla. By mnpoBenenuii Tak 3BaHMi «py4HHMiD»

PO3paxyHOK By3Jia 3TiIHO [6], pe3ybTaTH SKOro HaBeeHI B [5].
IIpoueaypa BupimeHHsI KOHTAKTHOI 3agaui. Po3risHeMoO MOCTaHOBKY

KOHTAKTHO{ 3aJjaui Ha MpUKJIaJi B3aeMogii Box Tl — By 1 B, (puc. 3).

Tina do koHmakmy Bxodxenns min B koHmakm

B By
3 ) ( E P
Py 2 p,

flia KoHmakmHux cun

B L]
ty t;
P
Py ?

Puc. 3. Cxema KOHTAKTY ABOX TiJ

By By

Mexa KoHTaKTy

Py

B pe3ynbTati npuKIIagaHHs HaBaHTa)KeHb a00 MEePEMIIIeHb IIi TiJla BXOAATh
B KOHTaKT OfiHE 3 OHUM. Lle 03Havae, 1110 BOHU MAlOTh CIIIbHY MeXYy OB, , Ha
SIKifl BUKOHYIOTHCSI YMOBU HETIPOHUKHEHHsI OTHOTO TiJIa B iHIIIE:

g=(x*-x"Yn=o0, (1)

xe x!' ta x* - pasiyc-BEKTOPY MaTepialbHUX TOYOK T B) i B, B MOTO4HIH

KOoH(QIrypauii; » — OQUHUYHHUIA BEKTOP HOPMaJli 10 KOHTAKTHOI MOBEPXHi; g —
HOPMaJIbHUH POMIXOK MiX TiJlaMu. [Ipy KOHTaKTi TiJ1 Ha MeXi KOHTAaKkTyB (1)
BUKOHYETHCS PIBHICTB, 8 IPH PO3XODKEHHI TUJT — HEPIBHICTB.

Ha wMexi KOHTakTy BUHHKAIOTh CTHUCKYIOYl pPO3MOALUIEHI KOHTAKTHI
HOpMaJIbHI CHIIH:

t,=t-n<0, 2)

Jie ¢ — BEKTOp PO3MOALIEHNX KOHTAKTHUX CHJ, n — 3OBHIIIHS HOpPMalb 110
rpaHuui Tija. PiBHICTD B (2) BUKOHYETHCS y BHMAJKY BUXOAY TiJI i3 KOHTaKTY,
a HEpIiBHICTb — NPU 3HAXO/PKCHHI B KOHTAKTi. TakuM YHWHOM, KOHTAKTHI
HOPMaJIbHI CHJIM MOXKYTh OYTH TIIBKH CTHCKYIOUHUMH.

i cum MaroTh MiANOPSIIKOBYBATUCS TIEBHOMY 3aKOHY TEpPTS — HANPHKJIA,
3akoHy TepTst Kynona. [Ipuryckaemo, 1o Mi>k KOHTaKTYyIOUHMMH YaCTUHKAMHU
TiJI HEMA€ BiJTHOCHOT'O PyXY JIO THX IIip, HTOKH BUKOHYETHCSl HEPIBHICTb:

ARy A 3)
ge L, >0 mo3Hadae CTaTUYHMH KOe]illieHT TepTs, a f, ={-T - PO3MOAiNeHi

KOHTaKTHI JOTUYHI CHIIH.
OTKe, KOHTaKTHA 3a/1a4a SIBJISIE CO00r0 (hOpMYIIOBaHHS PIiBHSHB JUISL PyXY
JIBOX TiJ 3 HakJIaJeHUMH KiHemMatnyHuMH (1) 1 craTmyHuMH, a0O CHIIOBUMH,
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(2) oOMexeHHAMHM Ha IXHIH pyX OIHE BIJHOCHO OAHOTO. B 3arampHiid
MOCTAHOBII BHPIIIEHHS KOHTaKTHOI 3ajadi 3BOAMTHCSA IO MOIIYKY 00JacTi
MOXKJIHBOTO B32€MHOTO HPOHUKHEHHS KOHTaKTYIOUHX TiJI Ta BH3HAYEHH
KOHTaKTHHX CHJI, IO NIEPEIIKO/HKAIOTh [IUM B3a€MHHM IIPOHUKHEHHsM [7].

MopnesiroBaHHA KOHTAKTHOI B3aeMoil Ha NMPUKJIAAI OMOPHOro By3Jja
¢pepmu.lIpoBenenns nocnimpkeHs 0a3yBanocs Ha Meronl wTpadHUX (QyHKIIH
[7], B ocHOBY sikOro 3axijajeHe IMOHATTS KOHTAKTHOTO LIApy Ta KOHTAKTHUX
€JIEMEHTIB 3i CIeliajJbHUMH BIacTUBOCTAMH. Jlo QyHKLiOHATY, KU OnHCye
3arajibHy CHEPril0 CHCTEMU KOHTAKTYIOUHX Till, JOJA€ThCS (YHKIIOHAM, SKHH
BifoOpaxkae poOOTY KOHTaKTHHX 3YCWIb, KBaJpaTHUHUII IO BY3JIOBUM
NepeMillleHHsIM KOHTAKTHHUX BY3JIB, Ta Iapamerpu mrpady, sKi MPUCYTHI B
YUCTOMY BHII — Y BUIVIAAI XapaKTEPUCTHK KOHTAKTHOTO LIapy abo y BHITILAL
KOHTaKTHHX CKiHYEHHHX eJIEMEHTIB.

CkiHYEHHO-CJISMEHTHA ~ MOJENb  By3Jla CTBOPEHa 3a  JOHNOMOIOIO
miactuHuatux CE posmipom 0,01x0,01 M (puc. 4).

i oy

* N

hel 02
- hal OB
[ A h=0 0DE
El i heD0)
[ heD DOM
0 k=001
1k hal D6

Puc. 4. CkiH4E€HHO-CJIEMEHTHA MOJIE/Ib OIIOPHOTO By3J1a (hepMH

B TIK ABAQUS s momiOHMX BY3MiB 3aCTOBYETHCS THIT KOHTAKTHOI
B3a€MOIIi «ITOBEPXHA-TIOBEPXHsD» [8], sikuii OyB BUKOPUCTAHUI NIPU BUPILLIEHHI
TectoBOl KOHTakTHOI 3aaa4i B [5]. B TIK SCAD He peanizoBaHuil TaKuid THII
KOHTAKTHOI B3a€MOJii, TOMy KOHTAaKTHa 3aJada CTBOPEHa Ha OCHOBI IEBHUX
npuiiomis [9], 3BeneHux 1o Tadu. 1.

MaeMmo 1Ba HaBaHTAKEHHS HA CXEMy: BJIACHA Bara Ta KOPHUCHE (3yCHILIS,
OTpHMaHe NP Po3paxyHKy Kapkacy). Ha mepuioMmy kporii 3aiaHa BlacHa Bara i3
koedinienToM 3aBaHTaxkeHHs 1. KopucHe HaBaHTaxeHHs posniieHe Ha 10
KpOKiB 13 koediuiertom 0,1. B pe3ynbrarax aHaiizy noka3zaHui KOXHUAN ApYTUi
KPOK KOPHCHOI'O HaBaHTaXKeHHS.PO3KIalaHHA HaBaHTa)KCHHA Ha IOCHTIOBHI
erany (KpOKH) JO3BOJSE BIiJICNIJKOBYBATH, B SKHH MOMEHT HAaBaHTAXKEHHI
BiZIOyBa€eThCs TPOHUKHEHHS BY3JIIB aKTHBHOTO Tijla B TACHBHE TLJIO.

OTKe, MOJIETIOBaHHS KOHTAKTHOI 3aja4i B mporpamMmHomy komruiekci SCAD
CKJIAIa€ThCS 3 HACTYITHUX €TalliB:
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- MEPUINA — BBOJATHCS CIICI[iaJIbHI CKIHYCHHI €JIEMEHTH, SIKi MOJICIIOIOThH

KOHTAaKT,

JPYTHHA — BCIM €IEMEHTaM CXEMU IIPUCBOIOETHCS HENIHIHHICTD;
TPETiii —HaBaHTa)KEHHS Ha CXEMY PO3KJIaJal0ThCsl Ha MOCHIJOBHI €Tarny JyIs

MOJKJIMBOCTI ITOKPOKOBOT'O aHaJIi3y HANPYKEHb Ta Ie(hopMaIlii.

TaGmuns 1

[Mpuitomu a1t MoaeroBaHHI KOHTakTHOT 3ama4di B SCAD

Ne | Tun CE / onepauii DyHKLisA Ipunuun podotn

1 | Tun 100 «Xoperke | Posmomin Moxe OyTH OBOBHMIPHHM a0O TPUBHMIPHUM,
TLIIO» 30CEepEKEHOr0 00MpalThCss HampsMKH B’si3edl By3miB. Tino

HaBaHTaXXCHHs IMO3HAYa€ThC HA CXeMi y Bl/ll"J'IﬂLli «1aByKa», B
Ha MoIenb i3 | sIKOro MaifcTep-By30s 3’€IHAHHMH JIHIAIMH 3
IJIACTUHYATUX iHIIMMK By3/aMH. BiH npu3HayaeTbes By3ay,
CE AKUH po3TaIoBaHUH HalOIMxKYe 10
reOMETPUYHOrO [IEHTpa HabOpy BY3JIiB.

2 | O0’ennaHHs 1. omemoBanHs | OOHMparOTbCS  HOMAPHO BY3IH, B  SIKHX
HepeMilleHb 6ourTiB nepenbayaeTbcss  00'€HAHHS  TIEPEMIILCHb.

2. 3amaroThCsl HANPSIMKH CTYIHEHIB CBOOOAH, IO
MonenoBaHHs SKHM  00'€IHYIOTHCS IEPEMILICHHS KOXHOI
3BapIOBaHHS Iapy BY3JIiB.

MiK

CJIICMCHTAMHU

3 | Tum 352 MojienoBaHHs PeanizoBanuii B nporpami CE Mozeintoe podory
«/1BOXBY3J10Ba KOHTaKTy  MDK | imeaqbHOI OZHOCTOPOHHBOI B’s3i (0e3 TepTs).
OJJHOCTOPOHHS Tinamu Taki B’S131 COPHHMAIOTh 3YCHJUIS  TUIBKU
B’s13b» BH3HAYCHOTO 3HAKY 1 BIAKIIIOYAIOTBCS IPH

HOSIBI 3yCHJIb HPOTHJIOKHOrO 3HaKy — abo
JIOIYCKaIOTh HepeMileHHS TLIBKH y
BU3HAUCHOMY HANPAMKY 1 He OOMEXYyITh
HEpeMillleHHs. B MPOTHJGKHOMY HAIpPSIMKY.
3anaerbes Xapakrep poboTu B’s131
(BIOKIIIOYAETBCSL MPH CTHCKY YH PO3TAry), 1l
HANPSIMOK Ta JKOPCTKICTh (3yCHILLSL, HEOOX1IHE
Ui TOro, 1100 peanidyBaTH  OJAMHHYHE
3Mmimienns). B pesymbrari  po3paxyHKY
BHPAXOBYIOTHCSI 3yCHIUIS (peakiiisi B Ipy>KHHi),
0 BIANOBIZAIOTH CTyNeHI CBOOOAM, IO
HAOPsMKY KOl Ji€ B’3b Yy BHIAAKY Ii
BKJIFOYEHHS B pOOOTY.

4 | Tun 342 MoentoBaHHs I'eoMeTpnyHO HeNiHIHA pobOTa MHPYKHOI
«Tpukyrtauiit CE reOMEeTPUYHOT CHCTEMHU HOB's3aHa 3 HEOOXIIHICTIO
000JIOHKH 3 HEJIHIHOCTI BPaxoBYBaTH 3MiHYy reoMeTpii cucTeMH IpH il
ypaxyBaHHSIM 3a1a4i nedopmaltisix i HAaBaHTAXKECHHSM.
reoMeTpUYHOL Enementu 342 i 344 sBisiOTBCS aHalIOraMu
HEJTiHIMHOCTI» JIHIHHKUX eleMEHTIB 0000HKH 42 144, i B HUX
Tun 344 MOBHICTIO  CIIBNIAJa€  3aJaHHsd  BHXIigHOI
«HOTUPUKYTHUH indopmariii Ta HaBaHTaXKEHb.

CE o6osonkH 3
ypaxyBaHHSIM

reOMETPUYHOT
HEJTIHIHHOCTI»

Ha puc. 5 mnokasaHa po3paxyHKOBa CXeMa BYy3Ja 13 3aCTOCOBaHUMHM
CIeIiaJJbHIMH CKIHYEHHUMH €1eMEHTaMHU.
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| F AN X, Y, Z, Ux, Uy, Uz
| __ERN Rele«006 T
L R=900000 T

N

Puc. 5. CreriaspHi CKiHUEHI €lIeMEHTH MOJEII By3Jia

AHami3 OTPUMMAaHMX KOHTAKTHHUX 3ycHiab. Po3risgaemMo po3mofin
HalpykeHb G, B ONOpHOMY BY3m ¢epmu (puc. 6). MakcumanbHi
HaIpyXeHHs 30CepPeXKeH] B OOPHOMY PO3KOCi (hepMu:

o, =135,35MIla < Ry, =335MlIla,

YMOBa BUKOHYEThCS, MAaKCUMaJIbHI HAIIPYKEHHS MEHIII 3a JAOILYCTHMI.

[

Hanpyxewsa ax, MNa

B -esee 3w -0 M0 LS 5625 0.6 WIS
e -nu B 1.0s 22,35 56,25 6155 B s s
Bl e -nse 235 3368 6755  TAES B s @eos
Bl -nse 02 EET LT ] ]|E  WE B a5 6535

Puc. 6. Posnonin Hanpyxenb G, B OMOpHOMY By3Ji hepmu

Posnonin HampykeHb G, Yy GIaHIi HaBEAEHO Ha pHC. 7, PO3MOMILT
HalpyKeHb G, B OMOPHOMY peOpi 6anku — Ha puc. 8.

MakcumaibHi KOHTaKTHI HaIrpy>KeHHs y (iaHii 30cepepkeHi Oiist OTBOpiB
mig 6ontu — o, =-13,24MIla. AHajoriuHa cuTyalisi CIOCTEPIraeThCs B

onopHoMy pebpi Oanku — o, =-12,57MIla. Ilnomanka KOHTAaKTy Mae
enintuyny ¢opmy [3].
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JedopmoBana Monens By3ia Ha 11-My (ocTaHHBOMY) KpOIli HABAaHTAXKEHHS
HaBeJeHa Ha pHuC. 9.

Honpy=esma ox, Mg

s an  El-sw xn El-en A sp a5 EEarn o EELGE SR
| B [ ST AR L35 [ %] ETh [ RT.] 5
o ma [ I T 13 sm| -2 L) . 15 (%]

Puc. 7. Posnonin Hanpyxenb G,y Qranii

|
]
032 | 048 (091 -162
Hanpywenwn ox, MMa
Bl -us  -nm | Bk T B -in e L s sk | ETTON T
[ B B i 55 -1 AR s e msn
| R B ss an <11 0 [ FLLENS i e

Puc. 8. Posnonin HanpyxeHb G, B ONOPHOMY pebpi
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Puc.

9. leopmoBana MozeIb By3ia

BusnaueHo 3ycwuii N B OAHOCTOPOHHIX B’A34X MK (uaHLIeM Ta
OMOPHUM pebpoM OalKu — CTHCKYIOUi KOHTAKTHI HOPMAalbHi CHIH f,.
Po3mozin KOHTaKTHUX 3YCHJIb B OAHOCTOPOHHIX B’SsI3sX HaBeAeHO Ha puc. 10.
ITo3Ha4yeHO KOHTAKTHI eleMeHTH, B Ikux N < 0.

A f\e o
{ | ‘I
OE (ORI
.- RN
(.) )
Yo NoXt
Z Z
3ycuana N, kH
[ 3] -nss B - -2 148 (%] 6,87 957
o6 -39 L BF] 148 X" 687 | 38 28,43

Puc. 10. 3ycwuist N B crerianbHUX €IEMEHTaX

OCKIJIBKY KOHTaKTHI HOPMaJIbHI CHIIM MOXKYTh OYTH TUTBKH CTUCKYIOUUMH,
a MpY BUKOHAHHI piBHOCTI B YMOBI (3) Tijla BUXOAATH 13 KOHTAKTY, BBAKAEMO,
II0 KOHTAKT (hi1aHIlI Ta OMOPHOrO pebpa MOXKIMBHUI JIMIIE B THX BY3Jax, JI€

N <0 (puc. 10).
MaxkcumanbHe HopMallbHE KOHTaKTHE 3yCUIISA CTaHOBUTh N = —14,69xH .
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Jlns orpuMaHHA OUTBII TOYHWX PE3YJbTAaTiB 1 MOAAIBLIOTO JOCIIDKEHHS
KOHTaKTHOI B3a€MOJlii €IEeMEHTIB By3Jla MOXKHa 30UIbIIYBATH CTYIIiHb JHCK-
pern3aiii CKIHYeHHO-€JIEMEHTHOI CITKM B THUX paldOHAX pO3IJIsIyBaHOi oOmacti
MOXJIMBOI'O KOHTAKTY, 1ie 3yCHIIsI N B OJHOCTOPOHHIX B’SI35X € BiJl’€EMHHMHL.

INopisHIOEMO e opMoBaHi Mozeli By3iiB (puc. 11). 3miBa — nedopmoBana
MOJIENb 13 BpaxyBaHHSAM KOHTAKTY, CIpaBa — 0e3 ypaxyBaHHs KOHTakTy. J{ms
HAOYHOCTI Maciitad nedopmariiii ooupaemo 5,0.

-

=TT

T T T e

aw
gt
-1
C
1

Puc. 11. ITopiBHsaHHS nedopManiil CKIYHEHHO-EIEMEHTHOI MOJIeNi By3J1a Il KOHTAKTHOI Ta
HEKOHTAaKTHOI IOCTAHOBOK 3314l

Ha nedopmoBaniii Mozeni 0e3 BpaxyBaHHS KOHTaKTY CIIOCTEPIra€Thes
MIPOHUKHEHHSI BY31iB ()IaHIs (aKTUBHE TiJIO) B OoNOpHE pedpo Oanku (macuBHe
Tio). Taka neopmMoBaHa MozeNb HE BiAMOBIAA€ AIHCHOCTI.

BucnoBok. ChopMyIp0BaHO PHHIIMITY BUPILIEHHS KOHTAKTHOI 33/1a4l Ha 0as3i
niporpamHoro kommuiekcy SCAD. BizHaueHO KOHTaKTHI 3yCHILISA — HalpY>KEHHS
Ta KOHTaKTHI HOPMaJIbHI CHJIM — B OIIOPHOMY BY3JIi cTanieBoi (epmu. BrikoHaHO
aHaJli3 OTPUMAHUX JaHUX, & TAKOK MOPIBHSIHHA Ae(OpMOBaHHX MOJeieil By3ia
T KOHTAKTHOI T4 HEKOHTAKTHOI IIOCTAHOBOK 3aaui.

BukopucranHs OTpUMaHUX pe3yJibTaTiB MOXJIMBE JUIS IOJAJIbIIOr0
JIOCHI/DKEHHSI KOHTAKTHUX HAalpyXeHb, [I0 BUHUKAIOTh IPH B3aEMOIL
€JIEMCHTIB OMOPHOro By3Ja (epMu. 3OUIBIICHHS CTYINCHS JIUCKPETHU3AMil
CKIHUEHHO-EJIEMEHTHOI CITKM B MICISIX MOXKJIMBOIO KOHTAaKTY JIO3BOJHTH
OTpUMATH MaKCUMaJbHO TOUHI pe3yNbTaTH.
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Babiwesuu M.O., Cmopuax J].A.
PO3B’SAI3AHHSI HEJTHIMHUX KOHTAKTHUX 3AJAY JTE®OPMYBAHHSA
BY3JOBHX 3’€ETHAHb CTAJTEBUX KOHCTPYKIIIA
V craTTi HaBeneHa METOAMKA MOJCIIIOBAHHS HENIHIHHNX KOHTAKTHHX 33/1a4 IPH PO3PaxyHKax
BY3JIOBHX 3’€IHAHb CTAJICBUX KOHCTPYKLI. MozenoBaHHs KOHTAKTHOI B3a€MOJii IpOBEACHE Ha
IPUKIal OMOPHOro By3ia (epMH i3 THYTO3BapHHUX HPodiiiBB nporpamuomy komiuiekci SCAD.
Po3pobnena meronuka Oa3yerbess Ha MeTonl wmrpadHUX (YHKLIH, B OCHOBY SIKOTO 3aKiaJcHe
IMOHATTA KOHTAKTHOI'O 1Iapy Ta KOHTAKTHUX eJ'leMeHTiB 3i Cl'leLliaJ'lel/lMl/l BJIACTHUBOCTSIMH.
BpaxyBaHHsS KOHTakTHOI B3a€MOIl €IEMEHTIB IPH PO3PAaXyHKY HaWOLIbII BiAMOBiNaIbHHX
BY3JIIB KapKacy J03BOJISE MPABUIBHO OLIHUTH HAIpyKeHO-Ie)OPMOBaHHH CTaH KOHCTPYKIIH Ta
HPOCIIIAKYBATH 32 KAPTHHOIO AedopMaliil eeMeHTiB, MAKCHMAaIbHO HAOINIKEHOIO 10 peabHOI.
Ki11040Bi c/10Ba:KOHTaKTHA 3a/laya, KOHTAKTHI HAIPY)KEHHsS, METOJ CKIHYCHHHX €JIEMEHTIB,
SCAD, HeniHiiHHICTb, KOHTAKTHUIN €IEMEHT.

Vabishchevich M.O., StorchakD.A.
SOLUTION OF NONLINEAR CONTACT PROBLEMS OF DEFORMATION OF NODAL
CONNECTIONS OF STEEL STRUCTURES

All mechanisms and structures consist of parts interacting with each other, and the distribution of
contact forces between these parts is unknown in advance and can only be found as a result of solving
specific problems, called contact problems.Calculation of the stress-strain state under force contact
conditions is important because in many cases the contact zone is a probable zone of loss of strength
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and a zone of structural failure.Data on the stress-strain state of such elements and units can be
obtained using a modern apparatus of mathematical modeling - such as the finite element method.

The paper presents a methodology for modeling nonlinear contact problems in calculations of
nodal connections of steel structures. Modeling of contact interaction is performed by the example of
a truss support node made of bent-welded profiles in the integrated software system SCAD Office.
The developed method is based on the penalty function method, which is based on the concept of
contact layer and contact elements with special properties.

The contact interaction is modeled using one-way connections. The node model is calculated and
investigated as geometrically nonlinear based on the method of stepwise analysis.

The contact forces - stress and contact normal forces - in a steel truss support node have been
determined. The obtained data have been analyzed and the deformed models of the nodal connection
for the contact and noncontact formulations of the problem have been compared.It is possible to use
the results to further investigate the contact stresses arising from the interaction of the elements of the
truss support assembly.

Taking into account the contact interaction of the elements in the calculation of the most important
joints of the frame allows you to correctly assess the stress-strain state of the structures and trace the
picture of the deformations of the elements, as close to the real. The research results can be used to search
for contact stresses arising from the interaction of elements of the frame of civil and industrial buildings.

Keywords:contact problem, contact stresses, finite element method, SCAD, nonlinearity, contact
element.
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The article presents a methodology for modeling nonlinear contact problems in the calculation of
nodal connections of steel structures, which will be useful for design engineers and students of

construction specialties of universities.
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DETERMINATIONOFCHANGESINTHERMALSTRESSSTATEOF
STEEL BEAMS IN LIRA-SAPR SOFTWARE

S.L Bilyk',
Doctor of Technical Science, Professor
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0.V. Bashynskyi',
Postgraduate student

'Kyiv national university of construction and architecture, Kyiv
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Abstract. A study of the stress-strain and temperature state of the steel frame of the building is
provided.Based on the results of the analysis of the dynamic thermal conductivity problem, the
temperature fields of the beam at certain time intervals are determined. Reducing coefficients of
physical properties of steel section were determined. The algorithm of analysis of steel structures
for fire resistance taking into account heat engineering analysis results is given.

Keywords: stress-strainstate, fireresistance, thermal conductivity, finite element method,
LIRA-SAPR.

Topicality. The analysis of steel structures for fire resistance is one of the
most important design stages. The building codes provide several options for
analysing structures for fire resistance: simplified, refined analysis methods,
and analysis based on tabular data.

Analysis based on tabular data is the simplest option that allows you to
calculate the parameters of structural elements for standard time intervals
while exposed to fire.The method of analysing according to tabular data and
simple calculation models are usually used to analyze individual structural
elements, under simple boundary conditions.

But the analysis options shown above have a number of limitations. For
example, the analysis by tabular data can be used only for a certain level of
load, the amount of eccentricity and flexibility of the elements. And the
simplified technique does not allow to take into account the change in the
strength of materials with increasing temperature. While refined calculation
models are universal for any design and allow to take into account changes in
the properties of steel during a fire.

According to the specified method of analysis, it is necessary to perform
thermal analysis on the basis of which it is necessary to change mechanical
characteristics of materials.

In order to perform thermal analysis- it is necessary to solve the problem of
thermal conductivity. The equation of the boundary value problem of
nonstationary thermal conductivity is given in formula (1):

© Bilyk S.I, Bashynska O.Y., Bashynskyi O.V.
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5T 5T 5T ST
K., 522 +K,, 5y2 +K_, 522 +w=pc 50 (1)
whereT = T(x,y,z,f) — temperature field in the area Q; K|, K,,, K.. — thermal
conductivity coefficients in the x, y, z direction, respectively; w = w(x,y,zt) —
power of heat sources inside the body; p - material density; ¢ - specific heat
capacity of the material.

This equation can be solved by using the finite element method or the finite
difference method. When using the first method, the structure is modeled with
special finite elements with one degree of freedom - the temperature, which is
a scalar quantity.

In general, refined calculation models are mainly used to determine the
behavior of the whole structure in determining the interaction of its
elements.Although the refined design calculation method can be performed
using a standard temperature-time dependence, this method is usually part of
the design based on real parameters using natural fire models.

Analysis of research. A huge contribution to the development of methods
for designing steel structures for fire resistance made Bilyk A.S. [3, 4, 5],
Calafat K. V. [13], Savitsky M. V.

Information about mathematical basics and interaction of the finite element
method with the methods of structural mechanics (in solving linear and
nonlinear problems) are given in [6, 7] Gorodetsky A.S. Methods of numerical
modeling of structures and their strength analysis on the influence of various
factors, as well as the creation of mathematical and computer models used in
solving problems of thermal conductivity, are considered in the works of
Barabash MS [1, 2], Zenkevich [9], Klovanich [8].

Among foreign scientists, the following works have become very popular in
the field of analysing steel structures for fire resistance: [16], [17], [18].

The unsolved part of the problem.The design standards describe in detail
only the simplified methods of analysing steel structures for fire resistance.The
specified calculation methods are not considered in detail in building
codes.The Eurocode and DSTU norms describe only the design principles that
underlie the refined methods. A brief overview of using of refined calculation
methods is contained in the publication of the British Institute of Civil
Engineers [14]. However, taking into account the absence of a universal
algorithm for analysing steel structures for fire resistance according to the
specified method - the question of creating such an algorithm is an urgent
design problem.

There is a need to clarify the characteristics of the boundary conditions in
fires from the standpoint of preventing the possibility of loss of life for steel
frame structures [1,4,20] and prevent caloptic destruction and collapse of
structures [1,2,5,6, 21].

Research objectives.The purpose of this article is to study the strength and
deformation characteristics of steel frame structures under the influence of fire.

To achieve this goal it is necessary to solve the following tasks:
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- the problem of thermal conductivity by the finite element method to detect
temperature changes in the cross section of the structural element over time
with refinement of the analytic model using different forms of steel profiles in
combination with reinforced concrete slabs;

- strength analysis of metal structures in a linear setting, taking into account
changes in strength and deformation characteristics of materials with
increasing temperature.

The main content.The analysis of mathematical models was carried out on
the basis of the "LIRA-SAPR" software, in which the problem of thermal
conductivity was solved and the strength analysis was performed.The heat
transfer problem was modeled using finite elements of thermal
conductivity.Heat transfer between the floor beam and the airspace was
modeled by special finite elements of convective heat transfer.The
mathematical model for strength analysis was created using bar finite
elements.

If we enter the boundary conditions for solving the quasiharmonic equation
(1), this equation will look like:

2 2 2
KB Ky L ek S g Ty -0, O
5x 5y 52

where I,,1,,I, - directing cosines of the outer normal to the boundary

surface, ¢ — heat flow, i(T, —7;) — heat loss through convection (2 —

convective heat transfer coefficient).

To solve equation (2), the solid under consideration is divided into finite
elements in which the degrees of freedom are the temperature in the nodes.The
temperature inside each element is approximated by linear polynomials.

Here is an example of some approximating polynomials of finite elements
of thermal conductivity:

- three-node flat FE:

T(x,y)=a;+ox+03y; 3.1
- four-node isoparametric flat FE:
T(x,y) =0y +0x+ a3y +0yxy; (3.2)
- spatial tetrahedral FE:
T(x,y,z) =0y +ayx+ 03y +0y2. (3.3)

Since linear polynomials are used to approximate the temperature function
of a discrete model, finite elements of thermal conductivity are also called
simplex elements [9].

Substituting the values of nodal temperatures and coordinates of nodes into
the corresponding polynomials, we can obtain expressions for the coefficients
oy, ay, a3, oy. If we return these coefficients to equations 3.1 - 3.3, it is

possible to obtain the expression:
[T(x,y, )] =[N(x, y, 21T}, “4)
where [N(x, y,z], —matrix of functions of forms.
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Let us consider the matrix of thermal conductivity coefficients:

K., 0 0
K| 0 K, 0 |, Q)
0 0 K_

and a matrix-column of temperature gradients, which is analogous to the stress
matrix:

ST

ox
gradT = T =DT. (6)

oy

ST

oz
Then the contribution of each individual finite element in solving problems
of nonstationary thermal conductivity can be written in the form of a matrix

differential relation:

(0, =[CL 2T, +K1 (T}, ~ {0} ~10}¢ (O} ™

where [K], — element thermal conductivity matrix (analog of stiffness

matrix),
[K], = [[BY' [DI[BldV + [ HN]'[N1dS, (®)
[C],— heat absorption matrix (analog of damping matrix),
[C], = [ pc[NT [N)aV, )

{012,108, {Q}Z - vectors of nodal heat flows.

A test problem was solved to verify the results of theoretical research. The
dimensions of the studied structure are: length - 12 m, width - 8 m, height of
columns — 3 m, thickness of reinforced concrete slab — 120 mm. In the
calculation scheme, the floor slab is taken into account by the applied external
load.

The analytical scheme is shown in Figure 1.

Fig. 1. Analytical scheme of structure
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To  perform  the  thermal

calculation and determine the 7
temperature  fields, the cross- -
sectional analysis of the floor beam

was performed. For the experimental = Q—z
design was taken beam with a cross n g

section I-section Ne35B1 according
to GOST 26020-83 on which
reinforced concrete slab 120 mm

120

©

D
thick rests (see Fig. 2). & L
Since the change in temperature
along the length of the beam is I-section 35B1
uniform, it allows us to consider the GOST 26020-83

temperature distribution along the
cross section of one height.

The following heat-conducting Fig. 2. Scheme of experimental structure
properties of steel are accepted for
thermal engineering analysis: density — 76490 N/m’, thermal conductivity
coefficient — 53 W/(m*s), heat absorption coefficient - 440 W. The coefficient
of convective heat transfer was assumed to be equal to 25 W/(m**s).The
temperature load was set according to the standard temperature of the fire. The
ambient temperature at the initial time is taken as 20 °C.

Figure 3 shows that the upper shelf of the I-beam heats up much longer than
the lower. This is due to the fact that the experimental section of the beam

supports a reinforced  cpanges = with time 1% (900.000 sec)

concrete  floor slab Mosaic Plot of Temperatures
Units of measurement - °C

therefore the top shelf P
gives energy to this
slab. “
The  results  of
thermal analysis at the 58 .
time 60 minutes, shown
in Figure 4.The “'

obtained results of the
analysis of the steel
beam for fire resistance

in LIRA-SAPR
software (see Fig. 4 (a)) 188
are different from the
results of the analysis in 104

the ANSYS software YL{
(see Fig. 4 (b)), given in » evel -1.500

Annex P.3 [18] less ' S . i
than 1%. Fig. 3. The distribution of the temperature field in the cross

. section of the floor beam at the time - 15 minutes
Figure 4 shows a

graph of the temperature change in the cross section of the beam in time, and
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Figure 5 shows a graph of the modulus of elasticity change in the cross section
of the beam in the temperature rising.

Champes I willh G 63 (1 Sg=000 s}
Ahoums %0 of Temgpareae
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e
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32
X0a
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(b)
Fig. 4. The distribution of the temperature field in the cross section of the floor beam at the time -
60 minutes: (a) in the LIRA-SAPR software; (b) in ANSYS software

From the results shown in Figure 5, we conclude that with time of the fire,
modulus of elasticity, and therefore the load-bearing capacity of the beams
decreases.To take into account the effect of temperature on the stress-strain
state of the structure under consideration, the corresponding elements (floor
beams exposed to fire) must be assigned stiffnesses with reduced values of
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modulus of elasticity and yield strength corresponding to the work of the
structure at certain intervals.

1000
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Fig. 5. Temperature change in the cross section of the beam in time
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Fig. 6. Modulus of elasticity change in the cross section of the beam in the temperature rising

The maximum cross-sectional temperature of the cross section of the beam
at 60 minutes is 946°C (see Fig. 3). Using table 1 and the method of linear
interpolation, we calculate the coefficients of reduction for a given
temperature:

ky o =0.060+ 204020060 (945 _900) = 0.0508, (10.1)
2 1000—900

ky o =0.0675+0:0430=0.0675 946 _900) =0.05715. (10.2)
a 1000 — 900

The results of the static analysis and steel design of the structure in the
LIRA-SAPR software before the fire and after 60 minutes of combustion are
shown in Figures 7, 8 and 9.
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Table 1

Reduction factors for carbon steel at rised temperatures

Reduction factors at temperature 8, relative to the value of £,

or E, for 20°C
Temperature| Reduction factor | Reduction factor Reduction factor
of steel 6,, | (relative to the f)) | (relative to the f)) for |(relative to the E,) for
oC for designyield the limit of the slope of the linear
strength proportionality elastic section
kyﬁ :fyﬁ /fy kp,H :];,H /fy kgo=E.o/E,
20 1,000 1,000 1,000
100 1,000 1,000 1,000
200 1,000 0,807 0,900
300 1,000 0,613 0,800
400 1,000 0,420 0,700
500 0,780 0,360 0,600
600 0,470 0,180 0,310
700 0,230 0,075 0,130
800 0,110 0,050 0,090
900 0,060 0,0375 0,0675
1000 0,040 0,0250 0,0450
1100 0,020 0,0125 0,0225
1200 0,000 0,0000 0,0000

Note. Linear interpolation can be used for intermediate values of steel temperature

T
e

PCHLABH BLZ - 22
Lisp B e it o o
it OT indlwanane

Fig. 7(a). The results of the static analysis of the building (displacements by Z)

before the fire
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Fig. 7(b). The results of the static analysis of the building (displacements by Z)
at the mark of 60 minutes
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Fig. 8. The results of the analysis of structural elements for strength:
(a) before the fire; (b) at the mark of 60 minutes
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Fig. 9. The results of the analysis of beams for deflections:
(a) before the fire; (b) at the mark of 60 minutes

Conclusions.After conducting a numerical experiment, the following
conclusions can be drawn:

1. Already at the 60th minute of fire without a fire-resisting coating, the
elements of the steel frame significantly lose their load-bearing capacity. This
means that such elements must be protected from fire with special paints,
mixtures, etc. The influence of heat extraction from the upper shelf of the I-
section to the reinforced concrete slab was confirmed.

2. The proposed method of analysing the structures under the influence of
fire is quite universal and it allows quickly and flexibly analyze structures on
the impact of fire at different time marks.

3. The homeland software LIRA-SAPR is ideally fit for solving fire
resistance problems, the reliability of the obtained results is confirmed. The
results obtained almost have no difference from the decision of foreign
counterparts.
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binuk C.1., bawuncoka O.FO, Bawuncvkuii O.B.
BU3HAYEHHS 3MIHU TEPMOHAIIPYKEHOI'O CTAHY CTAJIEBUX BAJIOK B IIK
«JIIPA-CAIIP»

AHoranis. B maHiidi craTi aBTOpH NPOBENM JOCIIIPKEHHS HaIrpy:KeHO-1e(pOPMOBAHOrO Ta
TEMIIEPaTyPHOro CTaHy CTaJleBOro kapkacy Oymieii. IIpoBeneHo BepuGikaliiiHuiii po3paxyHOK
CTaJICBOrO Iepepi3y Ha BOTHECTIMKICTh y BITYM3HSHOMY HpOrpamMHOMY Komruiekci. OTpumani
pe3ynpTaTd OyJao IMOPIBHSHO 3 pe3yIbTaTaMH AaHAJIOriYHOIO PO3PAaXyHKY B 3aKOPHAOHHOMY
HPOrpaMHOMY KOMIUIeKci. IIpoBeleHO po3paxyHOK AMHAMIYHOI 3aja4i TEerIONpOBiAHOCTI
nepepizy 6anku. HaBeqeHo OCHOBHI piBHSHHS JJIsl BUPILICHHS KpaloBOi 3a/1adi HECTAL[iOHAPHOL
TerutonpoBigHocTi. Takok, HaBEJEHO AaIrOPUTM peajizauii OOYMCICHHS TeMIIepaTypHHX
nedopmariii mo mepepizy crajgeBoi Oajlkd 3a JONOMOrOK METOJY CKIHYCHHX EJIEMCHTIB.
Po3risiHyTO mpoliec MOOYAOBM KOMIT'FOTEPHOI MOJEN €IEMEHTIB KOHCTPYKIii Ta aHawi3
HaIpy)KeHO-1e()OPMOBAHOTO CTaHy MpH 3MiHI TEMIIEPaTYpHOTO PEXHMY EKCIUTyaTalii.
IlpoBeneHo aHami3 KiHEMATHYHHX Ta CTATUYHHX XapaKTEPUCTHUK PO3PaXyHKOBOI MOIENi, IO
nocimkyetbes. Ha OCHOBI OTpHMaHHX pe3ynbTaTiB PO3paxyHKYy BH3HAUCHO TEMIIEPATYpPHI IOJIS
OaJIKy MEPeKPUTTS Y IEeBHI MPOMDKKH Yacy. BHacmiok HepiBHOMIPHOTO pO3MOALTY TeMIepaTypu
[0 [epepidy eleMeHTa, BHHHKAIOTh TeMIepaTypHi aedopmauii. Takox, uyepe3 0OMeKEHHS
nedopMariiii 30BHIIIHIMH 3B’s3KaMH, iX MOSBAa CYHPOBOMKYETHCS PO3BHTKOM TEMIIEPATypHHX
HanpykeHb. TOMy BHBYCHHS OCOOIMBOCTEH TeMmmepaTypHHX JAedopmamiii B CTaueBHX
KOHCTPYKLISX Mae 3HayHE IMPAKTHYHE 3HA4YCHHSA. Y 3B’A3Ky 3 aKTYalbHICTIO MPoGIIeMH
BH3HAUCHHS TEMIIEPAaTypHHX HAmpyXeHb Ta AeopMaliii y KOHCTPYKLIfAX, € HEOOXiTHHM
YTOYHEHHSI Ta BJOCKOHAJICHHS ICHYFOUMX METOMIB PO3PaxyHKY, SKi OCTaTHBOK MipOH HeE
MOXYTbh BPaXOBYBaTH 3MiHY B 4aci (i3MKO-MEXaHIYHUX XapaKTepucTHK cTaii. ToMy aBTOpH CTaTi
HOpaxyBald KOCQIL[i€HTH 3HIWKCHHs (i3MYHHX BIACTHBOCTEH Iepepidy I BHUKOHAIM CTaTHYHHN
aHani3 KOHCTpyKLil. ITokazaHo 3MiHy HampyXeHo Ae(hOPMOBAHOrO CTaHY EIEMEHTIB HEePEKPUTTS
IpH BIUIMBI BOrHIO. HaBezeHi pe3ynbTaTi po3paxyHKy MOKa3aJlid BaXIUBICTh ypaxyBaHHS BILIUBY
TeMIlepaTypd Ha 3MiHY MilHICHHX Ta pgeopMamiiHUX XapakTEePUCTHUK IPU PO3PAXYHKY
KOHCTPYKIIiA. ABTOpamMH cTaTi 0ys0 po3poO0JICHO Ta HABEACHO AJTOPUTM PO3PaxyHKY CTalleBHX
KOHCTPYKLIf Ha MiIHICTh HAa THYYKICTb 3 ypaxXyBaHHAM TEMJIOTEXHIYHOTO DO3PaxyHKy Ta
PO3paxyHKy Ha BOIHECTIHKiCTb.

Karo4oBi ciioBa: HanpyxeHo-1e()OpMOBaHHiA CTaH, BOTHECTIHKICTh, TEIIONPOBIAHICTh, METO
cKiHYeHHHX eeMeHTiB, JIIPA-CATIP.
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BilykS.1., Bashynska O.Y, Bashynskyi O.V.
DETERMINATIONOFCHANGESINTHERMALSTRESSSTATEOF STEEL BEAMS IN
LIRA-SAPR SOFTWARE

Abstract. In this article, the authors conducted a study of the stress-strain and temperature state
of the steel frame of the building. Verification analysis of steel section for fire resistance in the
homeland software package is carried out.The obtained results were compared with the results of a
similar analysis in a foreign software package.The analysis of the dynamic problem of thermal
conductivity of the cross section of the beam is carried out.The basic equations for solving the
boundary problem of nonstationary thermal conductivity are given.Also, the algorithm of
realization of analysis of temperature deformations on section of a steel beam by finite element
method is given.The process of designing analytical model of structural elements and analysis of
the stress-strain state when operating temperature is changed is considered.The analysis of
kinematic and static characteristics of the calculated model under study is carried out.Based on the
obtained analysis results, the temperature fields of the beam at certain time intervals are
determined.Due to the uneven distribution of temperature in the cross section of the element,
temperature deformations are occured.Also, due to the limitation of deformations by external
connections, their appearance is accompanied by the development of temperature
stresses.Therefore, the study of the peculiarities of thermal deformations in steel structures has
considerable practical importance.Due to the urgency of the problem of determining thermal
stresses and strains in structures, it is necessary to clarify and improve existing calculation
methods, which can not sufficiently take into account changes in time of physical and mechanical
characteristics of steel. Therefore, the authors of the article calculated the coefficients of reduction
of the physical properties of the section and performed a static analysis of the structure. The
change of the stress-strain state of the floor elements under the influence of fire is shown.The
results of the analysis showed the importance of taking into account the influence of temperature
on the strength and deformation characteristics in the calculation of structures.The authors of the
article developed and presented an algorithm for analysing the strength of steel structures for
flexibility, taking into account the thermal conduction analysis and the fire resistance analysis.

Keywords: stress-strainstate, fireresistance, thermal conductivity, finite element method,
LIRA-SAPR.
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Introduction. During the inspection of buildings and structures and development of design
documentation for restoration works it was found that there is a need to provide recommendations or
to develop solutions for repair work. These repair works either are not regulated by standards or may
be technically or economically inefficient.

Problem Statement. The most common defect of the tension zone in reinforced concrete beams,
floor slabs or roof slabs are cracks. Injection technology is normally used to repair it. However, in
case of large number of small cracks, this technology is time consuming.

Purpose. Development of a new technology for repairing the tension zone of reinforced concrete
beams, floor slabs or roof slabs with a large number of small cracks. This will ensure maximum
filling of cracks with polymer compositions with their subsequent bonding.

Materials and methods. A number of factors that may affect the technology of filling cracks with
polymer compositions have been identified from the analysis of scientific and technical literature. A
special device ‘tray’ was produced for experimental research. It was attached to the lower zone by a
system of ties or props. A repair mix to fill the cracks was fed into the tray under pressure. By means of
changing the experiment conditions the strengthening level of previously destroyed samples were set.

Results. As a result, it was found that the maximum filling of cracks with the polymer
composition is achieved within the 5-10 minutes of repair mix supply at a pressure in the system in
the range of 0.5-0.6 atmospheres (atm). The maximum strengthening of the repaired structures under
the re-applied destructive force was achieved at the conditions of repair work with a structural
temperature of 20 + 2 °C and dry state of the structure.

Conclusions. The technology of repair with polymer compositions of the cracks located on the
lower surface of horizontal reinforced concrete structures has been developed. It was established that
in the presence of small cracks on the structure (the width is up to 0.2 mm) the developed technology
is most effective, in case of widths from 0.3 to 0.8 mm it is advisable to use injection technology
whereas for widths larger than 0.8 mm the hybrid technology should be applied.

Keywords: reinforced concrete structures, cracks, polymer compositions, influence factors, soak
technology.

© Tonkacheiev H.M., Molodid O.S., Galinskyi O.M., Plokhuta R.O., Rudnieva .M., Priadko .M.
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During the inspection of buildings and structures and development of design
documentation for restoration works it was found that there is a need to
provide recommendations or to develop solutions for repair work. These repair
works either are not regulated by standards or may be technically or
economically inefficient. The analysis of scientific and technical literature
indicates insufficient study or lack of research on a particular method of
structural restoration work. Therefore, the theoretical and experimental
research have been carried out. It was aimed to verify the effectiveness of
existing design and technological solutions and, if possible, to develop similar
solutions or to improve existing or to develop new solutions.

1. Problem statement

During the process of inspection of horizontal reinforced concrete structures
of floors and roofs in the form of flat, ribbed and hollow slabs and beams it
was found that one of the most common defects are cracks on the lower
surfaces of structures. These cracks often appear along the bottom steel
reinforcing bars.

Such defects often occur as a result of non-compliance with the technology
of concrete works such as lack of proper attention to concrete in hot or winter
conditions, smaller than standard protective layers, early remove of formwork
etc. Moreover, cracks on the structures of floors (roofs) appear in the process
of non-compliance with the rules of operation of building or structure [1, 2]. In
particular, the influence of factors that occur during the operation of the
building can provoke cracks on the surface of building structures. Such factors
are overload, excessive dynamic influences, climatic influences that do not
correspond to the design solutions, etc.

The appearance of cracks on the surface of building structure has a negative
effect on its service life. This is due to the decrease of bonding between the
reinforcement and concrete. Thereafter, air or moisture enters the
reinforcement through a crack and it corrodes. Due to the increase in corrosion
volume the stress in the concrete around the reinforcement increase and further
breakdown of its fragments is possible. This reduces the cross section of the
reinforcement and, hence the load-bearing capacity of structure.

In case of single cracks on the edges of ribbed slabs (Fig. 1) and/or the surface
of hollow floor (roof) slabs they can be repaired using the classic technology of
injection of composite or cement-polymer mixtures by packers [3, 4].

A completely different situation arises at the presence of large number of
adjacent (150-250 mm) cracks (Fig. 2) on the lower surfaces of horizontal
structures (in most cases are flat floor slabs).

The problem is that such cracks usually have a width from 0.05 to 0.5 mm,
and most injection materials used in conventional injection are not able to
completely fill the cracks. In this case, repair of a large number of cracks by
classical technology is useless and expensive.

On the result of the problem analyzing it was decided to develop a new
technology to repair the building structures with a large number of small
cracks on the lower surfaces. The main goal in the development of such
technology was to ensure complete filling of cracks (even in their tops) with
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the penetration of polymers around the reinforcement. This is to bond the
reinforcement with concrete as well as restore and improve their adhesion. At
the same time, it was assumed that the developed technology will not involve
the destruction (drilling) of existing structures and will have time consuming,
cost and duration of work lower than the classic injection technology.

(b)

Fig. 2. Cracks at the tension zone of reinforced concrete floor slabs:
(a) — longitudinal cracks; (b) — enveloping cracks around the columns

In accordance with the research method of effectiveness of the latest and
new design and technological solutions to restore the serviceability of building
structures [5, 6, 7] a number of theoretical and experimental researches aimed
to develop a new technology for crack repair have been performed.

The working hypothesis of the research was that cracks on the lower surface
of structures should be repaired by soaking with a high-flowing polymer
composition supplied under the pressure through a special ‘tray’ which fit
tightly to the surface of structure.

Among the large number of injectable composite materials presented on the
market the material ‘Consolid 1’ produced by ‘COMPOSITE’ LTD was
chosen [8]. This composition met the established criteria. It is a high-flowing
composition of the increased viscosity which glues together small cracks in
concrete, gives hydrophobicity to porous surfaces, glues reinforcement to
concrete, preserves and protects reinforcement from atmospheric influences,
increases frost resistance, dedusts, increases surface durability in 3-5 times,
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increases abrasion resistance in 2-3 times as well as provides resistance to
aggressive influences. The depth of soak depends on the porosity of structure
surface and its processing. The main characteristics of the polymer
composition are given in Table 1.

Table 1
Characteristics of the polymer composition ‘Consolid 1’

No Main characteristics Description

1 | Viability at the temperature 20+2 °C, min 90

2 | Density at the temperature 20+2 °C, g/cm3 1,02-1,07

3 | Relative viscosity at the temperature 20+2 °C, s 10

4 | Temperature of work with material, °C from -5 to +50

5 | Operating temperature range, °C from -60 to +300

2. Research methods

The system for feeding the composite mixture was first designed and then
produced. The developed system for laboratory research had the form (Fig. 3) of a
metal tray [9] with a flat bottom and sides of 5 mm high [10] on which a special
rubber seal was glued. When it is pressed to a flat surface it creates a closed sealed
space (Fig. 4). In addition, the system incorporated a container for the polymer
composition, a compressor to create pressure, rubber hoses and valves.

y [/
2 4 -+
% 5,:f

f\ 3

/6 _/3

Fig. 3. ‘Tray’ device: 1 - rubber hose with valve; 2 - rubber seal; 3 — outlet valve for air release and
liquid drainage; 4 - tray; 5 - the inlet valve for feeding the liquid in a tray; 6 - rubber hose; 7 -
container for composite liquid; 8 — compressor

The effectiveness control of the developed method was performed in the
following order:

1. The experimental reinforced concrete samples were produced.

2. The cracks on the lower surface of samples were artificially created by means
of the force produced by the hydraulic press and the destructive force was set.

3. The surface of the samples with cracks was soaked with a polymer
composition.

4. Using a hydraulic press the destructive force of the samples with glued
cracks was set after 48 hours.
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The research was considered as an effective when the strength of the
samples with glued cracks was not less than 80% of the initial values.

The device 'tray' was attached to the lower tension zone of reinforced
concrete samples by means of system of ties at the process of experimental
laboratory research (Fig. 4). The injection repair mixture was fed into 'tray'
through the inlet valve while an excessive air was released through the outlet
valve. Thereafter, the outlet valve was turned off whereas the polymer
composition continued to be injected under the low pressure (0.5-0.6 atm.)
during the 5-10 minutes.

Fig. 4. ‘Tray’ device under the working condition: 1 — rubber hose with valve; 2 — outlet valve for

air release and liquid drainage; 3 — rubber seal; 4 — ties; 5 — tray; 6 — steel channel; 7 — reinforced

concrete lintel; 8 — the inlet valve for feeding the liquid in a tray; 9 — hose for feeding the liquid in
a tray

3. Research results

First of all, a series of researches were performed. The aim was to establish
the width and depth of crack in reinforced concrete structures for which the
developed technology will be effective. As a result, it was found that samples
with glued cracks with a width of up to 0.33 mm have a destructive force of
about 80% of the original values before soaking while the samples with glued
cracks with a width of up to 0.25 mm have a destructive force close to 95-98%.
(Fig. 5) [11].

It should be noted that in the samples before soaking there was a noticeable
breach of the adhesion between reinforcement and concrete. Due to this, cracks
were also developed along the reinforcement. However, the soaking of
samples with polymer composition provided complete bonding of cracks with
width up to 0.25 mm and ends of cracks with width up to 0.8 mm. (Fig. 6). At
the same time the reinforcement and concrete were getting bonded and when
determing the destructive force after the soaking of samples, cracks were
formed in another place but not where they were before gluing.

Subsequently, a number of researches were performed to establish the
impact of technological factors on the technology of repair work. The chosen
factors are those that can have a significant impact on the technology of work
in natural conditions. Such factors are humidity and temperature of the
structure as well as the width of the cracks.
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Fig. 5. Change in the average value of strengthening with change in the width of the crack

Fig. 6. New crack formed parallel to the glued (glued crack is marked)

According to EN 1504-5: 2013 [12], four states of humidity of structures
can be distinguished: dry, damp, wet and with active water flow. According to
the properties of composition 'Consolid 1', it is not suitable to eliminate active
water leaks. Thus, experimental researches were planned to be performed with
three states of humidity of structures with cracks, namely dry, damp and wet.
As mentioned earlier, the repair of cracks in reinforced concrete structures can
be affected by their temperature. The research was planned to be performed
with three temperature regime, namely + 20°C, — 10°C and — 20°C.

The experimental research program included nine series. The established
variations of humidity and temperature of the structures are presented in the
Table 2.

Prior to the experiment, the surfaces of all samples were processed. The
surfaces were cleaned of dust, dirt, and cement laitance. In addition, the
samples were greased on all sides, except the side to be soaked, with acrylic
putty to avoid seepage of the repair mixture through the cracks.
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Table 2
Variations of humidity and temperature of the structures
4 Temperature of structure, °C
Humidity of structure 0 =T 20
dry No 1 Ne 4 Ne 7
damp Ne 2 Ne 5 Ne 8
wet Ne 3 Ne 6 Ne 9

The humidity state of the structures was modeled in accordance with EN
1504-5: 2013 [12]. Thereafter, the samples were kept for two days at a
temperature of 20 + 2 °C and a relative humidity of 60 + 5 % [13]. After that,
according to the described above technology, the samples were soaked with a
polymer composition using a tray. After the soaking, all samples were placed
in the conditions in which they were before soaking. This means the samples
from the freezer were returned back after the soaking to the appropriate
temperature and left there for 4 days.

Thereafter, destructive force was re-applied. The visual inspection of the
destroyed structures shown that cracks with a width of up to 0.5 mm were
completely glued together. Moreover, in some places, cracks parallel to the
glued ones appeared on the samples during re-application of force. Some
cracks with a width of larger than 0.5 mm were not fully filled with repair
mixture. The research results are given in Table 3.

Table 3

The value of the destructive forces applied to reinforced concrete samples

before and after their soaking

8y 2 8 > 2« He o N
A EEIRE I TR
S |sox| ©-E S Es|loEa| zE8= £
2 |7 =& g2 S EL 88| 2222 | 3£
© o2 S| o Ea|Sod| 28F8a | 82
-— ah 9 oy £ o o g ) = T 8 & o o0
o E g E = > o) = = = G O it N— 5 =
o o B 3 28 R < 3 5 Q -5 .= o o Q
O |= b5y o = 5o | S22 ocx & ==
S |85 g 5 = S22 | 5 &m| =% =5 g =
El2eg 2| E |32 |285| Egg® | 83
ZIFZ5 28| = |E° |78 258 | §¢

© °| K= 3 &= ﬁ RS ~
1 4160 | +20 dry 10,5 4085 0,9820 1,80
2 4105 +20 | damp | 17,5 3900 0,9501 4,99
3 4125 + 20 wet 26,7 3755 0,9103 8,97
4 4140 | — 10 dry 11,3 3480 0,8406 15,94
5 4065 —10 | damp | 19,3 2310 0,5683 43,17
6 4100 | —10 wet 20,2 2115 0,5159 48,41
7 4135 - 20 dry 10,9 3500 0,8464 15,36
8 4095 —20 | damp | 19,8 2390 0,5836 41,64
9 4110 | —20 wet 20,7 1555 0,3783 62,17




210 ISSN2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

According to the Table 3, humidity of concrete samples and their temperature
significantly affect the value of re-applied destructive force after crack repair.

Based on the obtained
results, a three-dimensional
dependence of the destructive
force of the samples after their
repair was produced. It
depends on two technological
factors of humidity and
temperature of the samples
(Fig. 7).

According to the
dependences (Fig.7) it is
established that at repair of dry

/ samples, temperature of

-20 10 structures  influences  not
—Wet - Damp = =Dry essentially values of the

Fig. 7. The dependence of the average value of the destructive forces applied to
destructive force after crack repair by composition samples after crack repair in

‘Consolid 1” under. the influence of temperature and relation to the values applied to
humidity of the samples
the samples before crack
repair. This is 98% for samples repaired at a temperature of +20°C, 84% for
samples repaired at a temperature of -10°C, 85% for samples repaired at a
temperature of -20°C.

It was found that the increase in the humidity of the structure significantly
affects the value of the destructive forces applied to the samples after their
repair in relation to the values applied to the samples before crack repair.

For samples with damp cracks, the value of destructive forces after their
repair was 95% for samples repaired at a temperature of +20°C, 57% for
samples repaired at a temperature of -10 °C and 58% for samples repaired at a
temperature of -20°C.

For wet samples with cracks, the value of destructive forces after their
repair was 91% for samples repaired at a temperature of +20°C, 52% for
samples repaired at a temperature of -10°C and 38% for samples repaired at a
temperature of -20 °C.

Further researches established influence of width of cracks in a reinforced
concrete structure on a method of their repair. The 4 series of crack gluing
were considered [14]. They are the soaking with the composition 'Consolid 1'
(Ne 1); injection with the composition 'Edmock injection' (Ne 2); combined
method with pre-soaking by the composition ‘Consolid 1’ and immediately
followed by injection with the composition 'Edmok injection' (Ne 3); combined
method with pre-soaking by the composition 'Consolid 1' and subsequent
injection by the composition ‘Edmok injection’ with a technological break of
25 minutes (Ne 4).

The use of the polymer composition ‘Edmock injection’ [15] is due to the
increase in the width of crack in the researched samples. ‘Edmock injection’ is
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a composition with low viscosity for injecting cracks in structures that might
be operated in various conditions including a humid environment. It is applied
to glue cracks, waterproofing, anticorrosive protection of structures as well as
has good adhesion to concrete and steel and high chemical resistance.

The main characteristics of the polymer composition are given in Table. 4.

Table 4
Characteristics of the polymer composition 'Edmok injection’

No Main characteristics Description

1 | Viability at the temperature 20+2 °C, min 20

2 | Relative viscosity at the temperature 20+2 °C, s 2-5

3 | Temperature of work with material, °C from 0 to +65
4 | Operating temperature range, °C from -60 to +150

According to research, it can be stated that the width of cracks in concrete
structures affects the method of their repair. It is established that cracks with a
width of up to 0.25 mm are most expedient to repair by the technology of
soaking with the composition ‘Consolid 1’ (Ne 1). The polymer composition
penetrates the concrete body in the contact zone to a depth from 1 mm to 3 mm
and increases its surface strength.

The method of repairing cracks by injecting the composition ‘Edmok
injection” (Ne 2) is the most effective in repairing cracks from 0.3 mm to 0.7 mm.
It is not effective for repairing cracks up to 0.3 mm because the high density of
the composition does not allow it to penetrate into the depth of the gap. After
experiment, the samples were visually inspected and the type of adhesive
fracture was established by analogy with the types of adhesive bonding in
accordance with DSTU B B.2.6-178: 2011 [16] and EN 1542: 1999 [17]. It
should be noted that as a result of gluing of cracks in concrete the cohesive
connection of samples (destruction along the concrete body) was obtained.

The research results of the next series of samples (Ne 3) indicate that the
lack of technological break between injections of compositions 'Consolid 1'
and 'Edmok injection' in cracks of structures has a negative impact on the
quality of their repair. This is due to the foaming of compositions that appear
at their contact in the point of injection to the crack. It makes impossible
further filling the gap with repair mixture. As a result, the gap was filled with
the composition ‘Edmock injection’ by an average of 15-30% and the
destruction of such samples was adhesive.

Experimental researches of the last series of samples (Ne 4) establish the
feasibility of the proposed technological break between the injections of the
compositions 'Consolid 1' and 'Edmok injection'. It was found that a technological
break of 25 minutes allows the first composition to seep into the body of concrete
but this time is not enough for its polymerization. Therefore, in the areas of contact
of 'Edmock injection' with soaked 'Consolid 1' (meaning the liquid stage) was
foaming of compositions. As a result, the destruction of the samples was at the
junction of the concrete with the mixture and along the concrete body.
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On the basis of the received dependences the technology of repair of cracks
in reinforced concrete structures by their soaking with polymeric compositions
was developed. Technical and economic calculations and their comparison
with injection technology were performed to confirm the expediency of its use.
As aresult, the developed technology was tested at three sites.

An example of the application of the technology is the repair of the
structures of the underpass in Kyiv (Ukraine). During the inspection of
structures the water leakage through the structures of the floor slabs and walls
was found. Detailed inspection of structures using a digital microscope
allowed to find a large number of small cracks on the structures with a width
of up to 0.1 mm (Fig. 8).

“-«'4 »

b ; Wi :
Fig. 8. Cracks in the structure (large scale)

To ensure the maximum effect from the repair work the soaking of the
surfaces of the slabs was performed at a temperature of 15-23 °C and a relative
humidity of 60 = 5%. The surface to be repaired was cleaned of dust and dirt.
Depending on the location plane (horizontal or vertical) the soaking device
(tray) was placed so that the outlet valve for air release was located in the
highest position of the device whereas the inlet valve for feeding the liquid in a
tray was in the lowest position. Props and struts were applied to fix the tray in
the design position (Fig. 9).

Fig. 9. Use of the 'tray' system during repair works:
(a) - on a lateral surface of the slab edge; (b) - on the lower surface of the slab edge
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The repair mixture was poured into the prepared container and pumped into
the tray with compressed air during 5-10 minutes. After soaking of one zone
the remained polymer composition was drained from the tray and moved to
other areas to be soaked.

There was heavy rainfall for two months after the repair. However, a visual
inspection of the repaired structures shown that the surface with microcracks
and cracks with a width of up to 0.5 mm remained dry.

4. Conclusions

The obtained research results indicate the efficiency of repair of cracks with
a width of up to 0.2 mm in reinforced concrete structures by soaking with the
composition 'Consolid 1' using a system of trays. The repair of cracks with a
width from 0.3 to 0.8 mm should be performed by injecting the composition
‘Edmok injection’ by classical technology.

Repair of cracks with larger than 0.8 mm should be performed by hybrid
technology which consists in pre-soaking by the composition ‘Consolid 1’ and
subsequent injection after 24 hours with the composition ‘Edmok injection’.

The application of the developed technology at three sites and further
monitoring for a long time (from 6 months to 4 years) allows to confirm the
effectiveness of its use to repair small cracks.
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Cmamms naoitwna 14.02.2022

Tonxkauees I'M., Monooio O.C., I'anincoxuii O.M., ITnoxyma P.O., Pyouecea I M., [Ipsoko FO.M.
JOCALIKEHHA TEXHOJIOT'Ti PEMOHTY TPILIUH MOJIMEPHUMMA
KOMNIO3UIIsIMU

Beryn. Y nporieci BUKOHAHHS POOIT 3 00CTexKeHHs OyaiBeNb Ta cropy/, abo po3poOKU MPOESKTHOT
JIOKYMEHTALIl Ha IPOSKTHO-BIIHOBIIIOBAJIbHI POOOTH, HAMIPAaBJICHI HA BiTHOBJICHHS CKCILTyaTaLiiHOT
IPUAATHOCTI OyAIBEIBHUX KOHCTPYKLH, BUSIBIICHO, LIO € IOoTpeba y po3poOLi pillieHb Ha PEMOHTHI
po0OTH, sIKi HE PEriJaMEeHTYIOThCS HOPMATHBHOK JOKYMEHTalito, a0, B KOHKPETHHX BHUIIaJKaXx,
3aIIPOIIOHOBAHI CIIOCOOU MOXKYTh OyTH TEXHIYHO 200 EKOHOMIUHO HE e()eKTHBHUMH.

IIpo6inemarnka. HaiiGinbin mommpeHuM JeeKToM PO3TArHYTOI 30HH 3aiIi300€TOHHHX OalIoK,
IUINT TIEPEKPUTTS. ab0 MOKPHUTTS € TpILMHA. 3a3BHYai, Uil IX PEMOHTY BHKOPHCTOBYIOThb
TEXHOJIOTiI0 1H’ekTyBaHHs. OfHaK 3a BEJNHMKOI KIIBKOCTI APIOHMX TPIIUMH [aHa TEXHOJIOTiA €
TPYAOMICTKOIO.

Mera po6otu. Po3poOka HOBOI TEXHOJIOT1i PEMOHTY PO3TSATHYTOI 30HH 3aJ1i300€TOHHHX 0aJIOK,
IUIAT TEPEKPUTTS. ab0 TMOKPUTTS 3 BEJIMKOK KUIBKICTIO IpIOHMX TPIilMH, [0 3a0e3ne4nTh
MAaKCHMaJIbHE 3alIOBHCHH S Tpi]_Lll/lH l'lOJ'liMele/lMl/l KOMl'lO3l/lLliﬂMl/l 31X IOAAJIBIIIUM CKJICFOBAHHSM.

Marepianum ta Meroam. 3 aHali3y HayKOBO-TEXHIYHOI JiiTepaTypu OYJIO BCTAHOBJICHO PSiI
YHHHKKIB, 1[I0 MOXKYTh BIUIMBATH HA TEXHOJIOTIFO 3aIOBHEHHS TPIILKH TOJIMEPHUMH KOMITO3HUIIISIMH.
Jlnst mpoBeleHHsT EeKCIEPUMEHTAIbHUX HOCHI[DKEHb OyJ0 BHIOTOBJICHO CICLiajbHUN HPUCTPIl
«IOTOYOK», 1[0 KPIMUBCS 10 HIKHBOT 30HH CHCTEMOIO 3aTsHKOK YH IMTIAMIPOK. Y JIOTOYOK Mijl THCKOM
[OJaBaJi PEMOHTHHH PO3YMH, LIO0 3aIlOBHIOBAB TPIIIMHHU. 3MIHIOIOYHM YMOBH IIPOBEICHHS
eKCIIEPHMEHTY BCTAHOBIIIOBAJIH 3HAYCHHSI 3MILIHEHHSI [IOTIEPEAHBO 3pYHHOBAHNX 3Pa3KiB.

Pe3ynbratu. YV pe3yibrari BCTAHOBJICHO, [0 MaKCHMMAJbHE 3allOBHEHHs TPIIMH MOJIMEPHOI
KOMITO3HIII€I0 J0csAraeThest depe3 5-10 XB mofgadi peMOHTHOTO MaTepially NpH THCKY Y CHCTEMi Y
mexax 0,5-0,6 atm. MakcumainabHe 3MILHEHHS KOHCTPYKLIH, IO MiUBSITand pPEMOHTY, INpH
MOBTOPHOMY IPHKJIAIaHHI PYHHIBHOIO 3yCHJUIS JIOCSTaocs 32 YMOB IPOBEACHHS PEMOHTHUX pOOiT
3a TemmnepaTypy KoHcTpykuii 20 £ 2 oC Ta IX cyxoMy CTaHi BOJIOTOCTi.

BucHoBkH. P0o3po0ieHO TEXHOJOT{I0 PEMOHTY TPIIMH HAa HIDKHINH HOBEPXHI FOPHU30HTAIBHHX
3aJ1i300€TOHHUX KOHCTPYKIIH MOJIMEPHUMH KOMITO3UIIISIMH. BCTaHOBJICHO, 110 3a HASBHOCTI Ha
KOHCTPYKIUIi ApiOHMX TPIlMH (3 WIMPHHOI PO3KpUTTS m0 0,2 MM) edeKTHBHOIO € po3pobiieHa
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TEXHOJIOTIsI MPOCOYCHHS TPIIIMH Ta TiIAa KOHCTPYKLII IMOJIMEPHOI KOMIIO3MLIE€I0, 32 MIMPHHH
po3kputTs 10 Bix 0,3 g0 0,8 MM — JOLJIBHO BHKOPHCTOBYBATH TEXHOJIOTiIO i1H’€KTYBaHHS, 3a
IIMPUHH PO3KPUTTS Bix 0,8 MM — KOMOIHOBaHY TEXHOJIOTO.

KuarouoBi cioBa: 3aii300eTOHHI KOHCTPYKLIi, TPILMHK, MOJIMEPHI KOMIIO3MI1, BIUIMB
YHHHKKIB, TEXHOJIOTisl IPOCOYCHHSL.

Tonkacheiev H.M., Molodid O.S., Galinskyi O.M., Plokhuta R.O., Rudnieva .M., Priadko .M.
THE TECHNOLOGY OF CRACK REPAIR BY POLYMER COMPOSITION

Introduction. During the inspection of buildings and structures and development of design
documentation for restoration works it was found that there is a need to provide recommendations or
to develop solutions for repair work. These repair works either are not regulated by standards or may
be technically or economically inefficient.

Problem Statement. The most common defect of the tension zone in reinforced concrete beams,
floor slabs or roof slabs are cracks. Injection technology is normally used to repair it. However, in
case of large number of small cracks, this technology is time consuming.

Purpose. Development of a new technology for repairing the tension zone of reinforced concrete
beams, floor slabs or roof slabs with a large number of small cracks. This will ensure maximum
filling of cracks with polymer compositions with their subsequent bonding.

Materials and methods. A number of factors that may affect the technology of filling cracks with
polymer compositions have been identified from the analysis of scientific and technical literature. A
special device ‘tray’ was produced for experimental research. It was attached to the lower zone by a
system of ties or props. A repair mix to fill the cracks was fed into the tray under pressure. By means
of changing the experiment conditions the strengthening level of previously destroyed samples were
set.

Results. As a result, it was found that the maximum filling of cracks with the polymer
composition is achieved within the 5-10 minutes of repair mix supply at a pressure in the system in
the range of 0.5-0.6 atmospheres (atm). The maximum strengthening of the repaired structures under
the re-applied destructive force was achieved at the conditions of repair work with a structural
temperature of 20 + 2 °C and dry state of the structure.

Conclusions. The technology of repair with polymer compositions of the cracks located on the
lower surface of horizontal reinforced concrete structures has been developed. It was established that
in the presence of small cracks on the structure (the width is up to 0.2 mm) the developed technology
is most effective, in case of widths from 0.3 to 0.8 mm it is advisable to use injection technology
whereas for widths larger than 0.8 mm the hybrid technology should be applied.

Keywords: reinforced concrete structures, cracks, polymer compositions, influence factors, soak
technology.
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PE3EPBU HECYYOI 3JIATHOCTI METAJIEBUX KOJIOH
Y CKIIAAI OJHOITPOT'OHOBOI'O KAPKACY 3 KPAHOBUMU
HABAHTAXEHHAMMA

C.M. SIpoBwii’,
JI-p TEXH. HayK, npodecop

M.B. CaBuupKuii’,
JI-p TEXH. HayK, npodecop

C.0. C1060a5HI10K>,
JI-p TEXH. HayK, npodecop

1 . o . .~ . . . . .
Xapkiecvkuil Hayionanshuil ynieepcumem 0yoisnuymea i apximexmypu, Xapkis

2IBH3 «IIpudninposceka depacasna akademis Gydisuuymea ma apximexmypuy, Jninpo

DOI: 10.32347/2410-2547.2022.108.217-242

IMomryk pe3epBiB Hecydoi 3JaTHOCTI Ta YHOCKOHAJICHHS PO3PaxXyHKY CTHCIO-3THHAIBHHX
METaJICBHX KOJIOH € aKTyalbHOIO 3ajadeto. Lle mae 3Mory moBHilIe BpaXxOBYBaTH HiHCHY poGOTY
KOHCTPYKLIi Ta eKOHOMIiI0 MeTaly. AHaji3 X Ta IHIIMX MUTaHb NPUBEACHO B AaHil poOOTi Ha
OCHOBi TEOPETUYHO-CKCIIEPUMECHTAJIbHUX LlOCJ'liL[)KeHb CTHUCJIO-BUTHYTUX KOJIOH B HaTypaJibHY
BEJIMYMHY Y CKJIagl IONEepeYHHKa OIHOIOBEPXOBOI i OZHOMPOrOHOBOI MPOMHUCIOBOI OymiBimi 3
MOCTOBHMH KpaHaMH. EKCl'lepl/lMeHTaJ'lei ):lOCJ'[i):l)KCHHﬂ HaTYpHUX CTHCIIO-3rHHaJIbHUX KOJIOH B
CKJIaJli paMH 3 IPUKJIAJAHHAM YCiX HABaHTaXEHb, 1[0 HAa HUX JiFOTh (MOCTIHHI, BITPOBI Ta KPaHOBI)
Ha PI3HHX eTamax HaBaHTAXKEHHS, a) [0 BUYECPIAHHI HECYy4ol 3AaTHOCTI, AAJH 3MOTY AOCIIAUTH
(bakTHUHUIA HATIpyKeHO-AeOpMaliiHUN CTaH CYMICHUX KOJIOH Ta iX MEpeMillleHHsI, BATHHU [UIUT
6a3 KOJIOH, PO3BHUTOK IUIMHHUX jAedopMaliii B MOJUISX Ta CTiHII, MIiCIEBY BTpary CTIHKOCTI
IHOJIMLb TA CTIHKH, 3aTajibHy BTPaTy CTIHKOCTI KOJIOH B CKJIaJi paMH.

KirouoBi ciioBa: MeTaneBi KOJOHHM, CTIiHKICTh, HampyxeHo-aedopMmariiHuili craH,
HepeMillleHHsI, HABaHTa)KEHHS, MiCl[eBa Ta 3arajibHa BTpaTa CTIKOCTI.

Beryn. OpnuM i3 HalBaXJIMBIIIMX 3aBJaHb OYIIBENBHOI 1HAYCTpii €
€KOHOMIsI MaTepialiB, 0 WIyTh Ha BUTOTOBJICHHS OYMiBEIbHHX KOHCTPYKITIH.
s BaxMBa 3ajada BHPILIYETHCSA 32 PAaXyHOK OIJBbII MOBHOTO ypaxyBaHHS
JIHCHUX YMOB pOOOTH KOHCTPYKIiH, CyMICHOI pOOOTH KOJIOH B pami Ta opm ix
nedopMmyBaHHsI, ypaxyBaHHAM (paKTHYHHX BIACTUBOCTEH Oy/IiBENbHHX CTaJIECH.

AHani3 nux Ta IHIIMX NUTaHb NPUBEJEHO B JaHidi pPoOOTI Ha OCHOBI
TEOPETHYHO-EKCIIEPUMEHTANBHUX JIOCTIDKEHb CTUCIO-3THHAIBHUX KOJIOH B
HaTypaJibHy BEIMYMHY y CKJIaJi IONEpeYyHHKAa  OIHOMOBEPXOBOI 1
OJTHOIIPOT'OHOBOI IPOMUCIIOBOI OY/IIBIII 3 MOCTOBUMH KpaHaMH.

1. ITocTanoBka 3aaayi. AHaui3 myoaikamii

[iumro gaHoi poOOTH € TONIYK pPEe3epBiB HECYdoi 3IaTHOCTI CTHCIIO-
3THHATPHAX KOJOH Yy CKJIaJi MOMEPeYHHKA OHOMOBEPXOBOI MPOMHCIOBOI
OymiBIi 3 MOCTOBUMH KpaHAMH Ha OCHOBI TEOPETHYHO-EKCIIEPUMEHTATbHHX
JIocipkeHb. Jms  BUKOHAHHS 3a3HAUeHMX IJIed HaMIiYeHO BUPIIICHHS
HACTYITHUX OCHOBHHX 3a/ia4: pO3pOOKa METOMKH PO3PAXYHKY OJHOMPOrOHOBOI
paMH 3 ypaxyBaHHIM CYMiCHOi pOOOTH KOJIOH y CKJIaJi paMH Ta ypaxyBaHHS

© Sposuii C.M., CaBuupkuit M.B., Cno6ozsuiok C.O.
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¢dopMm nedopMyBaHHS TiJ| JI€I0 aKTUBHOTO HAaBAHTAXXEHHS; E€KCIIEPUMEHTaIbHI
BUIIYKYBaHHS HANpPYXEHO-IeQOpMaIifHOro CTaHy CYMICHMX KOJOH B
HATypalbHy BEIMYMHY Y CKiaji pamu. HopMmaTHBHAa MeTOAMKa PO3PaxyHKY
MONIEPEYHUX PaM CTAJIbHUX KapKaciB MPOMHUCIOBHX TMiJIPUEMCTB PEKOMEHIYE
PN CHPOLICHUX TMpOLEAYp, KOTPl pI3KO 3MEHIIYIOTh TPYIOMICTKICTh
PO3paxyHKy, aje MPU3BOAUTD JI0 TIOTPIITHOCTEH Pe3yNbTaTiB PO3PAXyHKY B OiK
3amacy i B psifli BUNAJIKIB 4epe3 MipHOro. B pamkax /Ait0uoi METOANKH MOXKIIUBE
KOpETYBaHHS 1 YTOYHEHHS ISIKUX MPOLIETYD.

3ycuiisi B CTPHXKHAX PaMU BH3HAYAETHCS Yy NPUIYIIEHHI 1i poboTH SIK
MIPYXKHOI JIiHIHHO-1e)OPMOBAaHOI CTATHYHO HEBH3Ha4yeHOi cucteMu. Ilicms
LBOTO TI0 HAWAECHUM 3yCHJUISIM KOXKHUH €JIeMEHT PO3PaxOBY€EThCS Ha MIllHICTh
Ta CTIMKICTh 3 ypaxyBaHHSM IUIACTHYHHX AedopMaliid. 3riHO JiF0uuX HOpM
Ha CTIMKICTh PO3PAaXOBYETHCS OKPEMO CTOSYUM CTPHIKEHb, JIO SIKOTO
MpuKIageHa pododa KomOiHamito 3ycuib. CyMICHICTH POOOTH KOJIOH Ha
JIAHOMY eTari pO3paxyHKy HE BpaxOBYEThbCS. Alle, SKIIO OIHA 3 KOJOH,
3BHYaWHO Y SIKOI 3HAXOIWThCS BI30K KpaHy 3 BaHTa)XXEM, HaBaHTaKEHa
MaKCHMaJIbHO HOPMAJILHOIO CHJIOIO Ta 3THHAIOYUM MOMEHTOM, TO IIPOTHIIEKHA
KOJIOHA  IAGHTHYHOrO Iepepidy HAaBaHTAXKYETHCS  3HAYHO  MEHIIOD
HOPMaJbHOIO  CWJIOID. B momepeyHoOMy  HampsIMKy  JBI  KOJIOHH
OJTHOIIPOTOHOBOI'O IIeXy 3B’si3aHI pHUrejleM B paMHY CHUCTEMY 1 KOJIOHU He
BiIbHI B CBOiX IepeMilleHHsX. He BpaxyBaHHS ULbOro (Qaxkropy mpu
PO3paxyHKy Ha CTIHKICTh 3HIDKYE HECYUY 3[aTHICTh paMH.

[opsin 3 ypaxyBaHHSAM CYMICHOI pOOOTH KOJIOH Y CKIIaJi paMH HEOOXiIHO
BpaxoByBat 1 ¢opmy nepopmyBanns. @Dopma nehopMyBaHHS CTHCIIO-
3TUHAJIBHUX PaM CTUMYJTIOETHCS JIIEI0 OCHOBHOTO HaBaHTAKEHHS, 1 SIK MPaBHIIO,
HE CIIBIIaJa€e 3 MEpIIOK0 BIACHOK (HOpMOIO aeOpMyBaHHS, 3aKIalIcHOIO B
HOPMATUBHI JOKyMeHTH. Hecydua 31aTHICTh 3aJ@KHTh BiJl CIIBBIIHOIICHHS
HaBaHTAXEHb, CTUMYNIOIOYM Di3HI BIAacHI (GopMH 1 3aBKAM BHII HDK TIPH
BUKpUBIICHHI 10 NepuIiid ¢opmi, TpHIOMy, UMM OUIBLIY OO JAar0Th BHII
¢dbopmu, TUM MeHIIIe Ae(hOPMATHBHICTP 1 BHIIC HECYyYa 3aTHICTh CHCTEMH.

ExcriepuMenTanbHi  JOCHIIPKEHHST POOOTH CTUCIO-3TMHAJIBHAX KOJIOH Y
CKJaJi paMu TPOBOJWINCH, B OCHOBHOMY, Ha MojelsiXx. B nmaHiii poOoTi
MOCTaBJIEHA IIiJIb €KCIIEPUMEHTAILHO JTOCIIIUTH pOOOTY HATYPHUX KOJIOH Y
CKJIaai  TOMNEepEYHHMKA  OJHOMOBEPXOBOI 1  OJHOMPOrOHOBOI  MIMCHOI
MIPOMHCIIOBOI OymiBIIi 3 (YHIAMEHTOM Ta PUTEJICM, BiIIOBINAIOYM pealbHUM
yMoBaM OyaiBHUNTBa. JlificHI HaTypHi BUIPOOYBaHHS JO3BOJSATH OTPUMATH
JMOCTOBIPHY ~ KapTHHY.  HamlpyXeHo-IepOopMaIlifHOro  cTaHy  CTHUCIIO-
3TUHAIBHUX KOJOH, BH3HAYUTH T'OPU3OHTAIIBHI IEPEMIIlleHHs] MONepeyHHKa,
OTPUMATH KapTUHY POOOTH BY3JiB, JHOCTIIUTH MUTAHHS 3arajibHOI 1 MiCIIEBOT
CTIMKOCTI, BUSBHUTH MilCHI 3amacd Hecydol 3[JaTHOCTI KojioH. HatypHi
eKCIIEPUMEHTAJIbHI JJOCIIKEHHS 1aayTh 00’ €KTHBHY OILIHKY palliOHaJbHOCTI
HOPMAaTHBHHUX BUMOT 10 PO3PAaXyHKY TAaKUX METAJIEBUX KOHCTPYKIIH.

OCHOBY JIOCITIJDKEHHS LIEHTPaJIbHO-CTUCHYTUX 1 CTUCIIO-3TMHAIIHUX KOJIOH
saxnanu poootu JI. Eiinepa [16 ] ta XK. Jlarpamka. Ase, hopmyna Eitnepa s
KPUTUYHHX HABaHTa)XEHb /ISl CTPIKHIB CIIpaBe[UIMBa JIMIIE B MeXax
NpyXXHOCTI (B Mekax 3akoHy ['yka). B momanemomy B poborax Enreccepa,
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Scuncekoro, Kapmana, Koucumepa [15] Oymo yIOCKOHAJIEHO METOX
BU3HAYEHHS! KPUTUYHOI CHJIM 3 YpaXyBaHHIM NPYXHO-IUIACTUYHOI cTaiii. B
MOAAJBIIOMY BEJUKHHA BKJIaJ B TEOPII0 CTIHKOCTI CTPW)KHEBHX CHCTEM
TpamuIliiHUMU MeTomaMu OymiBenbHOI Mexaniku BHecnu: C.JI. Jleiirec [7],
H.C. Crpenenpkuii [10], H.B. Kopnoyxos [8], C.II. Tumomenko [11], A.C.
Bonemup [3], I'.€. bensckmii [2], O.4. Hpusunr [4, 5]. Po3Burky cyudacHoi
Teopii CTIHKOCTI KOJIOH MPUCBATHIIN CBOI Mpalli BiZIOMi BITUM3HSHI BYEHI, TaKi
sk:  [umanoscbkuit O.B.,  Jlantyx-JIsmenko A.l., Ilepensmytep A.B.,
[iuyria C.®. [6], [Tamuncekuii B.A. [9] Ta iHmi.

Po3pobieny MeToauKy po3paxyHKY OZHOIPOTOHOBOI paMH 3 YpaxXyBaHHIM
CYMICHHUX KOJIOH Yy CKJIaJi paMu Ta GopM nedopMyBaHHS MiJ Ai€0 aKTHBHOTO
HaBaHTAXEHHs Oy/le TepeBipeHO B EKCIIEPUMEHTAJIBHUX BHUIIYKYBAHHSX
HaIpyXeHo-epopMaIlifHOro CTaHy KOJIOH Yy CKJall paMH B HaTypajbHY
BEJINYUHY.

2. MeTomuKa po3paxyHKy OTHONPOrOHOBUX PaM 3 ypaxyBaHHAM

CYMiCHHX KOJIOH Yy CKJIadi paMu Ta AilicHoi ¢popmu nedopMyBaHHs

Jlo posrnsiiaHHs MPUAHATI MPSAMONIHIWHI CTPIKHI MOCTIHHOTO mepepisy i
IUIOCKI CHUCTEMH, SKi CKIaJaloThCs 3 TaKUX CTPIXKHIB. 3a0e3ledcHo
30epeKeHHs IIOCKOT (OPMU BUTHHY SIK U KOXKHOTO E€JIEMEHTY, Tak i s
Bciel cucremMu B minomy. Bukopucrano nsi rinoresn H.B. KopHoyxoBa, siki
0OTpyHTOBaHI BUBYEHHSM YUCIIOBUX MPHKIaAiB [8]:

- CTIMKICTb OJIHOIIOBEPXOBHX 1 0araTonoBEepXOBUX paM IPAaKTUYHO HE
3MIHIOETECS TIPH 3aMiHi HECUMETPUYHOTO HABAaHTAXKEHHS Ha Il paMy CHUMET-
PHYHOIO, 32 paxXyHOK NEPepO3MO/ILUTY HABAHTAKEHb MIXK BY3JIaMHU OTHOT'O PiBHSI;

- SIKIII0O MOMEHTH 1HEpIii CTPM)KHIB OJJHOTO PiBHS HE CHIIBHO BiJPI3HSIIOTHCS
OIMH BiJ OJHOTO, TO BOHM MOXYTh OyTH 3aMiHEHi 0e3 3HA4HOI ITOXUOKU B
PO3paxyHKy iX CepeaHiMHU 3HaAYCHHSIMHU.

L[i nomymieHHs arOTh 3MOTY CHPOCTHTH PO3PaXYHOK OJHOIIPOTOHOBHX
pam. BukopucroByrouMm JOCHiKEHHs ~CTiikocTi pam  [8], MOXKIHBO
MIPOAHATI3yBaTU CTIHKICTh paMU B 3aJICKHOCTI BiJl HEOIHAKOBOIO HaBaHTa-
YKEHHSI KOJIOH ITOB3/IOB)KHIMU CHIIAMHU.

YMOBY KPUTHUYHOTO CTaHy paMH MOXKIIBO 3aIUCATH PIBHAHHSIM:!

n? B(l +e)v+9(1 —c)} +n(l +c)[3(1 —o) (v} +3v) _1+ch2 (a+[3)} -
—%(l+c)2v2 (o +B)=0,

2 . . ee .
ae v=2(a+p) _VT =0;V, 0, p - cremiaabHi QYHKIIT METONY HEPEMIIlICHb IS

CTHCIIO-BUTHYTHX CTPWXKHIB; ¢ — BiJIHONIEHHS 3YCWIIb B CTiHKaX.

Jlnst oTpuMaHHS JOCUTh TOYHMX Ta TIPOCTHX pillleHb 3a1ad  CTIHKOCTi
HAWOLIBIIe TParMaTHYHUM € CIOCI0 OCHOBaHMI Ha TPHOIMKECHOMY PO3B’S3KY
TPaHCLIEH/ICHTHUX PIBHAHD CTIHKOCTI 3 JIOMOMOTOF0 PO3KIIaIeHHS (QYHKIIH B Psi.

Po3risiHeMO OHONIPOTOHOBY pamy 3 JKOPCTKUM 3aKpiIUIEHHSM CYMiCHHX
KOJIOH B (pyHIaMEHTi Ta MIAPHIPHO CIIPSHKEHUM PHUTeleM 3 KojoHamu (puc. 1).
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Puc. 1. Po3paxyHkoBa cxema: (a) - pama, pUIHATA JJIsI po3paxyHKy Koedi-uienTa ; (6) -
IPHBECHA paMa 110 HABAaHTAXKCHHSIM; (B) - IPUBEICHA 10 CTiiKH; (T) - OCHOBHA CHCTEMA IS
PO3paxyHKy METOIOM IepeMillieHb KoedillieHTa [

ITpu po3paxyHKy koedillieHTa pO3PaxyHKOBOI JOBKMHHM BPAaxOBaHi JIMIIE
BEPTUKAJIbHI CHJIM, Jil04i Ha monepeyHuk. KoiloHu MoxyTe OyTH sIK
MOCTIHHOTO, TaK 1 MEpeMiHHOro mHepepi3y: MiAKpaHOBa YacTHHA 3 MOTOHHOIO

. El .
JXOPCTKICTIO - [ =h—1, HaJKpaHOBa YaCTWHA 3 IMOIOHHOIO XOPCTKICTIO -

1

El, i i, .
=—,an=—"—"=—. HOCJ'III[OBHO MPpUBECJICHA HEPETYIIApHA CUCTEMA 10

o iyl

peryisipHoi 1o HaBaHTakeHHsM (puc.l (a) Ta puc. 1 (0)), a moTiM 10 CTiHKK

(1 + Cy )N]
hy

)
(Ha HIDKHBOMY piBHI)

(puc. 1 (B)), 3aBaHTaXKEHOIO 3ycHIUIAIM N =

201
1+02 '

(Ha BEpXHBOMY piBHI), I @ =

I+c,)N
Ta C]N] =aN=%

Jns  Bu3HayeHHs KoedilieHTa pPO3paxyHKOBOI JIOBXKHHH  CTPHIKHSA
BHUKOPHCTOBYEMO METO]] MepeMillleHb. J[1s1 KOHCOJIBHOTO CTPHKHS 3 BUIBHUM
BepxHiM KiHueM (puc. 1 (T)) yMOBH piBHOBAard MarOTh BUIJISI!

Elv El,v, tanv
V1 2V2 2
- =0 s (l)

h] tan Vi h2
Ie vi - 0e3p0o3MipHHIA MTapaMmeTp 3YCHUIA HIKHBOI IJISTHKH KOJIOHU /iy; vy -
0e3p0o3MipHUIi MapaMeTp 3yCHILIS BEPXHBOI TUISTHKH KOJIOHH /1.
PiBustHH# (1) micist mepeTBOpeHHsI Oy/ie MaTh BUIJIS

i o ov; tan(ov;) =0, (2)
By tan v,
)le o= V—2 =
Vi
ITicnst epeTBopeHs
v 013(vi -33v, +76) 0,8v3(12,33-v3)
L~ Ta Vytanv, =
tan v, 9,87 -v; 9,87 -v,

BupimmBim piBHSHHS BiZIHOCHO V|, OTPUMAEMO
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1,77na? (66— a”)+35,49(23+0’
no? (66—a?) o (22n+1)+2]+(16,6-0,50)(1,3a* +4)

KoegimieHT po3paxyHKOBOI IOBXKHHH || HIDKHBOT YaCTUHU OKPEMO CTOSHOT
KOJIOHHM (ITiAKPaHOBOI) MOXKIIMBO TTOKA3aTH B 3aJICKHOCTI BiJl MAPAMEHTY V| K
W= / Vi.

Jls HWOKHBOT YaCTHHU KOJIOHHM y CKJIaJi pamu, TOOTO 3BOPOTHIH mepexin

BiJl KOJIOHH JIO PAMH:
VKp = V] 2
1+ CH

Toni xoedilieHT po3paxyHKOBOI TOBKUHU ITiIKPAHOBOI (HMKHBOI) YaCTHHU
KOJIOHH B CKJIaJli paMu:

Vy =

2 _ TCZ _ 71:2 _ TC(1+C'2) (3)
M=o~ 2 2 2?2 ’
VKP 2 Vi Vi
I+c

1 TTiCTIS IepEeTBOPEHHS
1+ cz){na2(66 - otz)[ocz(Z, 2n+1)+ 2} +(16,6—0,50)(1,30.* + 2)}

H =
! 037102 (66 —02)+7,5(2,3+a™)

[Mpu upomy cnijg BpaxoBYyBaTH MeXY HpHUHHATOI (opMmynu i3 yMOBH

po3puBY QyHKIIT v;:
n<v 2 -1,5 mpua<1,0
1+ Cy

n<1,35-0,35a¢ mpuoa=>1,0
Ha BepxHIO YaCTUHY CTIHKU Ji€ HABAHTAKCHHS:

2 2¢
PKP = C]N =Vs (4)
-
Ile CXOJdA4YH 0 nmapame Voxps IBHSIHHS MO>KHA 3aIIUCATH:
Y Vaxps P
2 2¢;
V2}<p = V2, (5)
1+ Cy
SIKIIIO V,=@V}, TO PIBHSHHS MPUHAME BUTIISL;
2¢, 2c
vi o=alv? = 460 vy, =av L (6)
2Kp 2Kp
1+ (&) 1+ Cy
201
Ao BpaxyBaTH, O Vi, = V) E s TO V=0V Q) -

KoeoimieHT po3paxyHKOBOI JOBXKHHU BEPXHbOI YACTHHH KOJOHH y CKIAJi
pamu:

u
My =—t=— @
V]Kp o 4]
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M c=058 3HaveHHs1 Koe(illieHTa po3paxyH-
28 _q;-_u_%_w — KOBOi ~ JIOBXMHHM || KONOH _paMm,
7 mipaxoBaHi IO HOpPMaTHBHIH Ta
" 3aIpOIOHOBAHIM METOJWIN HaBeIeHi

z6 Ha puc. 2.
24 =020 Amanisyloun  rpadix,  moxHa
L~ 3pOOUTH BUCHOBOK: 31 30LIBIICHHSIM
23 _...-Hf BaHTaXXOMiTHOMHOCTI KpaHy HEpiBHO-
MIpHICTh 3aBaHTa)KEHHS KOJIOH B paMi
20 T 3GinpmyeThes i KOe(ilieHT po3paxyH-
0z 04 05 0B KOBOi  JIOBKHMHH 3  ypaxyBaHHAM

o ) CyMiCHOi poOOTH KOJIOH Y CKJIaJli paMu

Puc. 2. KoediuieHT po3paxyHKOBO] BCe GBI - Bl K (b .
JIOBKMHH B 3QJIKHOCTI Bijl HABAHTAKEHb CC OUIBINE PISHAILL BIZ KOC IHIGHT.av’
JIFOYMX Ha KOJIOHU PaMH, PO3PaXOBaHi: BHU3HA4YCHOI'O no HOpMaTHUBHIN

--- -mo JIBH B.2.6-198:2014 [17]; METO/IHIII.
- 3 ypaxyBaHHsIM CyMiCHOI poOOTH
KOJIOH

3. EkcriepuMeHTAJIbHE JOCTi/IZKeHHS] POOOTH CTHCI0-3rHHATBHUX

KOJIOH y CKJIaJi pamMu

3.1. BapianTn HaBaHTaKeHHs KoJI0H. [Ipu npoBe/ieHHI eKCcriepUMEeHTab-
HUX POOIT TpamULiHHUM € TiJIXiJ], KOJIH AOCIIIKYBaHY KOHCTPYKIIIIO JOBOASATH
JI0 BUYEpPIaHHS HECy4oi 3J]aTHOCTI 31 3pOCTaHHSM YyCiX HaBaHTaXeHb. Toi
OTpUMaHe TpaHWYHE HABAHTAXKEHHS, KOTPE BUTPHMaia KOHCTPYKIIif,
MOPIiBHIOIOTh 3 TPAHWYHUM HABAaHTAXKEHHAM [0 PO3PaXyHKYy 1 poOnaTh
BHCHOBKH TIPO BiJIIOBITHICTh TEOPETHYHHX IEPEAYMOB PO3PaxXyHKY IiHCHIN
po6orti koHCTpyKIid. [Ipu mii Ha KOHCTPYKINIO JCKUTBKOX 3aJICKHHUX OTUH Bif
OJTHOTO HAaBaHTa)KEHb TAKHUH IMiXiJ] 0 MTPOBEICHHS €KCIIEPHUMEHTY JIOTIHHUH.

Ha koHCTpyKWil0 paMH OJHOIIOBEPXOBOI NPOMHUCIOBOI OyaiBII [iIOTH
JIeKiJIbKa HEe3aJIe)KHUX HaBaHTaXEHb. B pO3paxyHKOBE MOEIHAHHS BXOIAThH
PO3paxyHKOBI 3HAYCHHS HABAHTAXKCHB, SIKI BKJIFOUAIOTh KOS(IIIEHT HATIHHOCTI
3a HABaHTAKEHHSM, KOTPi BPaXOBYIOTh MOJKIJIMBICTh 3pOCTAHHS HABAHTa)KEHHS
B HECHPUSTINBY CTOpoHY. OfHOYacHe pPiBHOMIpHE 3pOCTaHHS 3HAY€Hb BCIX
HaBaHTa)XEHb IX PO3PaxyHKOBOTO PiBHS MaJIOHMOBipHE.

IepeBuIieHHsT BITPOBOTO i CHITOBOrO HABAHTAKCHHS BHIIE PO3PAXYHKOBOTO
piBHA Ui OyniBenb, siki 1MoOyJOBaHi /Uil KOHKPETHOIO CHITOBOTO i BITPOBOIO
PpaiioHiB 1M030aBIICHO ceHCY. PO3paxyHKOBI 3HAUCHHS HABAHTAKCHD BYKE BKITIOUAIOTh
HECTIPHSTIINBE 30UTHIICHHS XapaKTePHCTHYHOTO 3HaUCHHS HABaHTa)KEHb.

B excniepuMeHTI MOXKJIMBO BHUSIBUTH PE3€pBU HECYUOi 3AaTHOCTI OKPEMHX
HaBaHTa)XEHb BUIIE PO3paxyHKoOBHX. Ha mpors3i ekcruryarallii mpu peKoHc-
Tpykuii OymiBii B CHIIy 3MiHM TEXHOJIOTIYHHMX MOTped 3pOCTalOTh HaBaH-
Ta)XCHHSA Ha IMOKPIBIIO (YCTaHOBKA OOJaJHAHHSA) Ta 30UIBIICHHS KPAaHOBUX
HaBaHTa)XeHb, 110 BeJle JI0 301IbIICHHS BEPTHKAILHUX HABAHTAXKEHb.

30inblIeHHsT YCIX HAaBaHTa)XEHb NPU TPOBEACHHI EKCIIEPUMEHTY JI0
PO3pPaxyHKOBOI'O DIBHS 3 TOAQIBNIMM 30UTBIIEHHSIM JIMIIE BEPTHKAJIbHUX
HaBaHTa)KEHb HA3BEMO Pi3HO-MIAPAMETPHYHUM HAaBaHTa)KEHHSIM.
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[Ipu mpoBeneHHI eKCHEepUMEHTY
pi3HO-TIapaMeTpU4He HaBaHTAXKEHHS
MIPE/ICTAaBISUIO  COOOK0  TOBEICHHS
BCIX HaBaHTaXXEHb, IO BXOIAITH B
pO3paxyHKOBE  MOEIHAHHS,  JI0
PO3PaxyHKOBOTO pIiBHSA 3 TMOAaJb-
IIMM 3pPOCTaHHSM JIMIIE BEPTUKAIb-
HUX HaBaHTaXeHb (Ti, IO TIpH
eKCILTyaTallii, B CHIIy 3MiHH TE€XHO-
JIOTIYHUX BUMOT, MOXYTb OyTH
30inbienHi) (puc. 3). Ilpu upomy,
HE3HaYHO 30UIBIIYEThCS 1 MOMEHT,
Tak SK 30UIbIICHHS KPaHOBHX
HaBaHTa)XEHb MPH3BOAE 1 A0 30LIb-
LIEHHS MOMEHTY B II€pepi3i KOJIOHH.

30ibLIeHHS TIOB3/TOBXKHIX : f
HaBaHTa)XEHb  BUIIE  PO3paxyH- I I ]
KOBOTO 3HAuYeHHA 10 BHYEpPIAHHS Lol v v W WIEVIEEX X X Emanu
Hecy4oi 37[aTHOCTI KOJIOH JJO3BOJISIE
BU3HAUUTH  (aKTUYHUHA  pe3epB
Hecy4oi 3/aTHOCTI, TaK SK Ha MPAKTHI TUTbKUA i HABAaHTAXXEHHS MOXYTh
3pOCTaTH B MPOIECi eKCIuTyaTallii OymiBIIi.

3.2. Bu6ip THmy KkomoH s gocaimkeHb. Ha TemepimmHiii dyac B
MIPOMUCIIOBOCTI OCHOBHHI 00’€M OyiBenb, 110 OYIyIOTHCS — OJHOIOBEPXOBI
BupoOHuYi OyaiBii (mo 80%). Tomy mpu po3poOiii 3pa3kiB Ui BUPOOHHUIITBA
HATYpPHOTO 3pa3ka KOJIOHH JUIS JOCIIIPKEHHS 32 OCHOBY Oyiy BUOpaHi KOJIOHU
OJTHOIIOBEPXOBHX BHPOOHWYMX OYMiBEIh KOMIUIEKTHOI'O MOCTa4aHHS 3
TIOKPIBJICIO TUITY «MOJIOAETHOY.

HaBaHTaxxeHHs Ha Oy/iBIIIO Oy/aM MTpU3HAYEHI, BUXOJSYM 13 CTATUCTUYHHUX
MOKa3HUKIB 3a OcTaHHI poku, a came: Il BirpoBuii paiion (29% 3aranbHOi
KizbKocTi OyaiBens); I cHiroBuit paiion (19%); BaHTaXOMiJIHOMHICTh KpaHy —
100 xH (14,5%); Bucora npoasoty — 12,8 M (11,5%).

TakuM dMHOM, IS JOCHTIPKCHb BHOpaHi 3BapHI JBOTABPOBI KOJIOHU
BUPOOHHYMX OyJiBeNb MPOroHoM — 24 M, BHCOTa KOJIOHM — 12,8 M, KpaHOBa
KOHCOJIb PO3TalllOBaHa Ha BIAMITII — 7,4 M.

Po3paxyHkoBa cxema OJHOIPOrOHOBOI paMu NpencTaBieHa Ha puc.4. Bona
BHOpaHa 3 )KOPCTKUM 3alleMJICHHAM B (DYHIaMEHTI i MIApHIPHUM CIIUPaHHAM
pUresns Ha KOJIOHH, PO3PaxyHOK PaMU BUKOHAHO PO3PaXyHKOBHUM KOMILIEKCOM
«Jlipa». Ilix po3paxyHKOBI 3ycWwiIsl MiXiOpaHO ONTUMAIBHHH mepepi3 —
3BapeHMI ABOTABP 31 CTIHKOIO po3MipoM — 480x8 mm, monuirsg — 380x12 mMM.

Harypni xomonm Oymu BupoOmeni 3i crami C245 (BCt3mc6-2). Ilo
pe3ynbTataM  BHIPOOYBaHb  TPhOX  IUIOCKMX  CTaHAAPTHUX  3pasKiB
BCTaHOBJIEHO, IO IPH BUTOTOBJIEHI IIOJK KOJOH BHKOPUCTAJNACh CTallb
¢daxtryHoi ToBumHM 11,9 MM Ta mupuHOIO 380 MM 3 MEXEH ILTUHHOCTI
296 +303/299,7 MIla, a y cTiHIi - CTaab (HAKTHYHOI TOBIIUHOK 7,9 MM Ta
mmpuHoto 480 MM, 3 Mexero IMHHOCTI 325 + 326/326,7 MIla.

Puc. 3. Etanyu HaBaHTa)XeHHsI KOHCTPYKLI#
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Puc. 4. Po3paxyHkoBa cxema OHOIIPOIOHOBOI paMu

3.3. KoncTpykuisi crenay aJsi BUnpodyBanb. J{J1s1 peanizauii B KOJIOHaxX
PO3PaxyHKOBOTO IIO€AHAHHA 3yCWIb OyB pPO3pOONEHHH Ta BUTOTOBIECHUH
CHelialbHUH CTEH, L0 JO3BOJISIE BUIIPOOYBATH CYMICHI KOJOHM Y CKIai
paMu, OpHUKIagaTH OO Hel yci BUAM BEPTUKAIBHUX Ta TOPU3OHTAIBHUX
HaBaHTa)XeHb, a CaMe: MOCTIHHY Ta KOPOTKOYACHI 3MiHHI (BITPOBY, CHITOBY Ta
KpaHOBY). KoHCTpyKIIis cTeHy HaBeaeHa Ha puc. 5 Ta puc. 6.

\JFE=—=——r———y
00— — -FTI Al
LN — + — :

: _:*;,L;:—' —EE:l—-u—-LHH ]
. - - T T

Puc. 5. Cxema creHy A1 BUIPOOYBAaHHS CyMiCHHX KOJIOH!

1 — cymicHi koJ0oHH; 2 - pureins; 3 — KOHTpdopc; 4 - BaKUIbHUN NPHCTPIi; 5 — omopa; 6 —
peBepcop; 7 — Ganka KpaHOBOTO HABAHTAXKEHHSI; 8 — BepXHs Tsra; 9 - HikHs Tsra; 10 - Baru
BITPOBOI'0 HaBaHTaXXeHHs; | | — Baru cui ranbMyBaHHs; 12 — 3B°s13KH i3 mwionmuy; 13 — romkpar
200 Tc; 14 — nomkpat 26 tc; 15 — nomkpar 25 Tc

KoHcTpykuis cTenmy nependadae 3akpiluIeHHS KOJOH B TaKOMY CTaHi, HPH
SKOMY pama pPO3TAIOBYETHCS MEPICHAUKYISIPHO OO TONy, a ii 2 KOJOHH
PO3TAIIOBaHI TOPH3OHTAIBHO MOMY. B mporeci HaBaHTa)KEHHsI OrOJOBKH KOJIOH
HepeMilllalich B BEPTUKAIBHIA IUIOMMHI JOHM3Y. BakimBoroo mepeBaroro
TaKOr'o PO3TAIIYBAaHHS KOJIOH € MOXKJIMBICTE BUKOPHCTaHHS BIACHOI Baru KOJOH
Ta JOAATKOBOTO HABAHTA)KCHHS JULSI CTBOPEHHS PIBHOMIPHOTO PO3MOALIBHOTO
BITPOBOTI'O HABaHTAKEHHSI Pi3HOI IHTEHCHBHOCTI Ha KOJIOHH.
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Puc. 6. 3araibHuil BUITILA CTEHIY 3 KOJIOHAMHU I 4ac BUIPOOYBaHb

VY BIANOBIAHOCTI 3 PO3PaxyHKOBOIO CXEMOIO OIOPHUI JIMCT KOJIOHH,
TOBIIMHOIO 50 MM, OpPCTKO 3’€IHaHWi 3 KOHTp(OpPCOM "oTHpMa OoiTamMH,
JIiaMeTpoM 55 MM 1 3aTATHYTUX MOMEHTOM 3,35 kHm.

[lepemaua Ha  KOJIOHM  TOB3/IOBXKHIX  HaBaHTaXeHb  (TOCTIHHOI)
3[iMiCHIOBaJIaCh 4Yepe3 MKOPCTKHH pureib, IIAPHIPHO OHNEPTOro Ha KOJIOHH.
3ycwist go purens Bix nomkpara JJI'M-200 nepenaBanuch uepe3 peBepcep,
II0 3MIHIOE Ha 3BOPOTHIM HampsAMOK 3yCHWUIA, 3a JOINOMOIOK Tska
BUTOTOBJICHOTO 3 JIBOX CTPHXKHIB JliaMeTpoM 45 MM 31 cTaii 3 po3paxyHKOBUM
onopom R,=510 MIla (puc. 7). 3akpimneHHs peBepcopa i TATM Ta TAra J0
IUINTH KOHTpopca 3AiMCHIOBANIOCH Yepe3 IWIIHIAPUYHI INAPHIPH, OCl SKHX
HEPNeHUKYIAPHI 10 IIOCKOCTI paMu.

Puc. 7. Burmsin nomkpata II'M-200 B peBepcopi 1si CTBOPEHHS B paMi [OB3I0BXHBOI'O
HaBaHTaKCHHsI

INepenaua Ha KOHCOMNI KONOH KPAaHOBOrO HABAHTAXKEHHS 3/iHCHIOBATIOCH Yepe3
HaBaHTaXyBaJbHy OayKy. By3mu nepenaui 3yciib 3 HaBaHTKYBAJIBHOI OaJIKU Ha
KOHCOJIi KOJIOH MOJEITIOBAJIM HATYpHE CIIMPaHHA Kojleca KpaHa Ha KPaHOBY PEHKY.
3ycwuis 3 HaBaHTaXyBalbHOI Oanku Bix gomkpara J[['P-100, omeproro Ha
BEPTUKAIbHY IUIUTY KOHTp(opca 3 BHYTPINIHBOI CTOPOHH, NEPENaBajoch 3a
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JIOTIOMOTOI0 TsbKa (apMaTypHHi CTpivkeHb AiameTpoM 45 mM, R,=510 MIla), mo
MPOXOJIMB HACKPI3b Yepe3 JTIOMKPAT i yepe3 OTBip B InTi KoHTpdopca. KpimneHHs
TATH 70 HABAHTAXKYBAJIBHOI OAJIKK 3IIHCHIOBATIOCH Yepe3 IMTIHAPUYHHUN IITapHIp.
Miciie KpiIUieHHS TsDKa 3MIIICHO JOBEPXY BiJl CEpeAHU OaKe IS PO3MOALTY
KpPaHOBOTO HABAaHTAXCHHSA Y BigHOMmICHHI 3 70 1 (BIANOBIMHO Dpyux Ta Din).
JloMKpaT cniupaBcs Ha INMTY KOHTpgopca Yepe3 KyIbOBHHI HIApHip.

[lepenaua Ha KOJOHM TOPMO3HOTO HABAaHTAXKEHHS BiJ Bi3ka KpaHa B
IUIOCKOCTI paMu  3JICHIOBAJIOCH 4epe3 HaBaHTaKyBallbHY Oalky 3a
JIOTIOMOT'OF0 Bar, pO3TalllOBaHy Ha CHeliaJIbHUX ITiBiCKaX.

[epenaua Ha purenb Ha KOJIOHAX 30CEPEHKEHOT0 BITPOBOTO HABAHTAKEHHS
3aificHIOBasIach JoMkpatoM JII'M-25 yepe3 Baxins (puc. 8).

Jis 3abe3rnieyeHHs] 3MILIEHHS KOJIOH 13 IUIONIMHM OyJIM BCTaHOBJIEHI
3B’SI3KM — KOHCTPYKIIi, IO CKJIAIaTUCh 13 CTIHOK 3 MiAKOCaMH. 3B’S3KH
po3TaloBaHi Ha pPiBHI KOHCOJEW Ta B PiBHI BepxXa KOJIOH HE IEpeIIKOKaIN
MIEPEMIIIIEHHIO KOJIOH y TUTONUHI pamu (puc.8).

Puc. 8. Ilepenaya 30cepeKEHOr0 BITPOBOr0 HaBaHTaXeHHs JoMKpaTtoM JII'M-25 uepe3 Baxiib

3.4. Cnocodm BUMIpIOBaHHS HaNpy:KeHO-1e)OPMOBAHOIO CTAHY
KOHCTPYKIii. J[J1s1 BU3HAUEHHSI HANPYXXEeHb B TIOJIKAX 1 CTIHKAaX KOJIOH Oynu
BHUKOPHCTaHI TEH30pE3UCTOpU. B HaOLIbII HampyKeHHX mepepizax KoJIOH
(mepepizu 1 1 8, nuBUCKH prc.9) TeH30pe3UCTOpH OYJIM PO3TAIIOBaHI HAa TOPISX
TIOJIMIIb, HAa TIOJIKAX MiJl CTIHKOIO 30BHI (BEpXHs KOJIOHA) 1 HAJ CTIHKOIO 30BHI
(HMXKHS KOJIOHA) Ta Ha CTIHKax 3 JBOX CTOPIH y TPhOX Iepepi3ax Mo BHCOTI.
[To6nu3y 3 umu nepepizamu (1 1 8) 1yIst KOHTPOITIO 3 ABOX CTOPIH MOJIOK OyIn
BCTaHOBJICHI TeH30MeTpH [ yrendeprepa.

Ha pemti nepepi3iB 3 000X CTOpiH OyJIM HAKJICEHI TEH30PE3UCTOPU TUIBKU
Ha TOPISIX MOJNHUIB 3 000X CTOPIH Ta JBOX Iepepizax CTiHKH 10 BUCOTI.

Jlis BUMIpIOBaHHSI IIPOTHHIB KOJOH B IUIOLIMHI paMH B 6-TH mepepizax
KOJIOH OyJM BHMKOPHUCTaHI BEPTHKAJIHHO BCTAHOBJICHI JIHINKH. 3HauYCHHS
repeMilieHb BU3HAYAIOCh 32 JIOIOMOT Ol CTPLIIOK, 3aKPIIICHUX Ha TOJUIISX.

B mepepizax 1 i 8 (puc. 9) Oynu BcraHoBNeHI mporuHoMipu MokiHa. 3a
TIEPEMIIIIEHHSM OIOPHOI TUIMTH KOHTp(opca Oylno BCTAaHOBJICHO KOHTPONbL 3a
JIOTIOMOT'OI0 TIpornHOMipa MoKiHa 3 OJHOI CTOPOHM Ta IHAMKATOpa TOJWHHOTO
TUILY 3 JPYrol.
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JI71s1 KOHTPOJIO 3YCHIIb, SIKI CTBOPIOBaMCH AoMmkpatamu J['P-100 i JJI'M-
200, w0 mepemarOThCS Ha KOHCTPYKINIO dYepe3 TsKi, Ha TsDKax Oynn
BCTaHOBJIEHI TeH30pe3ucTopu Ta TeH3oMmerpu ['yrenGeprepa. OTtpuMaHHI
MOKa3aHHs NOPIBHIOBAJIMCH 3 MOKa3aHHSAMH HA MaHOMETpax JIOMKpATiB.

J1y1s1 BUMipIOBaHHS BITPOBOT'O 30CEPEIPKEHOT0 HABAHTAXKECHHS MIJK pHUTeieM
Ta BakeleM OyJu BCTaHOBJIEHI TeH3oMeTpu ['yrenbeprepa.

YMOBHO 3a «HYJNBOBHH» BIUTIK TEH30METPHYHOI CHCTEMH TPUHHSTO
TIOJIO’KEHHSI KOJIOH, TPH SIKOMY JIiHii, 1[0 MOEJHYIOTh IIEHTPH OTOJIOBKIB 1 0a3
KOJIOH, TOPHM3OHTJIbHI. Takoro IMOJIOKEHHS BIATOCS JOCATTH 3a OHNOMOIOHO
PEryJIbOBAaHOrO MO BHCOTI 3HIMHOTO YIOPY, BCTaHOBIIGHOTO TiJ| OrOJIOBKOM
HWKHBOI KOJIOHH.

I[lpu upoMy poO3paxyHKOBa cXeMa KOXHOI KOJIOHM MOXe OyTh
MIPE/ICTaBIIeHA Y BUTJIS/IL CTATHYHO HEBM3HAYEHOI OAJIKU 3 3aIeMIICHUM OJTHUM
KIiHIEM 1 IIapHIPHO 3aKpilUIeHHM ApYruM. B Takiii 6aimi BijJ BIacHO! Baru, mio
cknagae 1,02 kHM, BUHMKaIOTh 3TrWHAJIBHI HANPYKEHHS KOTpi (B mepepizax 1 i
8) mocsratots 0,84 MIla, mo cknamae meHme 1% Bing HanpyXeHHS B IHX
nepepizax Mpu po3paxyHKOBOMY 3aBaHTa)KEHHI, 1 TOMY HalpyXeHHSM 3THHY Y
«HYJTBOBOMY» TIOJIO’KEHHI KOJIOH MOXITUBO 3HEXTYBATH.

CxeMa po3TallyBaHHsI BUMipIOBaJIbHUX NPUCTPOIB MTOKa3aHa Ha pHc. 9.
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Puc. 9. Cxema po3TalilyBaHHsI BUMIPIOBAJIbHUX IPUCTPOIB

3.5. MeToauka HaBaHTa)KeHHS1 KoOJOH. HaBaHTa)keHHS KOJIOH BeNlU
MOETAITHO 3 BHUTPUMKOIO Ha KoxxHomy ertami 20-30 xBuimH. 3a Bech 4ac
BUnpoOyBaHb Oyno X eraniB HaBaHTaxkeHHs (puc. 3), sKi Oynu JONSMH Bix
pO3paxyHKOBOro  3HadeHHS.  OCHOBHOIO  XapaKTEpUCTUKOK  eTamy
HaBaHTa)XEHHs Oyna JONs TOB3AOBXKHBOI (MOCTIHHOrO Ta CHITOBOTO
HaBaHTa)KEHHS Ta Bark CTIHOBOT'O OTOPOJDKEHHS), KPAHOBOTO Ta TajbMiBHOT'O
HaBaHTa)XEHHs BiJI 1X po3paxyHkoBoro 3HaueHHs (K).

[NepeniueHi BUIM HaBaHTa)KEHb Ha BCIX eTallax JOJABAJIUCH 3 OJHAKOBHM
3Ha4YeHHsM K, KOoTpe B MOJaNbIIOMY IIPH aHaJli3y Pe3yJIbTaTiB, BUKOPUCTAIN B
SIKOCTI 00’ €THYI0UOr0 TapaMeTpy HaBaHTA)KEHHsI, HApiBHI 3 HOMEPOM €TaIty.

3a «HyJIbOBY» ITO3HAQUKy CHCTEMH JUIs YyCIX HaBaHTaXeHb HPHHHATO
TIOJIOXKEHHSI paMH, TPH KOTPOMY OCi KOJOH T'OPHU3OHTAIIbHI, a il OrOJIOBOK
KOJIOH ITiJIBEJICHA Oropa.
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Ha xoxHOMY eTami HaBaHTa)KEHHS! paMH BeJIM B HACTYITHIH ITOCiJOBHOCTI:

1. Tlicns BUIaneHHs1 ONOPYU 3 Mijl OroJIOBKA HM)KHBOI KOJIOHM BJIacHa Bara
KOJIOHM IMiTyBajia B HHMX BITPOBHH pPO3MOALT HaBaHTa)XEHb — aKTHBHY Ta
nacuBHY (BinpuB). Bara koxxHoi kosonu (1,02 kH/m) iMiTyBana npu npomy Ha
BEpxHill KoioHI 63% BiJ PO3pPaXxyHKOBOrO AKTUBHOTO HAaBaHTa)XKEHHS, a B
HIKHIA — 80% BiZl po3paxyHKOBOI'O NMACHBHOTO BiTPOBOrO HaBaHTa)KeHHS. J[o
PO3paxyHKOBOI'O 3HAYEHHS BITPOBE PO3IOJiJIEHE HABAHTA)KEHHS JOBOIMIH
Baramu, piBHOMIpHO PO3TAllIOBAHUMH TOB3JIOBXX KOJIOH IO BEPXHIH ITOJIHII.
30iblIeHHsT BITPOBOIO HAaBaHTa)KEHHS TOHAJl PO3PaxXyHKOBE 3HAYEHHS HE
MIPOBOAWIIH (IMB. puc. 3).

2. TloriM [0 KONOH JoAaBajM MOB3JOBXKHE (MOCTiIHHI Ta 3MiHHI
JIOBIOTPHMBAJ) Ta KPAaHOBI HABaHTAXXCHHS JOMKpaTaMu. 3HAUeHHS WX
HaBaHTa)X€Hb, B  JONAX  BiJ  PO3PaxyHKOBOro, OyJIHd  OCHOBHOIO
XapaKTEePUCTUKOI HABAHTAXKEHb.

3. Ilicnsg mporo 10 paMu JOJABaIM TajbMiBHE HAaBaHTa)KCHHS BiJ Bi3Ka
KpaHa [UIIXOM 3aBaHTaXEHHS IMiJBICOK BaramMu. 3HAuY€HHS LBOTO
HABaHTAXKCHHA Ha KO)KHOMY €Tami BIAMOBIZaNoO IO Bil PO3PaxyHKOBOIO
MIOB3/IOBYKHBOI'O T2 KPAHOBOT'O HABAHTA)KEHHSI.

4. TlotiM Ha paMy TIepelaBaiM 30CEPE/PKCHE BITPOBE HABAHTAXKCHHS Ha PiBHI
purento. Bara purento 1 yactkoBo peBepcopa 3 gomkparom AT'M-200 i Tspkamu
nopiHtoBana 13,2 kH, 1o cknanano 46% Bif po3paxyHKOBHX 3Ha4Y€Hb BITPOBOrO
30CepEeIDKEHOr0 HaBaHTakeHHs. [Ipy BU3HAUeHHI 3ycwuls Ha noMkpat JII'M-25
II0 YacTWHy  HABaHTAXXCHHS  3apaxOByBaJiM.  3OUIbLICHHS  BITPOBOTO
30Cepe/HKEHOr0 HaBaHTAKEHHS BUILE PO3PAaXyHKOBOI'O 3HAYEHHSI HE POOMIIH.

5. B ocraHHIO 4epry KOMIIEHCYBallll JOAATKOBI BEPTHKAJIBHI CHIH, IO
BUHHKAIOTh B PaMi IPH IEPEMIILIEHH] OT'OJIOBKIB KOJIOHH 1 OTIOPHUX KOHCOJEH
BHU3 B Ipoleci HaBaHTaxeHHs (puc.8), TOOTO BIAXHWICHHS JIiHIN
NPUKIaJaHHsl HAaBaHTa)XKEHb BiJl MEPHEHAMKYJSPHOrO JIO pHIelio Ta
3arpy3ouHiit kpaHoBiit 6ammi. Lli cunu V), i V; mokasani Ha puc. 10 (a),(6),(B) i
30ULIBLIYIOTBCS IO Mipi 3pOCTaHHS MPOTHHY pPaMHU 1 MOXYTh CYTTEBO
301IBIINTH TPUKIIAAEH] BEPTUKAIIBHI BITPOBI HABAHTA)KEHHS HA pamy, SIKIIO HE
HpHUIHATH MipH 1o X KoMmeHcalii. 3HaueHHs cun V), i V,; Ha KoXHOMY eTari
HaBaHTa)XEHHs Oy BH3HAYEHI, 3HAIOUN 3yCHJUIS, L0 PO3BUBAIOTH JIOMKPATH
Ta 3MIIIEHHS TEPEeMIllleHHs] TOYOK IPHKIIAJaHHA HaBaHTaxkeHb P i D Bix
ropu3oHTani f, i f; Ta Biactanei / i /; Bix mapHipiB Ha KoHTpdopci 10 ToUoK
MIPUKIIAJaHHs 10 PUTENs Ta MOrpy304Hiil migkpaHoBid Oanui (puc. 10). Ilpu
upomy V, = P sing, ne sing =f,/ [ = ¢, a V,= D f,/ f;. IlinpaxoBaHi Takum
YUHOM 3HaueHHd cun V, i V,; HaBeleHi Ha BiAMOBiZHMX rpadikax

(puc. 11 (a),(0)).
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©6) (8)
Puc. 10. Cxemu Jii cnit Ha paMHY KOHCTPYKLIIO Mil 4ac HABAHTAXCHHS (2) Ta PO3KJIaICHHS
3yCHJIb, L0 NPUKIAJAINCh 10 HaBaHTaXXyBaJIbHOI KpaHOBOI 6anku (0) i 1o purento (B)

B pe3ynbTaTi BKa3aHOI
KOMIICHCAIlT JTOJAaTKOBUX 3YCHIIb
0 HIKHBOTO KIHIA PHUIEN0
NPUKIAAATUCS  3yCHUIsL, IO
JIOPIBHIOBAJIH:

W+V,+xVa, =
Ae W - BiTpoBE 30CEpEeKCHE ' 50 100 150 200 fo,
HaBaHTA)KEHHA O PO3PAXYHKY; ), (a)

- KoedilieHT, IO BPaxoOBYE — T r T T
TIEPEeHIC TOYKH MTPUKIIaICHHS CHIIN
V, 3 HaBaHTa)XXyBaJIbHOI OAJIKU 10
puressi.

Jlnst 3MeHIIeHHs BENUYHHU V),
NIPY HABAHTAKEHHSX OJIM3BKUX N0
PO3pPaxyHKOBUX, T'OPU30HTAJIbHE
NPUKIIaJaHHsl HaBaHTaXeHHs P
KOHCTPYKTHUBHO 3a0€3Ne4In Npu
MIPOTHHI OT'0JIOBKA KOJIOHU PIBHUM
90 MM (paxyloud BiZl YMOBHOTO
«HYJISI» Ha O1Opi), VIS 4Oro Micie

KpIIUIEHHsT TSATH 10 KOHTpdopca ' 50 100 150 200 fo, um
3MinieHo Ha 90 MM. ©)

B pesynbraTi HaBaHTa)XCHHs Puc. 11. 3HaueHHs JOIATKOBUX BEPTUKAILHUX
KOJIOHM OynM  JOBEACHI  JO 3ycumib V), 1 V; B 3anexHocCTi Bif f, i fo ipu pisHUX
pYHHYBaHHS IpPU HaBaHTaKEHHI PIBHSIX HABAHTAXKEHHS, JIIIOUMX HA ITiJIKPAHOBY

Ha erani IX (puc. 3), a 3aranpHui Oaxxy (a) Ta purers (6)

BUTJISIIT paMH TiCJIsl BTPATH HECY4oi 3/JaTHOCTI ITpUBEeHHUH Ha puc. 12.

3.6. Hanpy:keHo-nedopmauiiinuii cTaH Ta BHYEPHAaHHS HeCcy4ol
30aTHOCTI KOJIOH. B pe3ynbrari ekcliepuMEHTaJbHUX BHUIPOOyBaHb OyIn
JIOBEJIEHI /10 BUUEpIIAHHS HECydoi 37aTHOCTI JIBI HATYpHI CyMICHI KOJOHHU Y
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ckmazi pamu [12, 13, 14]. Marepianu, nepepizu Ta JOBXHWHU JIBOX Map KOJIOH
OyNu 1IEHTUYHI, 32 BUHATKOM TOT'O, IO Y OJIHI€] Mapy KOJIOH NpH 3’€THaHHI
oMU 31 CTIHKOI0 BUKOPHCTOBYBAJIMCH OIHOCTOPOHHI 3BaplOBaIbHI IIIBH.

I[lo pesympratam BunpoOyBaHb (IO TIOKAa3aHHSAM TEH30PE3HCTOPIB)
oTpuMaHi 3Ha4yeHHs JedopMalliii B pi3HHX Iepepizax B 3aJEKHOCTI Bij
HAaBaHTA)KEHHSL.

Puc. 12. 3aranpHuii BUIJIAA paMy IicJsl BTPATH HECY4ol 30aTHOCTI

Ha erami HaBanTaxkeHHst K=1,6 BiI3HaueHWII MOBOPOT IOJIOK B IUIOIIMHI
nepepizy, IO CBiAYUTH TMPO MicLEeBy BTpary moiuns (rpadiku nedopmariii
CUMETPUYHHX JIATYMKIB 3MIHWIM HANPSIMOK Ha 3BOPOTHiH).

JilicHo, ipu 30iNbIIEHHI HABaHTa)X€Hb, HIDKHS (CTUCIA) TIOJUIS BEPXHBOT
KOJIOHH T10Yajia BTpayaTy CTIHKICTh, IO MPOSIBUIOCH B MOSBI XBUIIEHONIOHOMY
BUTOp3i. MakcHManbHe BiIXWIEHHs cKiano 6 MM Ha BiactaHi 1730 MM 6azu
koJonH (puc. 13). PO3NoOBCIOKEHHST XBHIIb BiIMIU€HO 110 JOBXKHHI KOJIOHH 10
ITiIKPaHOBOT KOHCOJTI.

:L 7400

12800

5230

4130

Puc. 13. Brparta crifikocTi HIXHBOT (CTHCII0T) HOJIHII BEPXHBOI KOJIOHH

Ha puc. 14 HaBeneHi 3HaueHHsI 3MiHIOBaHHS AeopMaliil y HAaHOMKINX 10
3aTUCKaHHS KOJIOH B KoHTp(opci nepepizax 1, 2, 8, 9.
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Sx BumHO 3 rpadikiB, Bxke IpU HaBaHTaXeHHI K=1,4 KOJOHM NOYMHAIOTH
MpaIloBaTd B NPYKHO-TUIACTWYHIM  cramii. [ms  BepxHbOi  (OLIBII
HaBaHTa)XEHOI) MepervH TrpadikiB BUPaKEHHH OUIbII XapakTepHUH — L
KOJIOHA ITOYMHAE MIEPEXOAUTH B MPYKHO-TUIACTUYHY CTail paHille HUKHBOI.

K
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Puc. 14. I'padixu 3Minn nedopmariiii B 3aJ1eXKHOCTI BiJl HABAHTA)XXEHHS B PI3HUX Iepepizax
KOJIOH: (@) — JiBofi; (6) — npaBoi

3a pe3yapTaTaMu BUIPOOYBaHb IO MOKa3HUKAM TCH30JAaTUYHKIB B Iepepizax
koioH 1-14 Oymum mnoOymoBaHI TakoX eMIOpU HOPMAaJbHUX HANpYyXKEHb
(puc. 15). B nepepizax HIKHBOT YACTH KOJIOH CIMIOPH HOPMAJIBHHUX HAIPY)KCHb
HOCSITh 3TMHAJBHUI XapaKTep, B BEPXHIH — NPAKTHYHO LEHTPAJIbHO CTUCHI. B
nepepizax 1-1 1 8-8 BUIHO Meka IUIMHHOCTI JOCATAETHCS B HIDKHIX IOJIKAX
KOJIOH Ta YacTHHAaX CTIHKax, a BEPXHs IOJKa Ta Ha OLIbLIINA YacCTHHI CTIHKU
MPAIOIOTh Y IPYXKHIH cTaii.

Takok oTpuMaHi eKCIepHMEHTAIbHI HOPMAaTHBHI HANpPY)KEHHS B IMOJKax
niepepiziB KOJIOH, HaHOMMK4YMX A0 0aszu, Oynu MOPIBHSHI 3 HAaNPYKEHHIMHU
OTPUMaHUMH I10 PO3paxyHKaM 3a mporpamoro «Jlipay». 3HaueHHs! MOPIBHAHHUX
HaAIPY)KeHb JOCUTH OJIU3bKi, a 31 301IBIICHHAM HABaHTAXKCHHS 1 BiITAJICHHIM
BiJl OITOpH LISl PI3HULIS 1€ 1 3MEHIIYETHCS.
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Puc. 15. Enmropn HopMaibHUX HaNpyXeHb B IIepepizax KOJIOH Ha PI3HUX eTamnax
HaBaHTaKCHHsI

ExcrniepuMeHTabHe 3HAYEHHS HOPMAJIbHHUX CHJI Ta 3THMHAIOYMX MOMCHTIB B
pamMi TpH pO3PaxXyHKOBOMY HABAaHTAKCHHI, OTPHMaHi [0 3HAYCHHIM
HAIpYKeHb G, 1 G, . BOHN OoTpHMaHi IUIIXOM PO3KIIaJaHHS MTO3AIEHTPOBOTO
CTHCKY Ha IEHTPAILHUI CTUCK 1 BUTHH IIPH TPYXXHi# poOoTi paMu.

I[Mpu 1upomy HopMmambHa cuna (N) Ta 3ruHatouuii MomeHT (M)
i IpaxoByBaJIHCh 3a (HOPMYyIaMH:

stmmggminE.Azcn.A’ )
&€ — &
M = EoeEuin gy, — o, W, ©)

I Emax TA Emin - AeopManii B kpaiiHix (idpax mepepi3iB KOJIOH, OTpUMaHi Mo
MOKa3HUKaM TEPMOpPE3HUCTOPIB; £ — MOAYNb HPYKHOCTI MeTany, HpHIHITHN
2,1x 10* kH/cm*; 4 — rmowa nepepisy; W, — MOMEHT OIopy mepepisy.
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BinHolIeHHST eKCTIEPUMEHTATIBHIX 3HAYCHb BEIMYHH O PO3PAXOBaHUX 32
nporpamoto «Jlipa» npencraBisiioTh co00I0 KOHCTPYKTHBHY noxu0Oky C. Ipu
BU3HAYCHHI KOHCTPYKTHBHOI TOXMOKM MO HOPMalbHUM CHJIAM, EKCIIepH-
MEHTaJIbHI 3Ha4eHHs OyJM B3ATI CEepelHIMH II0 TPHOM IIepepizaM MOB3IOBK
KOJIOHHU. [IpH pO3paxyHKOBOMY HaBaHTaXKEHHI JJIsI BEPXHBOI KOJOHH MOXHUOKa
cknana C, = 43,7/49,6=0,88, a misa Hmwxuno1 Kononu - C,= 32,87/37,5=0,88.

Ilpy BuU3HAYCHHI KOHCTPYKTHBHOI MOXHOKH I10 3THHAIOYOMY MOMEHTY
eKCIIePUMEHTANBHI 3HAYCHHsI, OTPUMaHi B JBOX HIDKHIX Mepepi3ax KOJIOHH,
€KCTPaIoIIOBAJIMCS Ha Iepepi3 Ous 6a3u, sike € po3paxyHKoBuM. Tofi, Takoxk
MPU PO3PaXyHKOBOMY HABaHTAXKCHHI, JJIS BEPXHBOI KOJOHH MOXHOKa CKiajia
C, =35,5/37,3=0,95, a mis smkHb01 Kosouu - C,, = 37,8/39,8=0,95.

3icTaBICHHS CKCICPUMEHTAIBHUX Ta TEOPETHYHUX 3HAYCHb HOPMAJbHHX
HaInpyXeHb MoKa3aHi Ha puc. 16.

eril K=10 K=1.7 K=1.8
- _ -« 1105 sadT 1344 1037 1596 1133
F T
F 'I-"'
- § A mn v 7w pRves
e 8 K=1.0 w=1.f K=18
- . i 0 reek HaZ 2318 Mo 2688
J..'
s o
> ) - -'."IISI ."'.L"' ) 3.".;152 Fa =

Puc. 16. HopmanpHi HanpykeHHs B iepepisi 1 siBoi kos1oHH i
nepepizi 8 mpaBoi KOJIOHK Ha PI3HUX €Tanax HaBaHTaXKCHHS:
- eKCIePUMEHTAJIBHI; ---- - IpaxoBaHi 3a mporpamoro «Jlipa»

Ha piBHi HaBaHTaxxeHHs K=1,4 nepepi3 KOJOHU NpaIfoe B MPYKHIH cTafil i
BUKOpHCTaHHS mnepexiquux ¢opmyn (8) i (9) 3a Momynem MpYKHOCTI €
JIOCTOBIPHUM.

[Tpu 306inbmieHHi HaBaHTaxxeHHA Big K=1,4 mo K=1,6 B 000X KoJOHaxX B
HIWKHIX CTHUCHYTHX IIOJNHMIIAX 1 CTIHIN 3’SBISETHCA IUIMHHICTB. B mojwii
BEPXHBOI KOJIOHU 0auMMO PO3BUTOK IUTMHHHX e OopMalliif BiJi OCHOBH KOJIOHU
no mepepizy 3. Komm Ha wii AumstHOi TomMHHI AedopMarii NpOHHU3YIOTH
MOBHICTIO TIOJKY, BOHAa BHKIIOYAEThcI 3 pobotu. Ilepepis poOHThCs
aCHMETPUYHUM 1 MPYKHE SApO nepepizy 3MeHryeTbess. CaMme Ha 1IbOMY eTari
3aBaHTaXXEHHS 3a(iKCOBAaHO XBWIEMOAIOHE BHUIMHAHHS HW)KHBOI ITOJIKU
BEPXHBOI KOJOHHM, TOOTO BTpaTa MICLUEBOI CTIMKOCTI BHACHIJOK PO3BUTKY
IUIMHHUX JAedopManiit y nomumi (puc. 17).
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Puc. 17. MicueBa BTparta CTIHKOCTI CTHCIIOl HOJIUII KOJOHH

B monumi HWXKHBOI KOJIIOHM TpPW piBHI HaBaHTaxeHHs K=1,6 muuHHI
nedopmarii 3agikcoBani ymie B nepepisi 8. B crTiHII BepXHBOI KOJIOHH Ha
HEBEJIMKIA [UISHII KOJOHM BiA OCHOBH a0 mnepepidy 1-1 3’sBisieTbes
IUIMHHICTh, @ CTIHKa HW)XHBOI KOJIOHM HAa L[LOMY €Talli NpaIfoe B MPYXKHIH
craqii (puc. 18).

Meska MIUHHOCTI MaTepiaiy cTiHkH (R,=325 MIla) Buiie Mexi IMIIMHHOCTI
Martepiany monok (R,=296 MIla) i BiANmoOBigHO NpU 3pOCTaHHI HABAHTAXKEHHS
MHHI gaedopMallii B CTIHII BUHHMKAIOTH Mi3Hime. IDmactmyni medopmarii
MOCTYMOBO (31 30UIBIICHHSM HAaBaHTAKEHHS) NPOHU3YIOTH BCe OLIbIIY
YaCTHHY CTIHKH, 3MEHIIYIOYM TPYXHY 4acTuHy sapa. IIpu 1pomy KojoHU
(baKkTHYHO MAIOTh MEPEMiHHHUN 1O JOBXKHUHI Mepepi3, Tak K MaTepiall KOJIOH,
MIPOHU3aHUH ITMHHUMHU JieopMallisiMi BUKITFOUAETHCS 3 POOOTH.

[pu K=1,8 mmactuyni nedopmallii NPOHU3YIOTH BXKE 3HAYHY YACTUHY
CTiHKHM (TIOBHICTIO CTHCHYTY 30HY Ilepepisy) (auB. puc. 19), nmpo mo cBiauuTh
nosiBa JiHi# YepHosa-Jlromepca.

[lpn nopanplioMy 30UTBIIEHHI HaBaHTa)XeHb BiNOyBa€TbCs BTpaTa
3arajJbHOi CTIHKOCTI KOJIOH Y cKianml pamu. Brparta 3arambHOi CTiiiKOCTi,
MPOSIBUIIACh B 3pOCTaHHI MPOTHHIB TP MOCTIHHOMY 3HaYEHHI HaBaHTaXEHb 1
MOJANIBIIIOMY Pi3KOMY CIa/li HaBaHTa)KeHb. B HAWOIbIIEe HAPYKCHUX MiCIIIX
BEPXHBOI Ta HI)KHBOI KOJIOHH, Aie Oyina HalOIblIa aMILTiTy[a XBUJII HUKHBOT
MTOJIMIN TIPU BTPATi MICIEBOI CTiiikocTi Ha erami K=1,6, B MOMEHT 3arajJbHOi
BTpaTH CTIMKOCTI TOSBWJIACS OHA IIBXBWIS 3 BEJIHUKOK aMILTITYIOI0
(puc. 19). B mux Micigx BimOyJIocs XBHJICMOMIOHE BUTHMHAHHSA 1 B CTIHII
kosionu (puc. 20).
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Puc. 18. Po3noxin HopMansHuX Hanpyxens (Mlla) npu K=1,6 B niBiii (a) i B mpasiii (6) komoHi

6)

Puc. 19. Po3nozin HopMansHux Hanpyxens (MlIla) npu K=1,8 B niBiii (a) i B mpasiii (6) komoHi
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KooHu BTpaTHIU CTIHKICTD B IUIONIMHI
pamu npu K>1,8 118 HOB3IOBXKHBOTO,
KpaHOBOTO Ta TalbMiBHOro (Bia Bi3Ka
KpaHy) HaBaHTaxeHHA Ta K=1,0 mis
PiBHOMIpHO PO3IIOAIIEHOT O Ta
30CEPEPKEHOr0 BITPOBOIO HABAHTAXKEHHS.
[lpn UpOMY KpUTHYHA TOB3IOBXKHS CHJIA
cknana 893 xH, mo B 1,8 pa3u Ginblue
PO3paxyHKOBOI'O ~ HABAHTAXEHHS,  IIO
nopisHioe 496 xH.

[lepeMinieHHsT OroOJIOBKY KOJOHH [0
MOMEHTY  BTpaTH  CTIHKOCTI  CKJIaJlo
304 mm.

Bumipn y mpoueci HaBaHTa)KEHHs
nepepiziB KOJOH CKJIAAajocs 3 BJIACHOTO
MIPOTHHY KOJIOH MiJ[ Ji€10 HOPMAIBHUX CHIT
Ta 3THHAIOYOI0 MOMEHTY Ta HepeMillleHb
BHACIIII0K TIOBOPOTY KoHTpdopcy

) L ) (TIOaTIINBICTh CUCTEMH HABAHTAYKCHHS).
Puc. 20. Bﬂaam Micuieso CTifiKocTi BUMIpIOBAHHS TIOBOPOTY KOHTPhOPCY

IMOJIKIIl Ta JUITHKH CTl/lCHyTOI .

CTIHKH KOJIOHH BiTHOCHO CHJIOBOI'O TIONY  JIO3BOJIUIIO

BUSIBUTH MOJATIUBICT CHCTEMH.

BigHimMaroun Iii TEpeMillleHHsS 13 3arajbHUX IEPEeMIlICHb KOJIOH Oyio

oTpuMaHo (DaKTHYHI MEpeMillleHHs] KOJOH Ha PI3HUX eTanax HaBaHTa)KEHHS
(puc. 21).

[lopiBHSHHSA  eKCIIEpUMEHTAbHUX TPOTMHIB KOJIOH 3 TMPOrMHaMHU
iipaxoBaHUMU 3a mporpamoro «Jlipay mokaszanu rapHy 30ikHicTe. Ha erari
MaKCHMaJIbHOrO HaBaHTaxeHHs (mpu K=1,8) excrepuMeHTaTbHI 3HAYSHHS
nepeMinieHs ckinainu 304 MM, a TeopetuuHi ckiaanu 309 M.

BigHOCHUMIT TPOrWH KOJIOH NPU HOPMATHBHUX 3HAYCHHSX HaBaHTAXKECHb
ckiaB - 166/12800 = 1/77 H, ne H — noBHa BUCOTa KOJNOHM. lle 3HAYCHHS
BiTHOCHOT'O TPOTMHY IIPaKTUYHO BIJINOBIIa€ TPaHUYHUM 3HAYEHHSIM, IO
BIJIMOBiIal0Th HOpMaTHBHUM 1/75 H [17].

BigHOCHMIT TPOTHH KOJIOH NMPHU KPUTHYHOMY HAaBaHTaKEHHI (B IpaHUYHIN
Toumi) cknas - 304/12800 = 1/42 H.

Ha Bcix eramax HaBaHTa)KeHHsI BUTUH 0a3¥ KOJIOH KOHTPOJIOBABCS IiCThMa
iHAMKaTOpamMy. BenmnunHu BUTHHY Ha BCIX eTanax HaBaHTaKEHHs IOKa3aHi Ha
puc. 22. Ilpu rpaHunyHoMy HaBaHTaxeHHI (K=1,8), konmm BOHM 3HAYHO
NepeOUIBIIMIN PO3PaXyHKOBI, MAaKCUMAJIbHUH BUTHUH OIMOPHOTO JHCTa 0asu
ckiaB 1 MM.

BucHoBku

1. Po3pobneHa MeToiuKa pO3PaxyHKy Ha CTIHKICTh CTHCIIO-3THHAIBHHX
KOJIOH y CKJIaji IOIlepeYyHUKa 3 KPAaHOBUMH HaBaHTKEHHSAMH. MeToanka
BpaxoBy€ CYMICHICTh pOOOTH HEOJHAKOBO HABAHTAXKEHUX KOJOH B CKIai
pamu 1 dopmy gedopMyBaHHA MO €0 aKTHBHOTO HaBaHTaXKCHHS.
Po3paxyHnkoBa  JOBXKHMHA, IiApaxoBaHa JIi  paM 3  KpPaHOBUMH
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HABAaHTQXXKEHHSAMU [0  3aIPONOHOBaHIH  METOIWIN, MEHIIE 3HAauYeHb
PO3PaxyHKOBHX JIOBKHH I10 Ai04UM HOpMaM Ha §8-20%.

S
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Puc. 21. EkcriepuMeHTabHI 1 TEOPETHYHI BUTHHY KOJIOH Ha PI3HUX
eranax HaBaHTaXCHHSL: - eKCIIEPUMEHTANIBHI; ----- - po3paxoBaHi 3a mporpamoro «Jlipa»

2. ExcriepUMeHTaNbHI  JOCHiIKEHHS HaTYPHUX CTUCIIO-3THHAJIBHUX KOJIOH
B CKJIagi pamMu 3 NPUKIAJaHHSIM YCIX HaBaHTaXXEHb, IO HAa HUX [IOTh
(mocTiiiHi, BITPOBI Ta KpaHOBI) Ha pI3HMX eTanax HaBaHTAXEHHS, ax 0
BUYEPHAHHSA HECyd4ol 3HaTHOCTI, Hald 3MOrY JOCHIZUTH (DaKTHIHUNA
HaIpyKeHO-Te(OpMaIliiHAIA CTaH KOJOH Ta iX IepeMillleHHs, BUI'MHU IUTHT
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0a3 KOJOH, PO3BUTOK IUIMHHHUX jAedopMmamiii B IOJHLAX CTIHKH, MiCUEBY
BTpaTy CTIHKOCTI MOJHMIb Ta CTIiHKH, 3arajlbHy BTpPaTy CTIHKOCTI KOJIOH B
CKJIaJli paMu.
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Puc. 22. Burus onopHoi iktH 6a3u NpaBoi KOJOHU Ha PI3HUX
eranax HaBaHTaKCHHS

3. Jlnsd pexOHCTpyHOBaHMX MPOMHCIOBHX OYydiBeldbh 3allpONOHOBaHA
METOJMKa BW3HAYCHHS pPE3epBiB HECY4oi 3JaTHOCTI 1O BEPTHUKAIBLHOMY
(KpaHOBOMY) HaBaHTaXXEHHI 3  ypaxyBaHHSAM  pI3HO-TIAPAMETPUYHOTO
HaBaHTa)XEHHS 1 (PAKTHYHUX PO3PAXyHKOBHX OIOPIB.

[lix pi3HO-MapaMeTpUYHUM HABAHTAXKEHHSIM TYT pPO3YMIEThCS Take
HaBaHTa)KEHHS, KOJIU JI0 PO3PaxyHKOBOI'O PiBHS yCi HABAHTaXEHHS 3POCTAIOTh
MPOIOPIIMHO, a Jajli 3pOCTAaroTh JIMIE BEPTHKAIbHI HAaBaHTAXXEHHS 0
BUYEpIIaHHs Hecydol 3aaTHocti. lle 1ae 3Mory 3Ha4YHO 30UTBIIUTH
BepTUKaJIbHE (IOCTiliHE Ta KpaHOBE) HABAHTAXKEHHS Ha Kapkac OyxiBii mpw ii
PEKOHCTPYKIIiT, IO MiATBEPKEHO 1 EKCIIEPUMEHTAIEHIMH JIOCHIPKEHHAMU. B
EKCTIEPUMEHTI MONEepPEeYHHK BUTPUMAB BEpTHKalbHE HaBaHTakeHHS Ha 80%
BHIIIE PO3PaxXyHKOBOTO (TIPH Pi3HO-IIApaMETPUYHOMY HaBaHTa)KEHHI ).
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Yaroviy S.M., Savytskyi M. V., Slobodianiuk S.O.
RESERVES OF THE BEARING CAPACITY OF METAL COLUMNS
AS PART OF A SINGLE-SPAN FRAME WITH CRANE LOADS

The search for reserves of bearing capacity and improvement of the calculation of compressed-
flexural metal columns is an urgent task. This makes it possible to more fully take into account the
actual operation of structures and metal savings. An analysis of these and other issues is given in
this paper on the basis of theoretical and experimental studies of life-size compressed-curved
columns as part of a single-story and single-span industrial building with overhead cranes. The
purpose of this work was to search for reserves of the bearing capacity of compressed-bent
columns as part of the diameter of one-story single-span buildings with overhead cranes. As a
result of the theoretical studies carried out, a method for calculating the stability of compression-
bending columns as part of a cross section with crane loads has been developed. The technique
takes into account the compatibility of the work of unevenly loaded columns in the frame and the
shape of the deformation of the columns under the action of an active load. The estimated length
calculated for frames with crane loads according to the proposed method is less than the estimated
lengths according to current standards by 8-20%. To implement the tasks set in the experiment, a
stand was developed and manufactured that allows testing the column as part of the frame and
applying all types of vertical and horizontal loads to it. Experimental studies of full-scale
compression-bending columns as part of a frame with the application of all loads that act on them
(permanent, wind and crane) at different stages of the load, up to the exhaustion of the bearing
capacity, made it possible to investigate the actual stress-strain state of the columns and their
movement, bending of column base plates, development of current deformations in web flanges,
local buckling of flanges and webs, general buckling of columns in the frame. For reconstructed
industrial enterprises, a method for determining the reserves of bearing capacity for vertical load
based on multiparameter loading of the diameter is proposed.

Key words: metal columns, stability, elastic-deformation state, displacement, load, local and
general loss of stability.
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Aposoii C.H., Casuyxuii H.B., Cnoboosiniox C.A.
PE3EPBbI HECYIIEA CIIOCOBHOCTHU METAJIJIMYECKHX KOJIOH B COCTABE
OJHOITPOJIETHOI'O KAPKACA C KPAHOBBIMHU HATPY3KAMMU

Ilouck pe3epBOB Hecylel COCOOHOCTH W YCOBEPIICHCTBOBAHHE pacyueTa CKaTO-M3THOHBIX
METAJUIMYECKUX KOJIOHH SIBJIETCS aKTyallbHOW 3ajaueid. 1o mo3Boiuser 6ojee MONHO YUUTHIBATh
JICUCTBUTEIIBHYIO pabOTy KOHCTPYKIHM M SKOHOMHIO METalljla. AHAIN3 9TUX U JIPYTHX BOIPOCOB
HPHUBE/IEH B JAHHOH paboTe Ha OCHOBE TEOPETUYECKU-IKCIIEPUMEHTANIbHBIX HCCIIEJOBAHUI CKATO-
U30THYTBIX KOJIOHH B HATypPaJbHYI0 BEJIMYMHY B COCTAaBE OJHODTAXHOIO M OIHOIPOJIETHOIO
IPOMBIIIJICHHOI'O 3JaHNs ¢ MOCTOBBIMH KpaHaMH. 3KCH€pMMCHTaHbeIC HUCCIICAOBaHUA HATYyPHBIX
CKAaTO-U3rUOAOIINX KOJIOHH B COCTaBE PaMBbl C IIPUKIIAJBIBAHIEM BCEX HArpy30K, KOTOPbIE HAa HUX
JIEWCTBYIOT (IIOCTOSHHBIE, BETPOBbIE M KPAHOBBIE) HAa Pa3HBIX 3Talax Harpys3kd, BIUIOTb [0
FICUCPIIaHuUsI HeCYILel CIIOCOOHOCTH, Jalld BO3MOXKHOCTb HCCIIEA0BATh (PaKTHUECKOE HAIIPSDKEHHO-
nehOpMAIIIOHHOE COCTOSIHME KOJOHH M UX IepeMeIleHHe, U3ruObl IIUT 0a3 KOJIOHH, pa3BUTHE
TEKYWMX JepOopManrii B MOJKAX U CTEHKE, MECTHYIO MOTEPI0 YCTOWYHMBOCTH IIOJIOK M CTEHKH,
OOLIYIO MOTEPI0 YCTOIHYMBOCTH KOJIOHH B COCTaBE PaMbl.

KiioueBble cjIoBa: METANIMYCCKIE KOJIOHHBI, YCTOHYMBOCTD, HANPSDKCHHO-1e()OopMaiHoHHO S
COCTOSIHHUE, [IepEeMELLIeHIEe, Harpy3Ka, MECTHAsl M 0011ast ToTepst yCTOHYMBOCTH.
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The search for reserves of bearing capacity and improvement of the calculation of compression-
bending metal columns is an urgent task. This makes it possible to more fully take into account the
actual work of structures and the eucomia of the metal.

Fig. 21. Ref. 17.
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The article presents the results of determining the strength of non-destructive methods of
cement concrete pavement on bridges. According to the results of the research, a differential curve,
a reliability curve and the inverse value of the accumulated frequency of compressive strength of
cement concrete are constructed. It is established that the cement concrete of the investigated
objects corresponds to the strength class according to the normative documents. However, the
results of visual, instrumental and thermal imaging inspection of areas on the bridges revealed a
number of defects in the cement-concrete pavement and pavement slabs, which can lead to loss of
the pavement structure strength. In particular, it was found that the destruction of the inspected
reinforced concrete slabs of bridges mainly occurs under the influence of corrosion and loss of the
working part volume of the steel reinforcement, unsatisfactory condition of the compensation
seams on the supports. It is determined that cracks in reinforced concrete slabs occur due to low
resistance of concrete to bending loads, due to which steel reinforcement is exposed to aggressive
environments. In turn, it was proved that structural cracks in concrete occurred due to excessive
loading, which led to overstrain of the structure, and non-structural cracks - due to internal stresses
caused by thermal loads and various linear expansions of materials. Thermal imaging study
revealed a significant difference in temperature in the pavement structural elements, which in the
future leads to the destruction of cement-concrete pavement. It was found that the peeling of the
protective layer of metal reinforcement on the studied bridges is caused by the phenomenon of
electro-chemical corrosion.

The experience analysis of cement-concrete pavement of the studied objects allows to prepare
proposals for the construction of cement-concrete pavement of bridges and overpasses using
modern materials, in particular, non-metallic reinforcement.

Keywords: bridges, non-destructive methods, strength, cement-concrete pavement, thermal
imaging inspection, reinforcement.

Introduction. The modern advanced applications in science field of road
repairs and construction opens a real prospect of increasing the transit
attractiveness in our country. Significant weight load using transport corridors
falls on the road surface and construction of road bridges. Since the main

© Gameliak I.P., Kharchenko A.N., Dmytrychenko A.N., Tsybulskyi V.N., Hustieliev O.O.
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disadvantage of asphalt pavements on bridges is insufficient track resistance
and low durability then the necessity arises in replacing them on cement-
concrete pavements, taking into account modern engineering solutions. This
solve the problem in necessity to impose seasonal restrictions on heavy
vehicles passage, and the associated overpayment for passage, which
compensates cost of road repairs. Based on analysis of foreign experiences,
existing regulations and requirements for cement-concrete pavement on
bridges and it is gives possibility to choose an effective technology for
installation and maintenance [1-8].

Main part. In Ukraine, pavement structures (PS) are classified into two main
types - non-rigid and rigid. At the same time, experience shows that under
different climatic conditions, intensity and traffic composition, cement concrete
pavement are more durable (18 — 50 years) than asphalt (6 —12 years) [9-12].

At present, the vast majority of roads in Ukraine have asphalt pavements with
a carrying capacity of no more than 115 kN (11.5 tons) per axle, and a total
elasticity modulus up to 300 MPa. Load from 13 tons an axis demands increase
in total elasticity modulus of to 390... 400 MPa, thus tension in a paving layer
reaches to 7,0... 7,5 MPa that in 2,5... 3,0 times exceeds limits of durability and
shear resistance of usual asphalt concrete. To avoid overstraining the pavement
is advisable to use special technical solutions [7, 12-13].

In 2002, for the first time in Ukraine, cement-concrete pavement was laid
on bridges as part of the aftermath of a catastrophic flood in the Zakarpattia
region on Shopurka river in Velykyi Bychkiv in the Rakhiv district on the
H 09 highway. However, cement-concrete pavement performance indicators
have been insufficiently studied.

In 2019, the research team of the National Transport University performed
instrumental and thermal imaging surveys of bridges with cement-concrete
pavements. Also, the strength was determined by non-destructive methods
(sclerometer) of bridges cement-concrete pavement H 09 highway (Table 1).

At the points where the strength study of the cement concrete pavement was
performed, the following defects were found:

- local chipping in area of deformation joints;

- exposure of crushed stone of cement-concrete pavement;

- shrinkage cracks;

- longitudinal and transverse cracks;

- oscillations of the bridge during the passage of heavy vehicle;

- destruction of bridge slabs due to peeling of the protective layer from

metal reinforcement;

- corrosion of metal reinforcement due to the opening of cracks;

- uneven subsidence of the ground on the approaches;

- unsatisfactory condition of expansion joints.

It was also found that the cement concrete of the investigated bridge
corresponds to the strength class B 40 (Fig. 1-2).

For in-depth analysis of defects in pavements and structures, a survey was
conducted on problem areas of the bridge by thermal imaging (Fig. 3-5).
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Table 1

The results of cement concrete strength measuring with a sclerometer
(Bridge M-1. Km. 6 + 000)

. The .
Point 1 2 3 4 5 |Average| standard Coefﬁ.cu.ent
number ... | of variation
deviation

1 50 | 50,5 | 51 41 47 47,9 4,16 8,7
2 46 46 45 43 42 44 4 1,82 4,1
3 53 42 | 46,5 | 45 | 485 47 4,11 8,7
4 53 45 | 46,5 | 45,5 | 53 48,6 4,05 8,3
5 54 48 54 53 43 50,4 4,83 9,6
6 45 43 41 44 49 44 4 2,97 6,7
7 37,5 | 42,5 | 35 | 46,5 | 37 39,7 4,70 11,8
8 53 53 48 54 | 54,5 | 52,5 2,60 4,9
9 57 53 54 | 47,5| 505 | 524 3,60 6,9
10 53 54 46 | 54,5 | 50 51,5 3,54 6,9
11 53,5 | 54 47 46 53 50,7 3,87 7,6
12 53 | 55,5| 51 53 59 54,3 3,07 5,7
13 53 43 37 40 43 43,2 6,02 13,9
14 45 51 47 52 42 47,4 4,16 8,8
15 46 47 50 52 48 48,6 2,41 5,0
16 45 53 51 53 | 50,5 | 50,5 3,28 6,5
17 44 45 40 41 37 41,4 3,21 7,8
18 42 43 41 43 46 43 1,87 4,4

0,25+
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. 4 \\\
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_'-4'/
0,00 f t
30 35 40 45 50 55 60 65 70 75 80 8 90
Compressive strength of concrete, MPa

Frequency, fate of the unit

=—¢==Differential carve =~ —#—Frequency - = -Estimated value - --B40
Fig. 1. Differential curve and polygon of compressive strength frequency
Histogram analysis of the pavement temperature changes on the bridge

showed that the temperature difference between cement and asphalt pavement
is 7-10 °C at an air temperature of 29 °C.
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Fig. 2. Reliability curve and inverse accumulated frequency value
of cement concrete compressive strength on one section

Fig. 3. General view of the M 1 bridge and thermal imaging
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Fig. 4. Histogram of the bridge temperature changes
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Fig. 5. Histogram of the pavement temperature changes
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Thermal imaging evaluation of study local chipping in deformation joints
places (Fig. 6-8) showed a significant temperature change in the seam structure
and pavement.

Fig. 6. General view of the expansion joint and thermal imaging

Min : 16,1 °C Max : 47,3 °C Average value : 36,1 °C
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Fig. 7. Histogram of temperature changes around the expansion joint

s i A e

#__ _____ /./"1 [ Ifm WI
248

B | [

Fig. 8. Graph of temperature distribution in the directions of profile lines P1, P2

In the area of concrete pavement peeling and potholes near the seam
destruction, temperature was 36°C, and the temperature inside the seam was
42°C.

Table 2

The results statistical processing of cement concrete test data, reinforced with
steel in section 1

Indicator 1 2 3 4 5 6 7
Max 54,0 [50,00| 14,00 (52,29| 4,43 | 9,75 |50,02
Min 42,0 132,00( 2,00 {39,00( 0,98 | 2,10 |33,49
Dimension, max-min 12,0 {18,00(12,00 {13,29| 3,45 | 7,66 |16,53
Average 49,75 (41,13 | 8,63 |45,54| 2,96 | 6,63 |40,69
Standart 3,64 | 5,16 | 3,32 | 3,89 | 0,99 | 2,42 | 4,96
Coefficient of variation 7,32 |12,55]38,54 | 8,54 |33,54|36,58|12,20
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To determine the reliability results of study, was performed a similar
instrumental and thermal imaging survey on experimental areas of cement-
concrete pavement on the bridges M 07 highway Kyiv - Kovel.

The M 07 highway was reconstructed due to the unsatisfactory cement-concrete
pavement condition and inconsistency of carriageway geometrical parameters. To
ensure the homogeneity of the partially destroyed concrete pavement and the
removal of internal stresses, the guillotine was broken into fragments. The results
of statistical processing to determine the strength of cement concrete on the
inspected bridges on M 07 highway are given in table. 2-3.

Table 3

The results statistical processing of cement concrete test data, reinforced with
steel in section 2

Indicator 1 2 3 4 5 6 7
Max 54,0 | 46,00 | 16,00 |49,50| 4,67 | 10,50 45,68
Min 48,0 | 36,00 | 6,00 [39,78| 2,12 | 4,71 | 33,33
Dimension, max-min 6,0 | 10,00 |10,00| 9,72 | 2,55 | 5,79 | 12,35
Average 51,00| 41,00 {10,00|45,38| 3,33 | 7,39 | 39,92
Standart 1,81 | 3,02 | 2,56 | 2,67 | 0,69 | 1,71 | 3,12
Coefficient of variation 3,55 | 7,35 25,58 5,88 {20,85|23,09| 7,81

As a result of the recalculation, it was obtained that the concrete strength of
two sections is almost the same and corresponds to the strength class B 40.

Table 4

The results of statistical processing of all experimental data
to determine the cement concrete strength

Indicator Value
Max, MPa 71,73
Min, MPa 31,44
Dimension max-min, MPa 40,29
The average value of compressive strength, MPa 55,23
Standart, MPa 9,08
Coefficient of variation 16,44
Estimated value, MPa 40,33
The amount of test data 137
Intervals (Number of ranges) 8,098
Accepted Intervals n 8
Accepted step & 4,6
Compression concrete class B 40

According to the test results, the compressive strength varies from 31.4 to
71.7 MPa. The average value of compressive strength is 40.33 MPa. With
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supplies of 95%, the strength class of cement concrete in the section Ne 1 is
installed B 40.

According to the results of the sections inspection M 07 highway,
longitudinal and transverse cracks, chipped corners, protrusions, ruptures and
clogging of joint seals, destruction and cracks in expansion joints, peeling and
chipping of cement concrete slabs, subsidence and protrusion coverage were
found on the bridges (Fig. 9-14).

266°C

1n4°C

Fig. 9. General view and thermal imaging joint study of cement-concrete pavement
with asphalt-concrete

Min: 11,4 °C Max: 26,6 °C Awerage value: 21,1 °C

0‘IO‘I A 129 14,5 16,0 175 18,0 20,5 22,1 236 251 26,6
*C
Fig. 10. Temperature changes histogram around the joint of cement-concrete pavement with
asphalt-concrete
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228

°C

20.8

Fig. 11. Temperature changes histogram of the pavement

Analysis of research shows that the reinforced concrete slabs of bridges
destruction is mainly due to the process of corrosion and loss of volume steel
reinforcement working part, unsatisfactory condition of the expansion joints on
the supports. On the other side, cracks occur in reinforced concrete slabs due to
low resistance of concrete to bending loads, due to which steel reinforcement
is exposed to aggressive environments. Structural cracks in concrete occur due
to excessive loading, which leads to overstrain of the structure, and non-
structural cracks occur due to internal stresses caused by thermal loads and
various linear expansions of materials [3].
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Fig. 12. General view and thermal imaging study of the compensation seam filled with mastic
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Fig. 13. Histogram of temperature changes around the compensation seam filled with mastic
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Fig. 14. Graph of temperature changes in the direction of the profile P1

To solve the research problems and determine the prospects for further research
by author's team, is proposed, to use a number of methods and design solutions,
such as treatment of steel reinforcement with anti-corrosion materials, use of non-
metallic reinforcement and high-performance concrete. In particular, new non-
corrosive materials have recently been actively sought to reinforce concrete
structures, such as fibrous polymer composite (FRP), which is estimated to solve
the above problem, especially in harsh environment [7].

Conclusions. According to results of visual, instrumental and thermal
imaging inspection, was found that one of the main problems that causes
cement concrete pavement destruction on highway road sections and on
bridges is the condition of expansion joints. Therefore, at least three expansion
joints without pins and gaskets must be installed in front of bridges and
overpasses. Seams should be filled with highly compressible material, such as
sand treated with bitumen.

On category I-III roads with embankments over 3 m high made of large
fragmented soils, with embankments in swamps with partial peat, on
overpasses through railways, where is expected uneven subsidence of the
ground, is recommended to arrange cement-concrete pavements and reinforced
concrete.
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And it is established that the peeling of the protective metal reinforcement

layer is caused by the phenomenon of electro-chemical corrosion. Therefore, it
is advisable to use non-metallic reinforcement for cement-concrete pavement
and slabs of bridges carriageway.
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Tamensik LI1., Xapuenxo A.M., [mumpuuenxo A.M., Lubyrvcokuit B.M., I'vemenes O.O.
JOCJIUKEHHSI MIINHOCTI TA CTAHY HEMEHTOBETHOHHOI'O IIOKPUTTS
HA MOCTAX HEPYHIBHUMU METOJAMHU

B crarti HaBemeHHI pe3yNbTaTH BH3HAYCHHS MIIHOCTI HEPYyHHIBHHMH METOAAMHU
[IEMEHTOOCTOHHOIO TOKPUTTSI HAa MOCTaXx. 3a pe3yibTaTaMH JOCIHIUKCHHS M00ynoBaHa
nudepeHiiiHa KprBa, KpUBa HaAIMHOCTI Ta OOCpHEHA BEJIMYMHA HAKOIMUYEHOI YaCTOCTI MIl{HOCTI
Ha CTHCK ILIeMEHTO0eTOHY. BCTaHOBIICHO, 1110 IIEMEHTOOETOH AOCIIKYyBaHUX 00’ €KTIB BiAmoBigae
KJacy MIIHOCTI 3riZIHO HOPMAaTHBHHX JoKyMeHTiB. IIpore, 3a pesympratamu Bi3yaJbHOrO,
IHCTPYMEHTAJIBHOI'O Ta TEIJIOBI3IIHOrO 0OCTEXKEHHS IiITHOK HAa MOCTaX BHUSBJICHO Psi Je(eKTiB
LIEMEHTOOCTOHHOr0 MOKPHUTTS Ta IUIAT NPOI3HOI YAaCTHHH, SIKI MOXYTh NPU3BECTH IO BTPATH
MILHOCTI KOHCTPYKLIi OPOKHBOTO OASATY. 30KpeMa, BCTAHOBJICHO, 110 PYHHYBaHHS 00CTEKEHUX
3aJ1i300€TOHHUX IUIUT MOCTIB HEPEBAXKHO BiAOYBAETHCS IMiJ] BIUIMBOM IIPOLIECY KOPO3il Ta BTPATH
00’eMy po0OYO0i YACTHHH CTAJIEBOI apMaTypH, HE3aJ0BIJIbHOIO CTaHY KOMIICHCALIMHUX LIBIB Ha
ornopax. BusHaueno, 1110 TpilMHY B 3a1i300€TOHHHUX IUIMTaX BUHUKAIOTH Yepe3 HU3bKY CTIHKICTh
OCTOHY Ha 3THMHAJbHI HABAHTAXKCHHs], dYepe3 sKi CTajeBa apMaTypa MiAJA€Thesl BIUIMBY
arpecMBHOIO 30BHILIHBOIO CEpelOBUINA. B CBOIO uepry HOBEEHO, IO CTPYKTYPHI TPIIHHH B
OCTOHI BHHHKAIM 4Yepe3 HaAMIpHE HABAHTAXCHHS, IO MPH3BEIO [0 IIEPEHANpPYKCHHS
KOHCTPYKLi, @ HECTPYKTYPHI TPIILMHHI — BHACIIJOK BHYTPILIHIX MepeHANPYKEHb, IO CIIPUYHHEH]
TEIUIOBHMH HaBaHTOKCHHSAMH Ta PI3HUMH JiHIHUME PO3IIMPEHHAMH MaTtepianis. TerioBi3iiHum
JOCTIKEHHsIM OyJI0 BHSBJICHO 3HAYHy pPO30ODKHICTH TeMmmeparyp B eJeMEeHTaX KOHCTPYKIHT
JIOPO’KHBOI'O OAATY, IO B MaiOYTHbOMY IpPU3BOAMTH [0 PYHHYBAaHHS LIEMEHTOOETOHHOIrO
HOKPUTTS. BHSBJICHO, 110 BiAIAPOBYBAHHS 3aXWCHOrO IIApy METAJCBOI apMarypd Ha
JIOCTIIKYBAaHHX MOCTaX CIPHYHHEHE SIBULLEM EJIEKTPO-XiMI4HOI KOPO3ii.

AHami3 [OCBiIy BIAIUTYBAaHHS LEMEHTOOCTOHHOTO MOKPUTTS MOCHI/UKYBaHUX 00 €KTIiB
JI03BOJISIE HIArOTYBATH MPOIMO3HUILIT 100 KOHCTPYIOBAHHS LIEMEHTOOSTOHHOTO JJOPOXKHBOI'O OJISATY
MOCTIB Ta UIJISXONPOBOAIB 3 BHUKOPUCTaHHSIM CYY4aCHHX MaTepialiB, 30KpeMa, HEMeTaleBOi
apMaTypH.

KarwouoBi cjioBa: MocTH, HEpyHHIBHI METOAM, MILHICTh, IIEMEHTOOETOHHE [OKPHTTS,
TEIJIOBi3iiHE 00CTEXKEHHs, apMarypa.

Tamensx UI1., Xapuenxo A.H., [mumpuuenxo A.H., L{ei6yavckuit B.H., ['ymenee A.A.
UCCIEIOBAHHUE ITPOYHOCTU MU COCTOsSIHHUSA ULEMEHTOBETHOHHOI'O
MOKPBITUSI HA MOCTAX HEPA3PYHIAIOIUMHA METOJAMU

B cratbe npUBOIATCSA PE3yJbTAThl ONPEICICHUS MPOYHOCTH METOAAMH HEpa3pyLIArUMU
LEMEHTOOCTOHHOE TMOKPhITHE Ha Mocrax. Ilo pe3yibTataM HCCICIOBAHUS IMOCTpPOCHA
muddepeHanbHas  KpUBas, KpHBas HAAGKHOCTH M 0O0OpaTHAs BEJMYMHA HAKOIUICHHOM
HPOYHOCTHOM YaCTOTBI HA CXKATHE LIEMEHTOOCTOHA. YCTaHOBIICHO, YTO LIEMEHTOOCTOH M3ydyaeMbIX
00bEKTOB COOTBETCTBYET KJIACCY NMPOYHOCTH, YKa3aHHOMY B HOPMATHUBHBIX JOKyMeHTax. OJHaKO
10 pe3yJibTaTaM OOCJICIOBAaHHsI YYACTKOB Ha MOCTaX BBISBJICH PsiJ Ae()EKTOB LEeMEHTOOETOHHOrO
HOKPBITHS U ILIAT MPOEIKEH YaCTH, KOTOPbIE MOTYT HPUBECTH K MOTEPE IPOYHOCTH KOHCTPYKIHH
JIOPOXKHOM ~ OJeXK/bl. TCIUIOBU3MOHHBIM ~ HCCIICIOBAHUEM OBLIO BBISBJICHO 3HAYMTEIIBHOEC
PacXOXk/ICHUE TEMIIEPATYP B DJIEMEHTaX KOHCTPYKLHH JOPOXKHOM OACKIbI, YTO B OYIYIIIEM MOXKET
HPHBECTH K Pa3pYIICHUIO [[EMEHTOOETOHHOTO MOKPBITHSL.

AHanu3 ornbITa yCTPOMCTBA LIEMEHTOOETOHHOIO MOKPBITHS UCCIEYEMbIX 00BEKTOB I103BOJISIET
HOATOTOBUTH MPEAJIOKEHHUS 110 KOHCTPYHPOBAHHIO IEMEHTOOCTOHHOM JIOPOKHOM OJIeXK/(bI MOCTOB
U [YTENPOBOJOB C MCIIOJIb30BAHHEM COBPEMEHHBIX MATEPHAIOB, B YACTHOCTH, HEMETAJINYECKOM
apMarypsbl.

KiaroueBble ¢j10Ba: MOCTbI, HEpa3pyILAONUME METO/AbI, IPOYHOCTh, LEMEHTOOCTOHHOE
HOKPBITHE, TEIJIOBU3HOHHOE 00CIICIOBAaHNE, apMATYpa.
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MHEPIOUYHI KOJIMBAHHS OBOJIOHKHU PESEPBYAPY
3 PEAJIbHUMH HEJTOCKOHAJIOCTAMHA ®OPMU
BIJ Al HIOBEPXHEBOI'O TUCKY
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IHosimpopromcokuii npocn., 31, m. Kuis. 03680

DOI: 10.32347/2410-2547.2022.108.255-266

IpencTaBieHO YMCENBHUN MiAXiA A0 OLIHKU BIUIMBY peaJbHHUX HedocKoHanocTell GpopMu Ha
BJIACHI 1 BUMYILCHI MEpioANYHI KOJIMBAHHS OOOJIOHKH pe3epByapy Bil il MOBEPXHEBOTO THCKY.
ITinxig 6asyersest Ha Teopii i MeTogax OyaiBelbHOI MEXaHIKU Ta OOYMCITIOBAIBHUX HMPOLENYpax
HPOrpaMHOro0 KOMIUIEKCY CKiHYeHHO-ejdeMeHTHOro ananizy NASTRAN. JlociikeHo 3BapHUii
CTaJbHUH pe3epByap 3i 3MIHHOK 10 BHCOTI TOBIIMHOK. Ha cTamii BHrOTOBJICHHS,
TPaHCIIOPTYBAaHHS Ta eKCIUIyaTtalii B CTIHII pe3epByapa BHHHKIN HeZOocKoHanocTi dopmu. B
pe3yibTaTi TEOMONITHOI 3HOMKM OTpHMMaHO (DaKTHYHI pajiajgbHi Ta KyTOBI BIIXHJICHHS TOYOK
HEepPEeTHHY TBIPHHUX 13 TOPU30HTAJIBHUMHU I'PAHHULISMH IOSCIB pe3epByapy. I'eomerpis 000JOHKH 3
peaNIbHUMH HEJOCKOHAIOCTAMH (HOPMH 100YI0BaHA 33 JOMOMOIOK CIUTAHH-KPUBHX 1 CILIAWHOBHX
MOBEPXOHb 3 JIOJaBaHHAM (AKTUYHUX pajialbHUX 1 KYTOBHX BiAXHJCHb [0 BIiIMOBIIHUX
KOOpAMHAT TOYOK TBIPHHX OOOJOHKM 3 If€aJbHOI IOBepxHe. KommbloTepHa Mogens
pesepByapy IpelCTaBlieHa Yy BHIJSAl LWIIHIPUYHOI OOOJOHKH 3 TPUKYTHOK CKIiHYEHHO-
€JIEMEHTHOI0 CITKOI, sIKa MICTHTH ILIOCKI 00O0JOHKOBI enemeHTdH. HakiageHO OOMEXKEHHs Ha
pajianbHi Ta TaHTeHLIaNbHI MEPEMillleHHs BY3JIiB BEPXHBOI KPOMKH OOOIOHKH, BY3JIM HU)KHBOI
KPOMKH JKOPCTKO 3akpimieHo. IlepioguyHe HaBaHTA)XCHHS IOJAHO Yy BHIVISI 30BHILIHBOIO
IIOBEPXHEBOrO THCKY. BUKOHAaHO MoJanpHUII aHami3 OOOJOHKHM 3 iIEaJbHOI IOBEPXHEI0 i
peasbHUMH HEIOCKOHATIOCTSAMH (OPMH 3a JOIMOMOrOK0 PO3B’sS3aHHS 3a/adi Ha BIACHI 3HAYCHHS
(Normal Modes) mertogom Jlanuoma. BusiBiieHo, o (opMu BIaCHUX KOJHMBaHb OOOJIOHKH 3
peaJbHUMHM HEJOCKOHAIOCTSIMH MAlOTh JIOKaubHI Jedopmamii B MicHIX MaKCHMAalbHUX
pajiadbHHUX BIIXWICHb BiJ BepTHKANl Ha BIAMIHY Bif PerysipHHX Aedopmauiil o Bcix popmax
KOJIMBaHb ijeanbHol 06osoHkH. HemockoHanmocTi (OpMH 3MEHIUMIM 1 PO3LICTHIM YaCTOTH
BJIACHUX KOJMBaHb O0OJIOHKH, TP LbOMY HE BIUIMHYJIM Ha IIUIBHICTH 1X po3noainy. JociimkeHo
HepeXiJHUH npouec Ta ycTaJeHHil pyX MepioguYHUX KOJIMBaHb OOOJIIOHKU BiX Iii IOBEpXHEBOrO
THCKY. 3a HONOMOrorw Merony mnpsimoro inrerpyBanHs (Direct Transient) BHKOHAHO aHawi3
HepexiZHOro mpoiecy. BHSABICHO, IO 3a PaxyHOK HAsBHOCTI HEIOCKOHAJIOCTEH B CTiHII
pe3sepByapa 30UIBLIMJIMCh TPUBAIICTH IEPEXiJAHOrO Ipouecy Ta KOe(illieHT JWHAMIYHOCTI.
BukoHaHO MpsMUil YacTOTHMII aHami3 yCTaJeHOro BiAryKy OOOJOHKHM Ha HEpiofnyYHe 30ypeHHs
(Direct Frequency) 3 ypaxyBaHHSM BIiANOBIAHHX MEPUIMX JAECATH (GOPM 1 YACTOT BIIACHHX
KOJIMBaHb. BUSBIICHO 3HAYHMN BIUIMB HEJOCKOHAJIOCTEH (OPMH Ha PE30OHAHCHI YacTOTH
BUMYLICHHX MEPIOANYHUX KOJIIMBAHb i BIANOBIAHI popmu neopmyBaHHS 0OOIOHKH pe3epByapa.

KarouoBi cjioBa: pesepByap, LWIHIpUYHA OOOJOHKA, HEIOCKOHANICTH (OPMH, METOJ
CKIHYEHHHX €JICMEHTIB, IIePiOANYHI KOIHBAHH.

© Jlyx smuenxo 0.0., Kocrina O.B., [aniii O.M.
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Beryn

ToHKi npyXHI OOOJIOHKH € €IEeMEHTaMHU 1H)KEHEPHUX CIIOPYA, SIKi IIUPOKO
BHUKOPHCTOBYIOThCS B IH)XKEHEPHUX KOHCTPYKILISAX HadTo- i ra3oBHI00YBHOI
MIPOMHUCIIOBOCTI, CY/I0-, PAKETHO-, aBi0OYIyBaHH:, SKi TOBHHHI 3aJ0BOJBHATH
MiIBUIIIEHUM BHMOTraM MilHOCTI 1 crifikocti. [Ipore peanbHi 000IOHKOBI
KOHCTPYKIIi MalOTh HEMUHYYl BIAXHWJICHHS Bij imeanbHOi ()OpMH, BUKIIUKAHI
nedexktaMu  BUTOTOBJICHHS, TpPaHCIIOPTYBaHHS, MoHTaxy. IlouaTkoBa
HETOCKOHAIICTh (OpMU OOOJOHOK B TIPOIEC CKCIUTyaTallii 3MIHIOEThCS 1
KUJIBKICHO 301IBIIYETHCS, 110 MOXKE MPHU3BECTH JI0 KAaTACTPO(pIUHMX HACIIJIKIB:
BTPAaTH MIIHOCTI i CTIHKOCTI KOHCTPYKIIii, BAHMKHEHHS ClielU(iYHNX SBUII B
JUHAMIYHIN TOBEIIHIl, 0OCOONMBO BiJ Jil iHTEHCUBHUX HaBAHTAKEHb.

Ha cboropmHimnHii MOMEHT iCHYIOTh SK KJIACHYHI aHAJIITHYHI MiIXOAW IO
BUpILIEHHS MTPOOIEMH BpaXyBaHHs HEJIOCKOHAJIOCTEH OPMHU B JOCIIHKEHHIX
MIITHOCTI 1 CTIMKOCTI 000J0HOK, TaK 1 IX KOMOIHaIil 3 YHCEITLHUMH METOAAMU
[1-6]. 3acTocyBaHHs aHAITUYHUX METOJIB 3HAYHO 3BY)KYE KOJIO JOCIIHKEHb.
CyuacHi 00YMCITIOBAJIbHI KOMIUIEKCH CKiHUEHHO-EJIEMEHTHOro aHaiizy [7],
BUKOPHCTOBYIOYM METOAW OYAiBENbHOI MEXaHIKH, MaTeMaTW4Hoi (i3ukh i
MEXaHIKH  TBepaoro acopMoBaHOrO  TiNa, JO3BOJNSIOTH  3aJlaBaTH
HEJIOCKOHANOCTI (hopMH OOOJIOHKU B JOBIJIbHIN (hOpMi, BUKOHYBATH CKJIAJIHI
00YHUCITIOBANIEHI PO3PAXYHKH BETUKHX 00’ €MIB 3 JIOCTATHHOIO TOYHICTIO.

Orsin iTepaTypH 3 JaHOi TeMaTHKH [4-6] 1 oTpuMaHi aBTOpaMH pe3yNbTaTH
TIONepeHIX JOCIiDKeHb [8-18] miaTBepauiid iCTOTHMI BIUIMB T€OMETPUYHUX
HEZOCKOHANOCTe (OpMHM Ha CTaTH4HI 1 JMHAMIYHI XapaKTePUCTHKH TOHKHX
00OJIOHOK Ta BHSIBHIIM HENOCTATHHO BHBUCHHMH ITUTaHHS BIUIMBY PEAJbHUX 1
3MOJIESIbOBAHUX T'EOMETPUYHMX HEIOCKOHAJIOCTEW TOHKHX OOOJIOHOK Ha iX
JIMHaMI4YHY MTOBEJIIHKY B TIPOCTOPOBO-9aCOBOMY 1 YaCTOTHO-YaCOBOMY IPOCTOpPAX.

B crarTi Ha OCHOBI METOAY CKiHYEHHHMX €JEMEHTIB Ta OOYHCIIIOBAIBHUX
mpoleayp, SKi peanizoBaHo B mporpamHomy Komruiekci NASTRAN [19],
JIOCITIJPKEHO BIUIMB PEalbHUX HEOCKOHAIoCTel (hopMHU Ha BIIAcHI i BUMYIIEH]
NepioAMYHI KOJMBAaHHS OOOJIOHKH pe3epByapa BiJ il TIOBEPXHEBOI'O THUCKY.

1. CxiHyeHHO-e/IeMEeHTHE MO/IE/TIIOBAHHS PeajibHUX HeJOCKOHAJIOCTel

¢ opmu o6o10HKH pe3epByapy

PosrnsHyta oOonoHKa pesepByapy paniycom R.,=19,966 M, BucOTOO
H=17,88 M Ta 3MIiHHOIO 1O BHCOTI uepe3 KoxHi 1,49 M ToBIMHOMO: 15,94,
14,54, 14,03, 11,63, 10,36, 9,30, 8,63, 7,36, 7,40, 7,53, 7,90, 7,80 (Mm).
CriHka 0OOJIOHKM BUTOTOBJIEHA i3 CTaJli 3 MEXaHIYHHUMU XapaKTEePUCTUKAMHU:
E=2,06-10""IIa, #=03 1 p=7800 kr/M>.  OGMexeHHs pamianpbHUX —Ta
TaHTeHIIAILHUX TIePEMIllleHh HaKJIaZeHi Ha BY3JM BEPXHbOI KpPOMKH
000JIOHKH, BY3JIM HIXKHBOI KDOMKH KOPCTKO 3aKpPiIlIeHi.

Ha cranii BUTOTOBNIEHHS, TPaHCIOPTYBaHHS Ta eKCILTyaTallil pe3epByapa
nporsiroM 10 pokiB y cTiHII OOOJOHKH pe3epByapa BUHUKIN T'€OMETPUYHI
HelmocKoHanocTi (opmu. B pesynbraTi TEOMONITHOI 3HOMKH OTPHMAaHO
¢dakTHuHi pangianbHi (MM) Ta KyTOBi BiIXWIEHHs (Tpall) TOYOK IIEPETUHY
TBIPHUX 3 TOPU3OHTAIBLHUMH TPaHHIFIMH TOSICIB pe3epByapy, ki Ha puc. 1
MOAAHO Y BUIIIAAI 130MOJIIB X PO3IO/LTY MO IIOBEPXHI CTIHKH OOOJOHKH.
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leomerpist OOONOHKM 3 pealbHUMH HEJIOCKOHAIOCTSIMH MOOyZAOBaHa B
nporpamaoMy Kominiekci NASTRAN [19] 3a J0NOMOroro CIUIaWH-KPHBHX 1
CIUTAHHOBUX TIOBEPXOHb 3 JIOJABAHHSM BiIXWICHb TBIPHMX OOOJOHKH [0
BIJIOBITHAX KOOPAMHAT OOOJOHKH 3 iNcaJbHOIO TMoBepxHero. Ha puc. 2
TIpeZICTaBIIeHa MOZIETb OOOJIOHKH Y BUIJISIII TPHKYTHOI CKIHUEHHO-EIEMEHTHOI CITKH
3 4200 By3nmamu Ta 8064 CKIHUCHHUMH IUIOCKMMH OOOJIOHKOBUMHM €JIEMECHTaMHU,
paiaJbHi BiIXHIIEHHsT 0O0IIOHKH BiJl BEpTHKAII SIKOT rmoziaHo B Macmradi 20:1.

P11
Pi0O
[ ll Po
Pa B1s0-am
r‘ P =1m-1s0
'; 1| os0-1m
Fa oo=n
L m-s0
Pe o-100-50
P3
|‘| Pz
N -

« 5 & 7 B 5 40 11 12 43 4« 15 15 47 18 15 ™ =

Puc. 1. [3omosst po3noniny pagianbHUX BIAXUICHB (MM) BiZl BEpTHKAI]
II0 IIOBEPXHI CTIHKU 00OJIIOHKH pe3epByapy

Puc. 2. CkiHYEHHO-EJIEMEHTHA MOZENb 000JIOHKI
3 Bi3yaJi3aui€lo peabHUX HeJockoHanocTeil hpopmu B MaciuTabi 20:1

2. OniHka BIVIMBY peaJIbHUX FeOMeTPHYHMX HE0CKOHATIOCTel

000JI0HKHM Ha 4YAcTOTH i GopMH BIACHUX KOJIMBaHb

Yacrorn i hopMH BIaCHUX KOJMBAaHb OOOJIOHKH pe3epByapy 3 iZealbHOI0
MOBEPXHEI0 1 pealbHUMH HEIOCKOHAIOCTSIMA (OpMHM BH3HA4YE€HO 3a
JIOTTIOMOTO0  PO3B’sI3aHHSA 3aJayi Ha BiacHi 3HaueHHS (Normal Modes)
MeToaoM JlaHroma, sika peaiizoBaHa B mporpaMuoMy komiuiekci NASTRAN.

B T1abn. 1 wnaBemeHo 3HaveHHs uactorT (I') Ta BIANOBIgHA KIUIBKICTH
MiBXBWIb B PajiajJbHOMy 1 NOB3JOBXXHBOMY HaIlpIMKax OOOJIOHKH 0e3 1 3
peaJbHUMH HEJJOCKOHAJIOCTSIMU 110 KOXKHIH (hOpMi BITaCHUX KOJIMBaHb.

YacToTH BIAacHUX KOJNMBAaHb OOOJIOHKH 3 PEANTbHHUMHU HEJOCKOHAIIOCTSIMHU
¢bopMH MaKCHMMAalbHO BiApi3HAIOTBCT Ha 17 % BiJ BIANOBIZHUX YacTOT
00OJIOHKH 3 ileasbHOIO IMOoBepxHe. PopMU BIIACHUX KOJIHMBaHb iJ€aibHOI
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000JIOHKH MaroTh PeryssipHi nedopMalii B paaiallbHOMy HAIlpsIMKY 3 Pi3HOIO
KUIBKICTIO MiBXBWIb (pHcC. 3(a)), 3 pealbHHUMU HENOCKOHAIOCTSIMH —
nedopmarii 3 Jokai3ali€eo B MiCIIIX MaKCUMaJIbHUX PEajbHUX BiIXiJIE€Hb Bif
Beptukaii (puc. 3(0)). B3mosx TBipHOi (hopMU BIaCHUX KOJIHBAaHb O0OOJIOHKH 3
iZIeaJbHOI0 TIOBEPXHEI0 MAlOTh OfHY IIBXBHIIO, OOOJOHKA 3 PpEaIbHUMHU
HEJIOCKOHAJIOCTSIMH — JIOKaJIbHI JeopMariii.

Tabmung 1

YacToTH BIACHHUX KOJIMBaHb OOOJIOHKH 3
iZeaIbHOI0 TIOBEPXHEIO Ta PEANIbHUMHU HEAOCKOHAIOCTIMHE (OpMHU

HOMep YacToTH BIaCHUX KOJHUBAHL 000JIOHKH
HaCTOTHU 3 iI[eaJ'IBHOIO TIOBEPXHECIO 3 p€aJiIbHUMHU HEAOCKOHAJIOCTIMHU
1 3.113841 2,578259
2 19/1 *
3 2.589879
3.135779 *
4 20/1 2.816748
*
5 2.928362
3.145172 *
6 18/1 2.93715
*
7 3.024551
3.202964 *
3 21/1 3.028315
*
9 3.034186
3.237710 *
10 17/1 3,043748
YacroTa BJIACHHX KOJIMBAHb 000I0HKH, ['I(
KinbkicTh MiBXBHJIb B PafiabHOMY / IOB3IOBXXHBOMY HANPsMKaX.
* — JlokanpHi gedopmanii.

©6)

Puc. 3. ®opmu BracHux konuBaHb 00010HKH (1, 3,5, 8) 3 ineansHOI0 MOBepXHEIO () 1 peaTbHUMH
HenockoHatocTsMu Gopmu (6)
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3. BniiuB HenockoHasnocTeil ¢popMu Ha NepioaMYHI KOJTMBAHHA

000JI0HKH Bi il MOBEPXHEBOI0 THCKY

Bukonano aBa BUIM JAWHAMIYHOTO aHANi3y BUMYIICHHUX IEPiOIUYHUX
KOJIUBaHb OOOJIOHKH pe3epByapa 0e3 i 3 HemoCKOHaocTAMU (HOPMH Bim il
MOBEPXHEBOTO THCKY, SKi JO3BOJWIM AOCHIAWTH IEpeXiTHUH Tmpolec Ta
yCTaJIeHnH BIATYK 00OJOHKH (TIepeMillleHb, HalpyKeHb, TPUCKOPEHb Ta 1HIIL.)
Bil YacToTh 30ypeHHsA. AHali3 TepexXigHOro TMpOIeCYy BHUKOHAHO 33
JIONIOMOTOI0  MeToAy TmpsMoro iHrerpyBanHsi (Direct Transient), sikuii
peaitizoBaHo B nporpaMHomMy komruiekci NASTRAN [19].

Jl1st 000JIOHKH 3 1/1€alIbHOI0 TTOBEPXHEI0 MepiofuyHe 30ypeHHs! MPUIHATO
amIutiTynoro gy =12001la, sika HabmmkeHa OO0 3HAYEHHS KPUTUYHOIO
CTaTUYHOTO MOBEPXHEBOTO THCKY ¢, = 1219 Ila. [l 060I0HKH 3 peaqbHUMH
HEIOCKOHAIIOCTSIMH ~ aMIUTITyJa  IepioguyHoro  30ypeHHS  NpHiHsATa

im i i
qp" =610Tla, mo ckmamae 0,73g¢y'", ne gop” =834 Tla € KpuTHUHEM
3HAQYEHHSM  CTAaTUYHOTO  HaBaHTaXeHHs. 30ypeHHs 3  aMILITYIOI0
0,73g4™P <qp = q¢r ¥ BUKIHKA€ B OOONOHIII HECTIHKHUIA pyX.

B mociimkeHHIX TepexiJHOro MpoLecy METOAOM IPSIMOrO IHTErpyBaHHS
3aaHo KoedilieHT KOHCTpyKuUiitHoro nemndipysanas G = 0,04 . IToyaTkoBa
(a3a KkoJMBaHb NPUIHATA HYJIHOBOIO. KpHBI 3aJeKHOCTI MaKCHMAaTbHHX
CyMapHHX IepeMillleHb (M) BY3JiB MOJEIi 0OOJIOHKH 3 i7IeaTbHOI0 TIOBEPXHEI0

1 peaJlbHUMHU HEIOCKOHAJIOCTSAMH BiJl 4yacy (C), IpelncTaBieHi BiANOBIAHO Ha
puc. 4(a) i puc. 4(0).

0 nnnm«mm | }

00264,

00242

0 0022

one.

07

000021 0.
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[ [
0 2 4 3 8 1 1

i €25 05 075 g 0.3 1215 1.8

. 1 162
SetVale SetValue

1: Total Translation, Node 4118 1: Total Translation, Node 2373
(@) (6)
Puc. 4. KpuBi 3a1e)KHOCTI MAKCUMAaJIbHIX CYMapHHX [epeMiliieHb (M) By3JIiB Mojiesei
000JIOHKH 3 1IeaJIbHOK MMOBEPXHEIO (@) 1 pealbHUMH HEIOCKOHATIOCTIMU Gopmu (6) Bix vacy

AHaJli3 OTpUMAHMX pPE3YJIbTATIB IMOKA3aB, IO TPUBATICTH IMEPEXiTHOTO
nporecy 000JOHKH 3 1ealTbHOI0 MOBEPXHEIO, AKa CKIaNa f.,,c = 13 ¢, 3Ha4HO
MEHIIa 3a TPUBAIICTh MEPEXiJHOro Tpolecy OOONOHKH 3 pealbHUMHU

imp _ . . .
HEJNOCKOHANOCTAMU 0 =151 ¢c. MakcumanbHl CyMapHi INEpeEMIIIEHHS

BY3JIiB Mozeneil 0000oHKH 0e3 1 3 pealbHUMH HEIOCKOHAJIOCTIMH (OpPMHU Ha
MOYaTKy MepeximHoro mnporecy BiamnosigHo ckiamu 0,43 MM i 30,8 mMm.
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KoedimieHT mUHAMIYHOCTI, SKHHA OOYHUCICHO 3a MaKCHMAaJbHHMU
eKBiBaJleHTHUMHU HampyxeHHsmu (MIla) B ememeHTax Momeneil 0OOIOHKH
HANpPHKIHII TepeXiJHOro MpOoLecy 1 MpU CTaTHYHIN /ii HaBaHTa)KEHHs, CKIIaB

Odyn 3,336

Kirans =G—:m:2,01 JUIsl OOOJOHKH 3 1i/lealbHOI0 IMOBEPXHEH i
st s

i Sdyn 18,959
K o= —O0 _C2 2 332 — BHUMU H KOH TSIMH.
wans = 5~ = 5708 3,32 — 3 pean €JOCKOHAJIOCTAMHU

®dopmu  neopMyBaHHS OOOJNIOHKH 3 pEaIbHUMH HEJOCKOHAJIOCTIMH B
Pi3HHI MOMEHT Yacy IepeXiJHOro MPoLecy NPeACTaBICHO Ha puC. 5.

(2) ©6) (8)

Puc. 5. ®opmu nepopMyBaHHSs 000JOHKH 3 peallbHUMU HEIOCKOHAIOCTIMU (POPMH B MOMEHT
vacy: =[0,4 (a); 16 (6); 151(8)]c

[pssMuii yacTOTHUH aHai3 yCTaJEHOTrO BIATYKY Ha IepioJuyHe 30ypeHHs
(Direct Frequency) BUKOHaHO 3 BHKOPHCTaHHSIM OTPUMaHHX B PO3paxyHKax
MepIux AecATH GOopM 1 4acTOT BIACHUX KOJNWBaHb 0OoyoHKW (Tabn. 1). B
pO3paxyHKax BpaxoBaHO KOe(illi€eHT KOHCTPYKIiHHOro naemQipyBaHHs
G = 0,04 . Ha puc. 6(a) HaBeZIeHI KPHBI 3AJIC)KHOCTI MAKCUMAJIbHUX BY3JIOBHX
nepeminiens (M) Bix gacrotu (['1) mepiomUYHOro 30YpeHHsS I OOOJOHKH 3
iJIeaJIbHOIO TIOBEPXHEI0, Ha puUC. 6(0) — 3 peaIbHUMHU HEJOCKOHAIOCTSIMHU.
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Puc. 5. Kpusi 3a51eXXHOCTI MAKCHMaIbHUX paiajbHUX MepeMilieHb(M) By3JIiB Moei
o6osoHku 6e3 (a) i3 peansrnMu (6) HepockoHanocTsIMU hopmu Bix yacroru 30ypenus (I')

B o0omnoHIi 3 i7eanbHOI0 ITOBEPXHEI0 MaKCUMallbHI pajiaibHi BY3JIOBI
MepeMIillleHHs] CIoCTepirajiucs Ha 4YacToTtax 30ypeHHs, sKi HaOJKeHi 10
BOCHMOI YaCTOTH BJIACHUX KOJIMBaHb OOOJIOHKH, BiJIIOBiHA BIacHa opMa SKOi
Ma€ MaKCHMAaJIbHY KiJIbKICTh IMIBXBHIb B PalialbHOMy HampsMKy (Taou. 1). YV
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BUIAJIKy HasBHOCTI B OOOJIOHII pealbHUX HEAOCKOHAIIOCTEH CIIOCTEPIraeThes
Ppi3Ke 3pOCTaHHS MaKCUMAJIbHHUX PajialIbHAX TIepPeMillleHb BY3JIiB OOOJIOHKH Ha
YyacToTtax 30ypeHHs, 10 HaOMIKEHI O YeTBEpTOi Ta IT’ATOI YacTOT BIACHHX
KOJIMBaHb OOOJIOHKH 3 JIOKAJIbHUMU JiepopMaliisiMK B CTiHIII.

BucHoBok. ®opMyBaHHS CKiHYCHHO-CIEMEHTHOI MOJENi pe3epByapy 3
ypaxyBaHHAM (aKTUUHUX palialbHUX 1 KYTOBUX BIIXWJICHb BiJ[ iI€alIbHOI
(dhopMH Ta TpeJCTaBICHUIN YMCEIBHUN ITiIX1 TO3BOJMB AOCIIIUTH TAHAMIYHI
XapaKTepPUCTUKU TEPIOAWYHUX KOJIMBaHb OOOJOHKH pe3epByapy Bim nii
MIOBEPXHEBOT'O TUCKY, OL[IHUTH BIUIUB PEaIbHUX HEIOCKOHAJIOCTeH (OopMHU Ha
4acToTd 1 (OPMHU BJIACHHX KOJHMBaHb, IMEPEXiJHUN TpoOleC Ta YCTaleHi
BUMYILIEHI KOJHMBaHHS OOOJIOHKH. BusBIEHO, IO peanbHI TI'€OMETpUYHI
HEJIOCKOHAJIOCTI CTIHKH pe3epByapy 3MEHIIMINA YaCTOTH BIIACHUX KOJIMBAaHb Ha
17%, ictoTHO 3MiHWIU (OPMH KOJIMBaHb OOOJOHKH, SIKI HaOynmu BUIISAY
JIOKANBHUX AedopMalii, 30UIbIIMIN TPUBANICTh MEPEXiJHOro IpOoIecy Ta
Koe(illieHT TUHAMIYHOCTI, 3MIHWJIM PE30HAHCHI YacTOTH 1 BiAMOBiAHI (hopMu
nedopMyBaHHS BUMYLIEHUX MEPiOANYHIX KOIUBAHb.
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Cmamms naoitwna 18.05.2022

Lukianchenko O.0., Kostina O.V., Paliy O.M.
PERIODIC VIBRATIONS OF RESERVOIR SHELL WITH THE REAL SHAPE
IMPERFECTIONS UNDER PRESSURE

The numeral approach to analysis of influence the real shape imperfections on natural and
forced periodic vibrations of reservoir shell under pressure was presented. The approach was based
on a theory and the methods of structural mechanics and calculable procedures of finite-element
software complex NASTRAN. The welded steel reservoir with a variable thickness along its
height was investigated. On the manufacted stage, transporting and exploitating the defects of wall
shape were formed. The actual radial and angular deviations of the reservoir belts as a result
measurements by theodolite were got. Geometry of shell with the real shape imperfections by
spline curves and spline surfaces with adding of factual radial and angular rejections to the proper
coordinates of points formative shells with an ideal surface was built. Model of reservoir in the
form of a cylindrical shell with a three-cornered finite-element net was presented. The limits on
the radial and tangential displacements of top edge nodes were entered, the nodes of lower edge
were fastened. The periodic loading as external pressure was given. The modal analysis of shell
without and with real shape imperfections by the decision of task on natural vibrations (Normal
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Modes) by the Lanczos method was executed. It was discovered that the natural forms of shell
with real shape imperfections had local deformations in the places of maximal radial deviations
from a vertical line unlike regular deformations in all natural forms of ideal shell. Natural
frequencies were decreased and were slit and there wasn’t influence on its dense distribution due
to the presence of shell shape imperfections. A transient and forced periodic vibrations of shell
under pressure were investigated. Analysis of transient was executed by the method of direct
integration (Direct Transient). The presence of shape imperfections in the shell wall influenced the
increase of the transient duration and the dynamic coefficient The direct frequency analysis of
shell response on periodic loading (Direct Frequency) was executed taking into account the proper
ten first forms and frequencies of natural vibrations. Significant influence of the shell shape
imperfections on the resonant frequencies of the forced periodic vibrations and corresponding
form of deformation was discovered.

Keywords: reservoir, cylinder shell, shape imperfections, finite-element method, periodic
vibrations.

Jlykvanuenxo O.A., Kocmuna E.B., Ilanuii O.H.
MNEPUOANYECKHUE KOJEBAHUS OBOJIOUYKHU PE3EPBYAPA C PEAJIBHBIMU
HECOBEPUIEHCTBAMMY ®OPMbI ITPU MIOBEPXHOCTHOM JIABJIEHUU

IpencTaBieH YMCICHHBIA MOAXOA K OLICHKE BIMSHUS PEAsIbHBIX HEZOCKOHANOCTEH (hOpMBbI
000J104KH pe3epByapa Ha COOCTBEHHBIC M BBIHY)KICHHbIC IEPHOANYECKUE KOICOAHUS OT el CTBHS
MOBEPXHOCTHOrO AaBiieHus. [Tonxox Oa3upyercst Ha TEOPUU M METOJaX CTPOUTEIHLHONH MEXaHUKH
U BBIYMCIUTENILHBIX MPOLEAYypaX NIPOrpaMMHOIO KOMIUIEKCA KOHEYHO-DJIEMEHTHOIO aHajau3a
NASTRAN. HccnenoBan cBapHO# CTaIbHOM pe3epByap ¢ MEPEMEHHOW 10 BbICOTE TOMIMHON. Ha
CTaJUU W3TOTOBJICHUS, TPAHCHOPTHUPOBKM M 3KCIUIyaTallMM B CTEHKE pe3epByapa BO3HHUKIU
HecoBepiIeHCTBA (OopMbl. B pesympraTe TEOHOMITHOI ChEMKH MONy4YeHBl (DaKTHYESCKHE
paaralibHBIC U YTJIOBBIC OTKJIOHCHHSA TOYCK IMEPECCUCHUS 06pasy10umx C TOpPHU30HTAJIbHBIMU
IPAaHULIAMH MOSICOB pe3epByapa. ['eoMeTpust 000JI04KH ¢ peabHBIMH HELOCKOHATIOCTAMH (OpPMBI
HOCTPOEHA C IOMOILbIO CIUIAHHOBBIX KPUBBIX M CIUIAHHOBUX IOBEPXHOCTEH ¢ pobaBiieHHEM
(I)aKTl/l‘-leCKl/lX paaralibHBIX W YIJIOBBIX OTKHOHCHHﬁ K COOTBETCTBYIOIIUM KOOpAWHATaM TOYEK
00pa3ylommx O00O0JOYKH C HACATbHOW MOBEPXHOCThIO. KoMmbloTepHa Mozelb pesepByapa
Hpe/ICTaBICHa B BUC LIMJIMHIPUIECKOH 000I0YKH C TPEYroJdbHOH KOHEYHO-3JIEMEHTHOH CETKOM,
KOTOpasi COACPKUT IIIOCKHUE OGOHO‘JC‘{HHC DJIECMCHTHI. BBCL[CH])I Or'paHUYCHHUS HA pagualiIbHBIC U
TaHICHIMAJIbHbIC IEPEMELLCHUS Y3JI0B BEpXHEH KPOMKH 000JI0UKH, y3JIbl HUKHEH KPOMKHU JKECTKO
3akperuieHbl.  Ilepuoamyeckass Harpy3ka IOofaHa B BMJE BHEIIHEr0 MOBEPXHOCTHOIO
JaBJieHus. BBIMOMHEH MOJaNbHbIA aHalIn3 000JIOYKH C MICaIbHOM MOBEPXHOCTHIO M PEasibHBIMU
HEJIOCKOHAIOCTAMU (POPMBI C TMOMOILBIO PELICHHs 3aJadyd Ha coOCTBeHHbIC 3HaueHus (Normal
Modes) meronom Jlanuoma. OOHapy)eHO, 4TO (HOpPMbI COOCTBEHHBIX KOJEOAaHHH 00OJOUKH C
p€allbHBIMH HEOOCKOHAJIOCTAMHU HMCKOT JIOKAJIbHBIC ):lerOpMaLU/IH B MeCTaX MaKCHMaJIbHBIX
pafMaibHBIX OTKIOHEHHH OT BEPTHKAIM B OTIMYHE OT PEryJSpHBIX AehopMmauuii mo BceM
tdopmam konebanuii naeansHol o6onouky. HecoBepuieHcTBa GOpPMBbI  yMEHBIIMIN H PACIIEITHIIA
94acTOThl COOCTBEHHBIX KOJICOAHWH OOOJIOUKH, TPH 3TOM HE IMOBJIMSUIA HAa  IUIOTHOCTH HX
pacnpenenenus. MccnenoBaHo NepexoIHbId MHpPOLECC M YCTAaHOBUBLIMECS HEPUOIUUYECKUE
KosiebaHuss 000J0YKH OT AECTBHSI MOBEPXHOCTHOro naBieHHs. C MOMOLIBIO METOHA IPSMOIO
unTerpuposanus (Direct Transient) BBIIOJHEH aHAIM3 HEPEXOAHOro mporecca. OGHAPYKEHO, 4TO
32 CYeT HalM4Ms HEJOCKOHAJIOCTeH B CTEHKE pe3epByapa YBEIMUYWIMCh JJIMTEILHOCTh
HEePEXOJHOro mporecca U KO3PPUIUEHT AMHAMHUYHOCTH. BBINONHEH NPsAMOM 4acTOTHBIN aHAIM3
YCTAHOBHUBILKMXCS OTKJIMKAa 00O0JIOYKHM Ha mepuoguyeckoe BosmymieHue (Direct Frequency) c
Y4ETOM COOTBETCTBYIOIIMX IEPBBIX JeCATH (OPM M YaCTOT COOCTBEHHBIX KOJEOAHHI.
OOHapY)XEHO 3HAYHUTENBHOE BIIMSHHE PEAbHBIX HECOBEPIICHCTB HAa PE30HAHCHBIC YaCTOTHI
BBIHY)XXICHHBIX ICPUOANYCCKHX KoJeOaHHil U cooTBercTBYIOIME (OPMBI ACHOPMHPOBAHUS
000JI09KH.

KiioueBble ci1oBa: pesepByap, HWIHHAPHYECKas 000I04Ka, HECOBEPIICHCTBO (GOPMBI, METOL
KOHEYHBIX 3JIEMEHTOB, IEPUOINUECKUE KOJICOaHUS.
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VK 539.3

Jlyk snuenxo O.0., Kocmina O.B., [aniu O.M. IlepiognyHi KoJTUBaHHS 000J10HKHU pe3epByapy
3 peaIbHUMH HeIOCKOHAJOCTsIMH ¢opMHu Bin aii moBepxHeBoro Tucky // Omip maTepiaiiB i
Teopis cnopya: Hayk.-Tex. 30ipH. — K.: KHYBA, 2022. — Bum. 108. — C. 255-266.

Hocniooiceno ennue peanbrux 2eomMempuynux He00CKOHANI0Cmell CMIiHKU pe3epeyapy Ha Yacmomu i
Gopmu enacnux Koausamb, nepexionuil npoyec ma ycmaneHi nepiooutni KOIUBAHHA 06OIOHKU
pesepsyapy 6i0 0ii N08epxXHe68020 MUCK).

Tab6a. 1. . 5. Bi6miorp. 19 Hass.

UDC 539.3

Lukianchenko O.0., Kostina O.V., Paliy O.M. Periodic vibrations of reservoir shell with the
real shape imperfections under pressure // Strength of Materials and Theory of Structures:
Scientific-&-Technical collected articles — Kyiv: KNUBA, 2022. — Issue 108. — P. 255-266.
Influence of the actual geometrical imperfections of reservoir wall on its frequencies and forms of
the natural vibrations, transient and steady periodic vibrations of shell reservoir under pressure
were investigated.

Tabl. 1. Fig. 5. Ref. 19.

VK 539.3

Jlykosinuenko O.A., Kocmuna E.B., Iamu O.H. Ilepnoauyeckue KoJ1eOGaHUsA 000J0YKH
pe3epByapa ¢ pealbHbIMH HecOBepIIeHCTBAMH ()OPMBI NPH NOBEPXHOCTHOM JaBJIeHHH //
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The dynamic model of joint movement of mechanisms has been developed, which takes into
account the main movement of drive mechanisms and oscillating movement of the load on a
flexible suspension and links of mechanisms with elastic properties. A mathematical model of the
motion of mechanisms is constructed on the basis of a dynamic model. For a specific jib system of
the tower crane, dynamic calculations were performed. According to the results of the calculations,
a dynamic analysis of the joint trolley movement and hoisting mechanism was carried out. The
analysis revealed significant dynamic and energy overloads of mechanisms during transients (start,
braking) and the presence of high-frequency oscillations in the links with elastic properties and
low-frequency oscillations of the load on a flexible suspension.

Keywords: dynamic, analysis, tower crane, joint movement, hoisting mechanism, hook blocks,
load, optimization.

Introduction

In real tower cranes operation conditions for the purpose of productivity
increase of performance of load operations the combination of simultaneous
use of several mechanisms is carried out. So, for example, simultaneous use of
trolley and hoisting mechanism, and also other mechanisms can be used.
However, at the same time, especially when performing transients (start,
braking), the elements of the drive mechanisms and the design of the crane
increase the dynamic loads, which reduce the reliability of the crane as a whole
and its individual mechanisms.

Therefore, there is a need for research on the dynamics of motion in the
joint work of mechanisms. The most common are the combination of the

© Loveikin V.S., Romasevich Yu.O, Shymko L.S., Loveikin Yu.V., Pochka K.I.
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lifting mechanism with other mechanisms of the crane (changes of departure,
rotation and movement).

In this regard, we will conduct a dynamic analysis of the joint operation of
the trolley and hoisting mechanism, as during the operation of these
mechanisms there are significant high-frequency oscillations of the drive
elements and low-frequency oscillations of the load on the flexible suspension.

Thus, the task of establishing dynamic loads during the operation of the
trolley and hoisting mechanism is relevant, as it reflects the real operating
conditions of tower cranes.

Analysis of publications

Most of the authors have investigated the dynamic, kinematic, moving and
hoisting mechanisms, energetic, electric processes, durability, and vibration,
which take place in the different types of cranes and hoisting machines
including tower cranes [1-8].

The scientists [9] created a mathematical movement model of the cart with
loaded block pulley in hoisting machines and simulated a dynamic pulley
block model using software and concluded that by neglecting the mass
variation and the rope rigidity of the block, could simplify the dynamics of the
modeling block pulley in hoisting cranes.

The purpose of the paper [10-11] is a dynamic identification of the tower
crane's laboratory model and the development of the controller of the cart
position along the jib, along with, the damping payload oscillations in the x-
line.

In the scientific paper [12] the dynamics of the joint movement of both the
crane slewing and cart moving mechanisms are investigated. Research objects
overloads of exceeding admissible values are revealed as well as a load of
spatial fluctuations.

With the object of cutting the oscillations of the load on the flexible
suspension, some optimization tasks have been solved [13-14]. The
investigators used a complex dynamic integral criterion for solving a problem
of cutting load oscillations during the operation of the tower crane slewing
mechanism.

In the paper [14] a particle swarm method for numerically solving
optimization problems was used. The authors make a mathematical model that
solves by method of time optimal control, and can be integrated analytically.

The scientific article [15] describes the methodology of laboratory research
of samples of drive systems with energy-saving permanent-magnet electric
motors, for modern construction cranes operation. The elements of the crane
drive system were also experimentally checked and their compliance with the
current standards was confirmed. And to do this necessary software that
simulated the control the dynamometer as well as the load per crane was
developed.

The researches [16] have developed a mathematical model to simulate the
tower crane operation in real time, which allows intensifying and speeding up
engineering construction operations, as well as simplifying project planning.
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This model was presented in the form of two subsystems: kinematic and
dynamic model.

The author [17-18] emphasizes the need for a comprehensive approach to
the optimization of multi-drive crane systems and focus on reducing vibration,
minimizing static and dynamic loads, energy consumption.

Purpose of the paper

The aim of the work is to determine and analyse the dynamic loads that
occur in the elements of the tower crane during the joint trolley movement and
hoisting mechanism in tower crane.

Research results

The jib system of the tower crane (Fig. 1) will be presented as a holonomic
mechanical system consisting of absolutely rigid bodies of trolley and hoisting
mechanism, except for a traction rope of movement of the cart and a load rope
which have elastic properties and a flexible suspension of load in the plane of
change of tower crane flight.

. Z
2\ "
pil
L/ P
M
{ 1 6
a’
N
1
! X

Fig. 1. Dynamic model of trolley and hoisting mechanism

All drive elements of the lifting mechanism are reduced to the axis of the
drive drum 1, and the mechanism of change of tower crane flight to the
drum 2. The trolley 3 moves on the beam jib 4 by means of a traction rope 5
with stiffness ¢, or ¢j depending on the direction of the truck movement. The

load rope 6 with the stiffness coefficient ¢; forms a pulley system 7, to which

the load 8 is suspended.

Thus, the presented dynamic model of the jib system with the joint
movement of the mechanisms of change of tower crane flight and load lifting
has 5 degrees of freedom. The generalized coordinates of this model are the
angular coordinates of the drive drums according to the lifting mechanism o
and change of of tower crane flight 3, as well as the deviation of the load hoist
from the vertical v and the linear coordinates of the centers of mass of the truck
z and load u.
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The system is driven by the driving moments of the drive mechanisms for
lifting the load M, and change of tower crane flight A/, , as well as the force
of resistance of the trolley W.

To compile the differential equations of motion of the presented dynamic
model of the joint motion of the trolley and hoisting mechanism, we use the
Lagrange equations of the second kind, which have the form:

40T T _y o1 2R
dr oo, oo do.  Oa
dor T _y O R
dt op OB B oB
dor_or _ _y ol _0JrR
dt oz oz oz @’
dor_or __om_ér
dtow ou ou ou’
dor_or__ol_oR (1)
dt v ov ov  Ov
where T, I1 —respectively the kinetic and potential energy of the system; M|,
M, — the driving moments are reduced to the drive drums according to the
mechanisms of load lifting and change of tower crane flight; ¢+ — time change
coordinate; R — dissipative Rayleigh function; W - resistive force of the

movement of the cart.
Determine the kinetic energy of the system

172, 1742,1 2,1 -2, 2
T==Lo " +=L,B +=mz" +=m(x" + R 2
o0 5 2B N 5 (x*+%) )

where /;, I, — reduced to the axes of the drive drums moments of inertia of
the drives, respectively, the mechanisms of lifting and change of tower crane
flight; m;, m — the mass of the cart and the load, respectively; x, y —
coordinates of the center of mass of the load.

Find the function of the potential energy of the system

In= %Cl (o —nu)2 +%C2 Bry —z)2 —mgucosv, 3)

where #, r, —radii of drive drums according to mechanisms of lifting of load
and change of departure; n — the multiplicity of the hoist of the lifting
mechanism; g — free fall acceleration.
The dissipative function of Rayleigh is determined by the following
dependence
R =%b1 (6 —mi)? +%b2(['3r2 —z2)? +%b\'/2, (4)

where b,b,,b — dissipation coefficients of elastic elements of load and

traction ropes, respectively, as well as flexible load suspension.
Find the coordinates of the centers of mass of the load and their time
derivatives:
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X=z4usinv, y=ucosv, (5)
X=Z+usinv+vucosv, y=ucosv—vusinv. (6)
Find the derivatives of the expressions (2), ..., (4), necessary for the system

of equations (1):

or _or _ar Oa_sz(xa_xw-@_y)’a_T (ax+y6j 7
oo Op oz Ou Ou ou) ov ov ov

a_T_[1 a, a_T—IzB 6T
oo,

—m3z+mxa—x—m3z+mx
oz

a—T=m(xa—x+ya—y) m( 6x+ya j

ou Ou ou ou ou

a—T.=m(ka—)?+y'a—y.) ( ax+y6)
ov ov ov ov ov

4T _yg 0T ;5 dor

— =144, = m3.Z. + mjé,
dt da dr op dr oz
ia_T,:m(jea—xma—Mya—hy'a—y), ®)
dt Ou ou Ou " Ou Ou
M_T;m(x@m_mﬁy yayj
dr ov ov ov T ov T ov
g—a—Clr](ocr] nu) o —Czrz(ocrz z) o ——Cln(ocrl —nu)—mg cosv, o
g—lgz—cz Bry—2); %—z[z—mgusinv,
Rty (Gr—miy; Bembyry (br =2, L=ty (b1, -2,
oo B 0z (10)

a—l,e=—bn(dr1 —nil); a—],e=b\3.
u ov

After substituting expressions (7),..., (10) in the system (1) we obtain a
system of differential equations of the joint motion of the mechanisms of
change of departure on the lifting of the load of the tower crane with a beam
jib:
Loa=M,~Cyrj (ovj —nu)=byri (o —nu),
LB=M,—Cory(Bry—z)=byr, (Bry —2),

myz+mx=C, (Br, —z)—b,r, (BFZ_Z.)_W’
(11)

m( 6x+ya_j Cin(ory —nu)+mg cosv+bn(on —nu),
ou ~ Ou

ov

( :0x ya j —mgusinv+by.
Ov
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The driving moments on the shafts of the electric motors of the mechanisms
of lifting and changing the departure of the load at a power of more than 5 kW
can be determined by the following Kloss formulas, taking into account their
reduction to the drive drums we have:

2M,, -u;-m
M] _ ey Y1 ’ (12)
1—(0“41/0)10)+ Ses
Ses, 1= (o o)
2M,, -uy M
M2 _ cvy 27112 (13)
1= (Bua/09) Ses)
Ses, 1= (o, [09)
Here M, .M., — critical values of moments of electric motors of

mechanisms of rise and change of tower crane flight accordingly; u;,u, — gear
ratios of drives according to the mechanisms of lifting and change of tower
crane flight; m;,m, —k.k.d. drives of mechanisms of rise and change of tower
crane flight accordingly; ®;q, ®,, — synchronous angular velocities of the
rotors of electric motors of lifting and changing mechanisms; S, S, —
critical sliding of electric motors of lifting mechanisms and change of tower
crane flight which are defined by the following dependences:

S =(1—‘°1“J(x1+Jx127—1), S, =(1—°’2“J(x2+\/@), (14)

ST W0

where ®;,, ®,, — nominal angular speeds of rotors of electric motors of
mechanisms of rise on changes of tower crane flight; A;, A, — coefficients of
overload of electric motors of mechanisms of lifting and changes of toweR
crane flight.

Find the derivatives of the coordinates of the center of mass of the load
present in the system of equations (11)

g—xzsinv, —y=cosv,

u au (15)
ox _ ucosv, @ —usinv,
Ov Ov

(16)

X =%+l —v2u)sin v+ (Vu + 2uv) cosv,
3 = (i —v*u) cos v+ (Vu + 2uv) sin v.
The solution of the system of equations (11) taking into account expressions
(12),..., (16) is carried out under the following initial conditions of motion:
_ uon

t=0, a="9" 6=0,p=20,B=0, z=zy, =0, si=uy, i =0, v=0, ¥=0,(17)
n ]
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where z, — the initial coordinates of the position of the cart; u, — the initial
coordinate of the vertical position of the load.
For the tower crane jib system with parameters: m=5000kg; m;=300kg;

1,=50.16kg-m’; I, =87.48kg-m’; M,, =2881.0N-m; M, =1453N-m;
AM=29; Ary=24; u=302; u,=18; m;=0.8; m,=0.71; 5 =0.20m;
5 =015m; S, =0206; S, =0389; w,=605rad/s; @,,=958rad/s;
) =62.8rad/s; ) =104.7rad/s; z,=100m; u;=16.0m; n=2;
C,=7.2410°N/m ; C,=2.1510°N/m; b =6.3710*N-s/m ;
by =2.810*N-s/m; h=1.05-10°N-m-s/rad; g=9.81m/s the calculation of

the developed mathematical model of joint movement of mechanisms of
change of tower crane flight and load lifting is carried out.

B,rad/s
3

5

t,s

1 2 3 4 5
Fig. 2. Graph of the angular velocity of the trolley drive drum

As a result of calculations of the dynamic analysis of the joint movement of
mechanisms of change of tower crane flight and load lifting of the tower crane
graphic dependences of kinematic (Fig. 2,..., Fig. 5), dynamic (Fig.6,...,
Fig. 9) and power are constructed (Fig. 10 and Fig. 11) characteristics of the
jib system.

Figure 2 shows a graph of the angular velocity of the drive drum of the cart,
which shows that the drum acquires a steady speed of 5.6 rad/s for 0.5 s. At the
same time, small high-frequency oscillations of the angular velocity of the
drum are observed in the area of steady motion, which attenuate rather quickly
(within 3 s).

However, the cart in the area of steady motion has significant high-
frequency oscillations of the speed (Fig. 3), with a maximum value of the
amplitude of oscillations of 0.1 m/s, which is 12% of the steady speed. But,
these fluctuations also attenuate fairly quickly.
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Fig. 3. Graph of the speed of the cart
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Fig. 4. Chart of speed of load lifting
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Fig. 5. Graph of the speed of horizontal movement of the load

In the horizontal component of the load speed (Fig.4) there are low-
frequency oscillations, which are caused by pendulum oscillations of the load
on a flexible suspension. The maximum value of the horizontal component of
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the load speed reaches 1.4 m/s, which is 1.7 times higher than the steady speed
of the cart. Low-frequency oscillations of the load on the flexible suspension
attenuate quite slowly, which must be damped by special means of controlling
the movement of crane mechanisms.

M;,N-m
7000

6000
5000
4000
3000

2000

1000
t,s
1 2 3 - 5

Fig. 6. Graph of the driving moment of the drive of the mechanism of load lifting

M,,N-m

1500

1000

500

1,8
1 2 3 4 5

Fig. 7. Graph of the driving moment of the drive of the cart movement

The vertical component of the speed of the load (Fig. 5) is quite fast (for
0.4 s) becomes stable without any fluctuations in the speed of the lifting
mechanism.

The driving moment of the load lifting mechanism at the launch site (Fig. 6)
reaches 7000 Nm, which is 3.5 times higher than its established value. This
indicates a significant overload of the lifting mechanism during the transition
processes (start-up, braking).

The maximum value of the driving moment of the drive of movement of the
cart during start-up makes 1850 N-m (Fig. 7) that is almost 9 times higher than
its minimum and 6 times the maximum value on a site of the established
movement. In addition, high-frequency oscillations of the driving moment of
the drive of the trolley movement are observed in the area of steady traffic,
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which attenuate within three seconds. From the above it can be concluded that
the mechanism of movement of the trolley at the launch site works with
significant overloads.

Fir» N
15000

10000

il 2 3 4 5

Fig. 8. Graph of effort change in a load lifting rope
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Fig. 9. Graph of effort change in a rope of the cart movement
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Fig. 10. Graph of power change of the drive of the load lifting mechanism
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Fig. 11. Graph of power change of the drive of the cart movement mechanism

The maximum value of the traction force in the rope during the start of the
lifting mechanism is 15 kN (Fig. 8), which is 1.5 times higher than its
established value. These results also indicate the overload of the traction rope
of the lifting mechanism during the transient start-up process.

Significant high-frequency oscillations take place in the traction rope of the
cart movement mechanism (Fig. 9), which attenuate within five seconds of
movement. The maximum value of the traction force is observed at the
beginning of the start and is 3.2 kN, which is more than three times its
minimum value in the area of steady motion. All this indicates a significant
dynamic overload of the mechanism for moving the cart with the load.

In the process of starting the load lifting mechanism, the power of the drive
motor increases sharply to a maximum value of 120 kW (Fig. 10), and then
also drops sharply to a steady state value of 40 kW. This mode of starting the
lifting mechanism leads to three times the overload of the engine in power
compared to the steady state mode.

The power of the drive motor of the mechanism of movement of the cart
(Fig. 11) also sharply increases in the course of start-up to the maximum size
of 7,5 kW then decreases sharply decreases to the steady value of 2,0 kW.
There are slight high-frequency power fluctuations in the steady-state area,
which attenuate for five seconds.

Conclusions

According to the results of research, the following conclusions can be
drawn:

1. The mathematical model of dynamics of joint movement of change of
tower crane flight and load lifting of the tower crane with a beam jib is
constructed. The developed model takes into account the main movement of
the drive mechanisms, as well as high-frequency oscillations of the links with
elastic properties and low-frequency oscillations of the load on the flexible
suspension.

2. As a result of the calculations, a dynamic analysis of the joint movement
of the trolley and hoisting mechanism was carried out. There are high-
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frequency oscillations of the links of the mechanisms possessing elastic
properties which attenuate quickly enough, and also low-frequency oscillations
of freight on a flexible suspension which practically do not attenuate.

3. To reduce the overload of the trolley and hoisting mechanism during
start-up and braking, as well as elimination of oscillations in areas of steady
traffic, it is recommended to optimize the modes of joint movement of
mechanisms and develop drive control systems.
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Jloseiixin B.C., Pomacesuu 10.0., lumko JI.C., Jlogeiikin FO.B., Ilouka K.1.
JAHAMIYHUI AHAJII3 CYMICHOI'O PYXY MEXAHI3MIB 3MIHUA BUJIBOTY TA
HIIIOMY BAHTAXKY BAIITOBOI'O KPAHY

B npencrasieniit po6oTi mocrasieHa 3a1a4a JOCTIIKEHHS CyMicHOT poOOTH MeXaHi3MiB 3MiHH
BWIBOTY Ta IIJOMY BaHTaxy OAalITOBOrO KpaHy 3 O0ajouHOK0 CTpinoro. s MpoBeICHHS
JOCITIIKEHb PO3POOJICHO AMHAMIYHY MOJENb CYMICHOTO pPyXy MEXaHi3MiB, sika BpaxoBYye
OCHOBHHH pyX HPHBOIHHX MEXaHI3MIB Ta KONMBAJIbHUH PyX BaHTaXXy Ha THYYKOMY MifBici i
JIAHOK MEXaHi3MiB, L0 BOJOAIIOTH NPYKHUMH BiactHBOCTsAMU. Ha 6a3i auHamidHOI Monemi 3a
JIONIOMOror0  piBHsAHb Jlarpamka Apyroro poay mnoOyZOBaHO MAaTeMAaTHYHY MOZACIb PyXy
MexaHi3miB. [lJii KOHKPETHOI CTpiJioBOi cHcTeMH OaliTOBOrO KpaHa 3IiMCHEHO IUHAMIiuHi
PO3paxyHKH 3a JOIMOMOIOK PO3po0JICHOT MaTeMaTH4HOI MOJeli. 3a pe3yJbTaTaMH PO3PaxyHKiB
IPOBEICHO ANHAMIYHHI aHaJi3 CYMICHOrO pyXy MeXaHi3MiB 3MiHH BHJIBOTY Ta HigHOMy BaHTaXy.
B mporieci mpoBeseHOro aHanidy BHSBICHI 3HAYHI JMHAMIYHI Ta €HEPreTHYHI MEpPEeBAHTaKCHHS
MEXaHi3MiB MiJ Yac MPOXOKCHHs IepeXifHuX mpoueciB (MycK, ralbMyBaHHs;) Ta HAasABHICTb
BHUCOKOYAaCTOTHUX KOJIMBaHb B JIaHKaX, M0 BOJ'[O):li}OTb NPY>XHUMHU BJIACTUBOCTAMU Ta
HHM3bKOYaCTOTHUX KOJIMBAaHb BAaHTAXY Ha THYYKOMY IiJBiCi.

Jl1st 3MEHILEeHHS IePeBaHTa)KCHb KPAaHOBUX MEXaHI3MIB Ha AUIIHKAX MEPEXiJHUX MPOLECIB i
YCYHEHHSI KOJMBAaHb MiJ Yac YCTAJEGHOIO PyXy PEKOMEHIOBAHO 3AiMCHIOBATH ONTHMi3allilo
PESKUMIB PyXy 1 pO3pOOJISITH CHCTEMH KEepyBaHHs MPUBOJAMH, 1100 peaisyBaTH OaskaHi peXKUMH
pyxy-

KurouoBi ciioBa: nuxamika, aHaii3, OaIITOBUI KpaH, CyMicHHI pyX, MiZHOMHHUI MeXaHi3M,
BI30K, BAHTaX, ONTHMI3allis

Loveikin V.S., Romasevich Yu.A., Shymko L.S., Loveikin Yu.V., Pochka K.I.
THE DYNAMIC ANALYSIS OF THE JOINT TROLLEY MOVEMENT AND HOISTING
MECHANISM IN THE TOWER CRANE

The task of this paper is to research the simultaneous use of trolley and hoisting mechanism by
the tower crane with a beam jib. To conduct research, a dynamic model of joint movement of
mechanisms has been developed, which takes into account the main movement of drive
mechanisms and oscillating movement of the load on a flexible suspension and links of
mechanisms with elastic properties. A mathematical model of the motion of mechanisms is
constructed on the basis of a dynamic model with the help of Lagrange equations of the second
kind. For a specific jib system of the tower crane, dynamic calculations were performed using the
developed mathematical model. According to the results of the calculations, a dynamic analysis of
the joint movement of trolley and hoisting mechanism was carried out. The analysis revealed
significant dynamic and energy overloads of mechanisms during transients (start, braking) and the
presence of high-frequency oscillations in the links with elastic properties and low-frequency
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oscillations of the load on a flexible suspension.

To reduce the overload of crane mechanisms in the areas of transients and eliminate
oscillations during steady traffic, it is recommended to optimize traffic modes and develop drive
control systems to implement the desired traffic modes.

Key words: dynamic, analysis, tower crane, joint movement, hoisting mechanism, hook
blocks, load, optimization.

Jlogetixun B.C., Pomacesuy FO.A., [Llumxo JI.C., Jlogetikun FO.B., I[louxka K. Y.
JTUHAMMUWYECKHA AHAJIU3 COBMECTHOI'O JIBUKEHUSI MEXAHU3MOB
U3MEHEHWUS BBIJIETA U IOABEMA I'PY3A BAIIEHHOI'O KPAHA

B mpencraieHHoil paboTe IOCTaBlieHa 3ajadya MCCICAOBAHHUS COBMECTHOM paboThl
MeXaHM3MOB M3MEHEHHsI BBUIETa U MOJbeMa Ipy3a OalleHHOro KpaHa ¢ OanoyHol ctpeno. [lis
IPOBEICHHUS HCCICHOBaHUH pa3paboTaHa [JUHAMHYECKAss MOJECIb COBMECTHOIO JBIIKCHHS
MCXaHHU3MOB, KoTOpas YYHATBIBACT OCHOBHO€ JBHIKCHHUEC IIPUBOJHBIX MECXaHHU3MOB H
KosebaTebHOS IBI)KCHHE Ipy3a Ha TMOKOM IIOBECE M 3BEHBCB MEXaHHM3MOB, 00JaJaroIiX
ynpyruMu cBoiictBamu. Ha 6a3e nuHamMu4ecKoil MoJenu C NOMOLIbIO ypaBHeHMH Jlarpanika
BTOPOr'0 POJa MOCTPOCHA MAaTeMAaTHYeCKas MOJCIb JBMIKCHHS MEXaHH3MOB. Il KOHKPETHOI
CTPEJIOBOI CHCTEMBI OAlICHHOr0 KpaHa OCYIIECTBICH ANHAMHUYCCKHE PACYeThl C ITOMOLIBIO
pa3paboTaHHOW MaTeMaThdeckoil Mojesu. I1o pe3ynbTataM pacyeToB IMPOBEACHO AWHAMHYECKUI
aHaJu3 COBMECTHOI'O ABMXXCHHUA MEXaHM3MOB U3MEHCHHS BBUIETA U IIOABEMA rpysa. B nporecce
MPOBCACHHOI'0 aHaJin3a BbIABJICHBI 3HAYUTCIIbHBIC JUHAMWYCCKUE U SHEPIETUHYCCKUEC MEPETrPY3KU
MEXaHU3MOB IIPU TPOXOXKIEHUHM IEPEXOJHbIX HPOLECCOB (IIyCK, TOPMOXXEHME) U HalIudue
BBICOKOYACTOTHBIX ~ KOJNEOaHMH B  3BEHbAX, OOJNAJAIOIIMX  YOPYTUMH  CBOWCTBAMH U
HHM3KOYaCTOTHBIX KoJieOaHuii rpy3a Ha THOKOM HoaBece.

HJ’IS{ YMCEHBIICHHUS MIEPETPY30K KPAHOBBIX MEXaHU3MOB Ha yJacCcTKaX MEPEXOAHBIX ITPOLECCOB U
YCTpaHCHUA KOJ'leGaHl/lﬁ BO BpPEMs YCTaHOBHUBIICTOCSA ABUXCHHUS PEKOMCHAYCTCSA OCYIIECTBIIATH
ONTUMH3ALUI0 PEXXKUMOB ABUXCHUA U paSpaGaTblBaTb CUCTEMBI YIIPABJICHUA IPUBOAAMH, '-lT06bI
pean30BaTh XKelaeMble PEKUMBI IBHIKCHUSL.

KiroueBble ci10Ba: TMHAMMKA, aHAJM3, OAlCHHBIH KpaH, COBMECTHOE JBHIKEHHUE, TOAbEMHBIH
MEXaHHU3M, TEJICKKA, I'Py3, ONTUMU3ALMUS.

YK 621.87

Joseiixin B.C., Pomacesuu FO.0., lumxko JI.C., Jloseiixin FO.B., [louka K.I. Junamidyauii anaji3
cyMiCHOTO pyXy MexaHi3MiB 3MiHM BIJIBOTY Ta HigiioMy BaHTa:Ky 6amrToBoro kpany // Omip
MaTepialiB i Teopis cnopya: Hayk.- Tex. 30ipH. — K.: KHYBA. 2022. — Bumn. 108. — C. 267-282.
Pospobneno Ounamiuny mooenb CYMICHO20 PYXy MeXaui3mie, SKA 6paxo6ye OCHOBHUI DyX
NPUBOOHUX MEXAHIZMIG MA KOJIUBANbHULL PYX GAHMAICY HA SHYUKOMY RIOGICI | 1AHOK MeXaHizmis,
wo eonoditomv  npysichumu  eracmugocmamu. Ilobyoosano mamemamuuny Mooenb  pyxy
Mmexanizmie. s KOHKpemHoi cmpinoeoi cucmemu 0AumMo6020 Kpama 30iUCHEHO OUHAMIYHI
PO3PAXYHKU MA NPOBEOeHO OUHAMIYHULL AHANI3 CYMICHO2O0 DYXYy MeXAHi3Mie 3MIHU 6UIbOmYy ma
niotiomy eanmadsicy. Buseneni snauni ounamiyni ma enepeemuyHi nepesanHmadticetts Mexamizmie
ni0  wac npoxoodiceHHs — Nepexionux — npoyecié  (Myck, 2anbMySaHHs) ~mda  HAAGHICHMb
BUCOKOUACMOMHUX KOIUBAHb 6 JAHKAX, WO 60100iI0Mb NPYICHUMU G1ACMUBOCAMU MA
HU3bKOYACHOMHUX KOTUBAHL 6AHMANCY HA SHYYKOMY NIOSICI.

Puc. 11. biGuiorp. 20 Ha3B.

UDC 621.87

Loveikin V. S., Romasevich Yu.O, Shymko L.S., Loveikin Yu.V., Pochka K.I.

The dynamic analysis of the joint trolley movement and hoisting mechanism in the tower
crane // Strength of Materials and Theory of Structures: Scientific-and-technical collected articles.
—K.: KNUBA. 2022. — Issue 108. — P. 267-282.

The dynamic model of joint movement of mechanisms has been developed, which takes into
account the main movement of drive mechanisms and oscillating movement of the load on a
flexible suspension and links of mechanisms with elastic properties. A mathematical model of the
motion of mechanisms is constructed on the basis of a dynamic model. For a specific jib system of
the tower crane, dynamic calculations were performed. According to the results of the
calculations, a dynamic analysis of the joint movement of trolley and hoisting mechanism was
carried out. The analysis revealed significant dynamic and energy overloads of mechanisms
during transients (start, braking) and the presence of high-frequency oscillations in the links with
elastic properties and low-frequency oscillations of the load on a flexible suspension.

Fig. 11. Ref. 20.
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THE RIBBED-ANNULAR DOME'S UPPER TIER MODEL STABILITY
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The work’s aim is to check the stability loss hypothesis with the snap-through effect of the
ribbed-annular dome's upper tier on a full-scale model by experimental tests, and confirming the
nonlinear tier's work under external load.An equivalent von-Mises truss with elastic supports
mockup was tested, which was 1/4 of the dome's upper tier with eight ribs connected by upper and
lower support rings.Horizontal elastic supports were performed as twin steel puffs and simulated
the dome's upper tier lower support ring's deformations.Primary and secondary processing of the
obtained data were made, as well as the full-scale experimental data results analysis.The
equivalent von-Mises truss with elastic horizontal supports deformation dependencies from
external concentrated load were determined.The experimental model's behavior study results were
compared with the theoretical studies' results. The analysis of the experimental and theoretical
studies results confirmed the experimental data reliability and confirmed the using analytical
expressions feasibility for the von-Mises truss with elastic horizontal supports stability preliminary
assessment.

Keywords: ribbed-annular dome, von-Mises truss, stability loss, elastic horizontal supports,
support ring, puff, upper tier.

1. Introduction

Topicality. In recent years in Ukraine is quite popular the construction of
low-pitched domes coverings with ribbed-annular type with a dome's height to
span ratio - 1/5..1/4 and spans up to 30m, with the main load-carrying ribs
which made of the single closed bent-welded steel profiles square or
rectangular cross-section with wall thicknesses from 3 to 10 mm. With this
domes' configuration [1, 2] the one of the dome's reliable operation important
factors, along with ensuring the dome rods' buckling resistance is to ensure the
dome's upper tier stability.The dome's upper tier stability study is devoted to
[3, 4, 5], where von-Mises truss [6] was proposed as a calculation model,
which simulates the equivalent arch work, according to the ribbed domes
calculating method [7]. In work [5] the stability loss problem of the dome's
upper tier by six possible computational cases was considered.In works [3] and
[4] the von-Mises trusses' stability theoretical methods studies with rigid nodes
and taking into account the initial imperfections when applied an inclined
external concentrated load to the truss' ridge node were considered, and
proposed the criteria for determining critical loads' values in the ridge
node.The von-Mises trusses' stability was also considered in [8, 9, 10, 11, 12].
In the work [14] the stability loss problem according to the asymmetric scheme

© Tonkacheiev V.H., Bilyk S.I.
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for high three-hinged two-rod systems was considered.The von-Mises trusses
stability theoretical studies in the elastic supports' presence in the base [11]
were provided, which simulate the tiers joints flexibility of the ribbed dome.In
addition, to confirm the theoretical research reliability, scientists have
performed the classical three-hinged two-rod system's stability full-scale
experimental studies [13].

2. Physical modeling

As a dome's upper tier model, it was decided to use the von-Mises truss as a
popular model for two-rod inclined systems' theoretical stability studies, which
allows modeling these systems nonlinear behavior. To confirm the von-Mises
trusses' stability loss predicting theory [4, 11], full-scale experimental tests
were conducted, which aimed to analyze the truss' performance under load for
both groups of limit states. As an experimental model was designed and tested
the steel ribbed-annular dome's upper tier model. The upper tier of the ribbed-
ring dome with a diameter of 18.0 m with a rise of 5.195 m was taken as a
basis.The dome ribs' number - 8, the dome tiers' number in height - 6. The
upper tier rods' angle to the horizon - 5 degrees (85 degrees from vertical axis).
The upper tier is a spatial rod system consisting of two support rings connected
by ribs. For the testing convenience, it was decided to use a two-rod equivalent
truss, which is 1/4 of the upper tier.The geometric scale of the model is 1:1.
The paired puffs provided truss' stability in the horizontal direction. The
support frame provided the truss’ stability outside the plane.Puffs in the model
act as the lower support ring of the dome's upper tier.Nodal joints on the
supports were made as a sliding hinge in which the support angle rests on the
support frame through a fluoroplastic gasket.The connection in the ridge node
is made using steel gussets connected to the model's rods by welding and
connected with a class 8.5 bolt with a diameter of 24 mm, to prevent friction
between the gussets surfaces between them is a fluoroplastic gasket.The
model's rods are designed from a closed bent-welded profile with a cross
section of 80x80x3 mm. Puffs are made of square steel with a cross section of
16x16 mm. An adopted steel for constructions - S235.

The upper tier's model was arranged on a special supporting steel frame,
which was pre-designed and manufactured for providing experiments.The
special supporting frame, in turn, rests on the power floor, which was arranged
in the research laboratory for metal structures long-term testing, which belongs
to the Department of Metal and Wooden Structures of the Kyiv National
University of Construction and Architecture.

The test bench photo and the model elements layout scheme see Fig. 1.

The initial geometric and physical parameters of the designed equivalent
von-Mises truss experimental model described in table 1.

The support frame on which the truss was tested, is made of: a support
beam - 2 paired I-beams Ne27, interconnected by steel plates 220x100x8mm
with a step of 600 mm; end supports - channel bars 20U, with upwards-
oriented web and welded to the support beam; the loading frame's support
which is made of channel bar 20U to which on both sides are welded racks of
channel 10U between which is arranged a screw mechanical jack.
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Fig. 1. The test bench: (a) -the test model photography; (b) - the test model elements scheme.
Where: 1 - support frame, 2 - test model’s rods, 3 - twin puffs, 4 - support channel bars, 5 -
dynamometer, 6 - hydraulic jack, 7 - clock type indicator I1, 8 - clock type indicator 12, 9 -

deflectometer 13, 10 - burton, 11 - deflectometer’s back balance, 12 - hand jack screw, 13 - strain
gauges, 14 - connecting wires, 15 - strain gauge bus bar SIIT-3

Table 1
The initial experimental model parameters

Parameter’s name, dimension Value
The distance between the supports - 2a,, m 3.85
Truss’rise - £, m 0,168
Steel construction class S235
Steel elasticity modulus - E,, N/mm” 2,060E+05
Estimated rods' cross-sectional area - A, m* 9.240E-04
Estimated elasticity - EqAdca, N 1,903E+08
The rods' angle from the vertical axis - o, degrees. 85
The angle inclination sine - sinay 9.962E-01
The angle inclination tangent - tanc 1,143E+01
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The model was loaded using a hydraulic jack with a capacity of 50 tons.

Clock-type indicators carried out the model supports’ horizontal
movements’ registration: 11 — on the right support, I2 — on the left support.
The vertical ridge node displacements were recorded using a deflectometer 13
and additionally with a caliper.

To determine the internal forces and stresses in the model's rods, strain
gauges were glued to each rod, which were connected by a wire system to the
strain gauge station SIIT3.

The models tests was performed sometime after fixing the measuring
instruments to ensure the stability of their readings.

Prior to each test, the experimental model was loaded with a load of 10%
out the maximum load value for the model element inclusion (joints and puffs)
to the work.

Each experimental test was divided into a number of consecutive loadings
and each loading in its turn was divided into several stages:
the load application to the model;
the model left under the load for a while (15 minutes);
taking readings of indicators I1-13;
taking readings of a strain gauge station (5 attempts on each load step);
the next load step with repeating the above steps.

Gradual model loading took place in steps of 200 kilogram-forces in the
first loading stages until the load reaches a value of 1000 kilogram-forces.
After loading the model with a load of 1000 kilogram-forces, the step was
reduced to 100 kilogram-forces. When the load reached the value at which the
model lost their stability, the load has been increased until the ridge node
vertical displacement reached a value of 10 mm.

After each loading stage, the model was kept under load for 15 minutes,
after which the measuring instruments' readings were taken, a visual inspection
was performed and changes in the model elements were recorded.

3. Tests results analysis

The model stability loss under step load was characterized by a decrease in
the load on the model with increasing force in the hydraulic jack and with
increasing deflection of the model. An equivalent truss' experimental model
under step load lost their stability when the load reached the value of 1302.8
kilogram-forces.

For the research convenience, the load on the von-Mises truss was further
considered as the reduced external load per rod's design stiffness unit
according to the formula:

P
R =——, (1)
" Ey - Aca

where: P — external vertical concentrated load, which is applied tothe von-
Mises truss’ ridge; Ey — elasticity modulus; 4., — the truss rods estimated
cross-sectional area.

Similarly, the vertical model displacements were further considered as the
reduced vertical displacements values to the initial truss' rise by the formula:
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v
U[rel] = TP’ (2)
where: v, — the truss’ ridge node vertical displacement under the external

P
force P; f— the von-Mises truss' rise before loading.

The truss' supports horizontal displacements, respectively, were
subsequently considered as the reduced displacement values to thetruss’half-
span according to the formula:

u
Urel] = _O, 3)
do

where: uy — the von-Mises truss’ elastic support horizontal displacement; ay —
an initial von-Mises truss' half-span value.

The experimental tests primary and secondary analysis results data were
processed according to known processing methods of scientific researches
results [15, 16]. The displacements determining results for the model's end
supports and the ridge node's displacements are shown on the displacements
graphs see Fig. 2.
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Fig. 2. The model nodes' displacements: (a) the supports’ relative horizontal displacements; (b) the
ridge node relative vertical displacements (deflection). Where: 11 — the right support’s clock-type
indicator; 12 — the left support’s clock-type indicator; 1 — elastic deformations zone; 2 —plastic
deformation zone after truss buckling.

In the graphs of Fig. 2: zone 1 - the truss' elastic work zone under the load,
zone 2 (highlighted in gray color) - nodal displacements zone, which
corresponds to the plastic deformations zone of the equivalent von Mises truss
after stability loss. As can be seen from the graph of Fig. 2(a), the model's
deformation occurred asymmetrically, and after the stability loss on the left
support there was a truss rod's pinching on the support's limiting device, as
evidenced by the left support's decrease in horizontal displacements with
increasing the external load value.

Due to the pinching effect at the left support, it was decided to consider
only the tests results for the equivalent von-Mises truss' further analysis in the
subcritical stage inclusive.

According to the experimental researches results secondary data processing,
the internal stresses and internal forces in the model's puffs were determined.
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Taking into account that at each load stage, the obtained supports'
displacements had different values, it was made a statistical correlation for the
deformations' values and for the horizontal forces' values for both supports,
and it was obtained linear dependences of these values from the corresponding
loads' values with a provision of R* = 99%. According to these dependences,
the internal forces' values in puffs and their horizontal displacements were
determined.

The secondary processing results of the strain gauges readings shown on the
graphs of Fig. 3.
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Fig. 3. The secondary processing results of strain gauges readings: (a) - the model’s rods
deformation in the support zone; (b) - the model’s rods deformation on the side faces in the middle
zone; (¢) - the model’s rods deformation on the top face in the middle zone; (d) - the model’s rods
deformation on the side faces in the truss ridge zone; (e) - the model’s rods deformation on the top

face in the truss ridge zone; (f) - the model's puffs deformations. Where: 1-38 - the strain gauges
numbers on the model

The following assumption was made: each pair of puffs - is a horizontally
located spring with stiffness &, which stiffness can be determined by the
expression:

kg =—%, 4)
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where: N, — aninternalforceinpuffsdeterminedusingthetensometrymethods,
d, — horizontal displacement of support, to which connected the puff,

obtained using the clock-type indicators readings.
The stiffness value obtained by expression (4) for each load stage had a
value: k, = 5,570E+07 N/m.
To verify the test results reliability, it was decided to use the analytical
dependences given in the study [11].
Where the dimensionless parameter of vertical and horizontal displacements
was determined by the formula:
s (1=, /1)
YV == 77—

ag (1+(ug/ag))
Combining the expressions (2), (3) and (5), was obtained the expression:
=L A1) ©)
ag (14U )
where: f — atruss’ risevaluebeforeexperimentaltests start; @, — atruss’ half-
spanbefore experimental tests start; vp,.;; — the ridge node relative vertical

)

displacement, determined using expression (2); u,,;) — truss supports’ relative

horizontal displacement, determined using expression (3).
Deformation criteria of two-rod system with elastic supports with a
symmetrical nonlinear deformation:
1
[ 2
—L =2y, - (I I L 77 -sina @)
uyv °
Eo - Acar \/1+\If2 Ko Ao, Gin o
EO Acal
Combining the formulas (1) and (7) was obtained the next expression:
1

1 Vi+va,

2 kyo-a .
\/l W | 200 sinayg
OAcal

—sino

—sina

Bren] =2, - -sinog |. ¥

where: y,, — dimensionless parameter of horizontal and vertical
displacements, determined using formulae (6); ky, — an initial truss elastic
supports’ stiffness; ay — truss’ half-span value before applying the load; o, —

an initial truss rod’s inclinationangle; Ey — the rod’s material elasticity module;

A. — estimated truss rod's cross-sectional area.

The horizontal elastic support's reduced stiffness has a value:
kg ag 5.570E+07 N/m-1.925m

S

EoAy 1.903E +08 N

=0.563.
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The results of the relative vertical and horizontal displacements values and
the truss' deformation dimensionless parameters values and also the relative
concentrated external forces values which were obtained theoretically and by
full-scale experiment are shown in table 2.

Table 2
Experimental and theoretical researches results
Step| vy Uprel] Yy Bren €Xp. | R theory
1 | 0,000E+00 | 0,000E+00 | 8,727E-02 | 0,000E+00 | 1,176E-06
2 | 1,7762E-02 | 5,688E-05 | 8,573E-02 | 1,031E-05 | 9,328E-06
3 | 5.631E-02 | 1.455E-04 | 8.235E-02 | 2,577E-05 | 2.570E-05
4 1,036E-01 | 2,117E-04 | 7.822E-02 | 4,123E-05 4,296E-05
5 1.382E-01 | 2,649E-04 | 7.519E-02 | 5,154E-05 | 5.380E-05
6 | 1,588E-01 | 2,935E-04 | 7,340E-02 | 5,669E-05 | 5,953E-05
7 | 1,820E-01 | 3,195E-04 | 7,136E-02 | 6,185E-05 | 6,540E-05
8 | 2.132E-01 | 3.558E-04 | 6.865E-02 | 6,714E-05 | 7.228E-05

The deformations graphs of the equivalent and the theoretical von-Mises
trusses, which was described in [11] are shown in Fig. 4
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Fig. 4. The dependences' graphs of the relative vertical deformations vy, for experimental and

theoretical models from the relative concentrated force in the ridge node £,

After statistical processing data in Table 2, the difference between the full-
scale experiment results for the equivalent von-Mises truss with horizontal
elastic supports and the theoretical stability studies results for the von-Mises
truss according to expression (8) was - 5.254%.
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4. Conclusions

1. The equivalent von-Mises truss' with elastic horizontal supports full-scale
experimental tests were performed, which simulates the ribbed-annular dome
upper tier's operation with a span of 18 m with rise of 5.195 m with the ribs'
number - 8 and with the tiers' number - 6.

2. The full-scale experimental tests' primary and secondary data processing
according to known methods of scientific data processing were carried out.

3. An experimental studies results analysis showed that the equivalent von-
Mises truss with elastic horizontal supports deformed nonlinearly along the
asymmetric scheme and lost stability at an external concentrated load value of
1302.8 kilogram-forces, with vertical truss' deformations of 35.81 mm and
horizontal supports displacements - 0.68 mm each. The reduced stiffness of the
puffs simulating the elastic horizontal supports was 0.563.

4. The experimental studies results were used to verify the analytical
expression (8), which is given in [11]. Experimental and theoretical results
analysis has shown a good convergence of these results and allowed to draw
conclusions not only about a full-scale experiment validity, but also about
using analytical expressions feasibility for determining von-Mises trusses
stability criterion with horizontal elastic supports, which loaded by vertical
concentrated load in the ridge. This in turn means that due to analytical
expressions it is possible to predict the three-hinged trusses with elastic
horizontal supports stability loss, which in turn allows predicting the ribbed-
annular dome upper tier's overall stability loss.
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Toukaueee B. I'., Binuk C.1I.
EKCIEPUMEHTAJBHI IOCJIKEHHS CTIMKOCTI MOJEJII BEPXHBOI'O
SAPYCY PEBPUCTO-KIJIBIIEBOI'O KYIIOJIY.

AHoTanisi. Merta. L{inp npoBeAeHHs IaHOrO JOCTIDKEHHS - IMepeBipka TiloTe3W BTpaTH
CTiKOCTI 3 e(eKTOM MPOKIALYBaHHS BEPXHIM SIPYCOM PpPeOpUCTO-KIJIbLEBOrO0 KyIoJly Ha
HATypHIifIMOZieNi eKCIepUMEHTAIPHUM BHIPOOYBAHHSAM, Ta MiATBEPKCHHS HEMHIHHOI poOoTH
SpyCy IiJ Ji€l0 30BHIIIHBOrO HaBaHTAXKCHHs. MeTOAMKA. 3a aHAIOr KyIONy AJIS MOJCTIOBAHHS
OyB HPHUAHATHI pPeOPHCTO-KUIBLICBHII KyHOJ OMMUCAHMII B IUIaHI KoioM [IiamerpoM 18Mm i3
BIHOLIGHHSIM CTpPLIM KyNOJy 10 MpPOJbOTY 1/4, sixuii ckinamaBcs 3 8 pebep Ta MaB 6 spyciB Ho
BHCOTI. BepxHiil sipyc Kymony oOMeXEHUH HIKHIM KiNbLIEM, SIKE OJHOYACHO € BEPXHIM KilbLeM
HIDKYE PO3TAIIOBAHOIO SIPYCY, Ta BEPXHIM OMOPHUM KijibieM Kymony. Kimbus sipycy ta pedpa
BHKOHAHI 31 CTajJeBHX 3aMKHYTHUX THYTO3BapHHX MPOMITiB NPSIMOKYTHOrO Iepepidy. Y SKOCTI
MoJeii BEpPXHbOro spycy Kymoiy OyJo HNPHHHATO pilleHHs BHKopucTatH (epmy Miseca, sk
HOMYJIIPHY MOZENb JJIS TEOPETUYHHX AOCITIIKEHb CTIMKOCTI JBOCTPHIKHEBHX HMOXHIHX CHCTEM,
sKa JO3BOJISIE MOJEIIOBATH HEINiHiHHY poOoTy LuxX cucTeM. Buxopucranus KiacuuHOI (epmu
Mi3e3a npu MOJIEIIIOBaHHI MOBEIIHKA BEPXHBOIO sAPYCYy KYIOJy OB SI3aHO 3 HU3KOK 1pobiem. B
HepIly 4epry spyc — TPUBHMIpHAa CHCTeMa, L0 Ma€ BiCIM CTPHXKHIB, TOMY Oya0 HpHUHHSATO
pillleHHS MOJEIIOBATH SPYC CKBIBAJICHTHOI IUIACKOK (epMoro, 1o sBisie cobow 1/4 Bim
BepxHbOro spycy. Ilo apyre, HIKHE KilbLie sIpyCy Mae OOMEKEHY JKOPCTKICTh Ta 3[aTHE
nehopMyBaTHCh, B TOM Yac SK KJIaCH4YHa (epMa Mae HEpyXOMi OIOpH, caMe TOMY OyJI0 IPUITHATO
pillleHHsS AOJAaTH A0 KJIACHYHOI Mozeni (pepMH HPYXHI TOPU3OHTANIbHI omopu. I'opu3oHTaNIbHI
IPYXKHI OMOPH BUKOHYBAJIKCH SIK CTaJIeBI MapHi 3aTSDKKU Ta MOJETIOBAIM Aedopmanii HHKHBOTO
OIIOPHOr'0 KUNBLsI BEPXHBOro sipycy Kymoiy. Pedyabrarm.llpoBeneHa mepBHHHA Ta BTOPUHHA
00pobKka OTPUMAHHX JAHUX, Ta HPOBEACHO aHali3 pe3yJbTaTiB HATYPHOIO BHIPOOYBAHHS.
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IlinTBepKeHO HENiHIHHUEA XapakTep AedOpMyBaHHS BEPXHBOIO SPYCy PEOPUCTO-KiJbLEBOrO
KYIOJy I Ji€l0 30BHIMIHBOrO 30CEPEKEHOr0 BEPTHKAIBHOIO HABAHTAXKCHHS B IpeOCHEBOMY
By3J1i. BcTaHOBIIGHO, 110 XapaKTep BTPATH CTIHKOCTI BEPXHIM SpycOM Mae e(peKT MpOKIIallyBaHHs
rpebeneBoro By3iay. HaykoBa minmicTb. OTpuMaHO 3aieXHOCTI Ae)OpPMYBaHHS CKBIBAJICHTHOI
¢depmu  Mizeca 3 OPY)KHUMH TOPU3OHTAJIBHHMH OIOPaMH 3a JIOMIOMOIOI  HAaTYPHOIO
eKCHEepPUMEHTY. BHKOHAHO MOPIBHAHHS Pe3yJbTAaTiBEKCICPUMEHTAIBHUX MOCIIHKEHb HOBEAIHKH
eKBIBAJICHTHO!I (hepMH 3 pe3yabTaTaMH ICHYIOUMX TEOPETHYHUX IOCITIIKEHb. AHAII3 pe3yibTaTiB
eKCHePUMEHTAIbHUX Ta TEOPETHYHHUX MOCIIUKEHb MIiATBEPAMB [JOCTOBIPHICTH pe3yibTaTiB
eKCIePUMEHTY Ta MiATBEPAMB AOLUIbHICTh BUKOPUCTAHHS aHAITHYHUX BUpPa3iB /i1 HONEPEIHbOT
owiHkM cTifikocti ¢depmMu Miseca 3 HpPYXKHHMH TOPU3OHTaIbHHMH omnopamu. IIpakTmuna
3HaYMMicTh. OTpUMaHi pe3ysibTaTH EKCIEPUMEHTAIbHMX JOCIIDKEHb J03BOJSIIOTH CTBOPHUTH
IHCTpyMEHTapiil AJIs1 MPOEKTYBAIBHHUKIB IJIs1 ITIIBHILICHHS HAAIHHOCTI KYIOJbHUX KOHCTPYKLIHi.

KumrouoBi cioBa: pebpucro-kinbleBuil kymon, ¢epma Miseca, BTpaTa CTIHKOCTI, MpyXKHI
rOPU30HTAJIBHI OMOPH, OIIOPHE KiNIbIIE, 3aTsDKKA, BEPXHIH sIpyc.

Tonkacheiev V.H., Bilyk S.1.
THE RIBBED-ANNULAR DOME'S UPPER TIER MODEL STABILITY
EXPERIMENTAL STUDIES.

Abstract. Purpose. The work’s aim is to check the stability loss hypothesis with the snap-
through effect of the ribbed-annular dome's upper tier on a full-scale model by experimental tests,
and confirming the nonlinear tier's work under external load. Methodology. The ribbed-ring dome
circumscribe in the plan as a circle with a diameter of 18 m with the dome rise ratio to the span -
1/4, which consisted of 8 ribs and had 6 tiers in height, was taken as an dome-model analog.The
upper tier of the dome is bounded by the lower ring, which is the upper ring for the tier below, and
the dome's upper support ring.Tier rings and ribs are made of steel closed bent welded profiles
with rectangular cross section. As a dome's upper tier model, it was decided to use the von-Mises
truss as a popular model for two-rod inclined systems' theoretical stability studies, which allows
modeling these systems nonlinear behavior. The classic von-Mises truss using in modeling the
dome's upper tier behavior is associated with a number of problems.First, the tier is a three-
dimensional system with eight rods, so it was decided to model the tier with an equivalent low-
pitched truss, which is 1/4 of the upper tier.Secondly, the lower tier ring has limited rigidity and
can be deformed, while the classic truss has fixed supports, which is why it was decided to add
elastic horizontal supports to the classic von-Mises truss model.Horizontal elastic supports were
performed as steel pair puffs and were simulated the dome's upper tier lower support ring
deformations. Findings. The obtained data primary and secondary processing, and the full-scale
experiment results analysis were carried out. The ribbed-annular dome's upper tier nonlinear
deformations nature under the external concentrated vertical load action in the ridge node was
confirmed.It was established that in the ridge joint the upper tier's stability loss nature has the
snap-through effect. Scientific innovation. The deformation dependencies for the equivalent von-
Mises truss with elastic supports with the help of full-scale experimentwere obtained. A
comparison of the equivalent truss' behavior experimental studies results with the existing
theoretical studies' results was made. The experimental and theoretical studies results analysis
confirmed the experimental data results reliability and analytical expressions feasibility use for the
preliminary assessment of von-Mises truss' with elastic supports stability. Practical value. The
obtained results of experimental research allow creating tools for designers to increase the dome
structures reliability.

Keywords: ribbed-annular dome, Mises' truss, stability loss, elastic horizontal supports,
support ring, puff, upper tier.

VK 624.014

Toukaueecs B.I., binux C.1. ExcnepuMeHTanbHi gociilzkeHHsi cTilikocTi Mojeni BepXHbOro
sipycy pedpucTo-KiibeBoro kymnoay // Omip marepiaiiiB i Teopisi CIIOpy/: HayK.-TeX. 30ipHUK —
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Tonkacheiev V.H., Bilyk S.I. The ribbed-annular dome's upper tier model stability
experimental studies. - Scientific-and-technical collected articles. — K.: KNUBA, 2022. — Issue
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The mathematical model of the stress-strain state of the abrasive reinforced wheel was
developed in this paper, taking into account the anisotropy of its properties. Anisotropy can be
reduced by displacing one reinforcement mesh relatively to the other by angle of 45°. The
mechanical strength of unreinforced abrasive wheels is determined by centrifugal and bending
forces. To determine the centrifugal forces, the theory of elasticity for an orthotropic body is
applied. The bending forces that arise in the working wheel were determined during solving the
problem of the distribution of deformations in the anisotropic annular plate rigidly fixed along the
inner contour. As a result of experimental studies, it was found that stresses reach 8...23 MPa,
which can be compared with the ultimate strength of the wheel matrix. The elastic module of the
wheel matrix is noticeably greater than the elastic module of the reinforcing mesh, which
practically does not perceive the load at the initial stage.

Keywords: abrasive reinforced wheel, strength, reinforcing mesh, centrifugal and bending
forces, deformation.

Introduction

Cutting and cleaning abrasive reinforced wheels are widely used not only in
construction, but also in mechanical engineering, instrument making, and other
sectors of the national economy associated with metal processing. The annual
production of wheels is in the hundreds of millions of pieces. So only OJSC
«Luga Abrasive Planty» produces more than 300 million pieces per year [1, 2].
Abrasive reinforced wheels operate in combination with hand-held and
portable machines [3] with a working speed of 80 m/s and are classified as
high-risk tools [4].

Analysis of publications

Nowadays, a fairly large number of works of study on the processes of
metal grinding have been carried out [5, 6]. There are practically no works
aimed at increasing the mechanical strength of abrasive reinforced wheels,

© Abrashkevych Yu.D., Machyshyn H.M., Marchenko O.A., Balaka M.M., Zhukova O.H.
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which are widely used in cutting and cleaning operations. At the same time,
the results of experimental studies on determining the stresses in the abrasive
wheel arising during operation are presented [7]. The issues related to the
influence of the acting forces on the abrasive wheel, as well as the influence of
reinforcement on the strength indicators of the wheel, are considered.

Purpose of the paper

The purpose of this paper is to develop a mathematical model for
calculating the stress-strain state of abrasive reinforced wheels. That will allow
us to determine the stresses in the abrasive wheel, taking into account the
reinforcing mesh during performing cutting and cleaning operations.

Research results

The worker’s safety is determined by the strength of an abrasive reinforced
wheel, which during operation is in a complex stress-strain state under the
influence of centrifugal, bending, tangential and normal forces.

During rotation in the abrasive wheel, centrifugal accelerations

a= (3...20)'104 m/s” arise, which lead to the appearance of tensile stresses on

the inner contour of the wheel, comparable in magnitude with the ultimate
strength of the wheel material.

Bending forces constantly act on the grinding wheels, and can also appear
in cutting wheels when they are skewed or pinched [8, 9]. For cleaning wheel,
bending forces can be represented by the concentrated force f,,; (Fig. 1)

applied to the cutting edge of the wheel 1, perpendicular to its plane and equal
in magnitude to the force P, with which the worker presses the wheel to the
cutting surface 2, multiplied by the sinus of the angle of inclination of the
wheel o. In this case, the stresses caused by bending forces can reach values
on the inner contour comparable to the ultimate strength of the wheel material.

The analysis showed that in the area of the clamping flange, the stresses
caused by tangential and normal forces are much less than the ultimate
strength of its material,
therefore, we do not take
them into account.

The mechanical
strength of the wheels
during rotation is
determined by
centrifugal forces. In this
regard, for an
approximate analysis of
the stress state and
comparison of
experimental data, the
theory of elasticity under
the assumption that the
abrasive wheel is an
Fig. 1. Forces acting on the cleaning wheel isotropic body was used.
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The equilibrium equation for an elastic wheel, which is characterized by
constant thickness and rotates with angular velocity ®, has the form [10, 11]:

i.{l.d(UR)}z_l_vzpmzR, )]

dr |r dR E

where U - radial displacement of point located at distance R from the center
of the wheel, m; v — Poisson’s ratio; £ — module of elasticity for the wheel
material, Pa; p — material density, kg/cm’.

With the integration of equation (1) two times and the notation g, = %-pco2 )

we get:
1-v l+v 1 1-V°
U=4—R+4 ——q ‘R3, 2
17 27 0T f 2
where 4, A4, — integration constants, which are determined from the

boundary conditions.
The stresses in the radial o, and circumferential o, directions corres-
ponding to displacements of equation (2), according to [11], have the form:

o, = 4 —AZ%—dO(3+v)R2,

: 3)
oo = 4 +A2E—d0(1+3v)R2.

As boundary conditions on the outer and inner contours of the abrasive
wheel it is accepted that:

:0’

Sr |R:RO

“4)
U, |R:RF =0.

The boundary conditions take into account the rigid clamping of the wheel
along the contour of the clamping flange and the absence of stresses on the
cutting edge.

Integration constants 4, and 4, are determined from the following system

of equations:
A]~:—:~R§+A2=do(l—v)R§, )
ARy -4, =a,(3+v)Ry.
After transformation we get:
4 =a, (1-Vv)-Rp +(3+V)-Ry ’
((A=v)/(+v))- R + R ©)

2 RE=(B+v)/(1+v))- R
C(A=v)/A+v))-R2+ RS

Ay =dy(1-V)Rr - R
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Now, using equation (3), we can calculate the stresses in the wheel. The
inner contour (R = Ry ) which is the most likely place of destruction represents

the greatest interest.

It should be noted that under the influence of overloads, the material of the
matrix of the wheel is destroyed, and the stress-strain state in the wheel
undergoes significant changes. At the same time, the integrity of the wheel
under the action of centrifugal forces can be maintained only by a reinforcing
mesh capable of withstanding only radial loads.

It is proposed to install reinforcing mesh (Fig.2) of the specified
configuration [12] which will improve technical characteristics of the wheel.

(b)

Fig. 2. Wheels reinforcement schemes: (a) tangential and (b) radial

Let’s take x as the relative volumetric content of reinforcing fibers in the
body of the wheel. Then, considering the equilibrium of the wheel element and
assuming that o, =0, and the radial stress is perceived only by oriented

fibers, the proportion of which is ¢, from all fiber (g, =1/2), we have:

do, o __ 1 R, )
dR R qx

Expressing stress through displacement, we get:

2
d l2/+l.d_U=_;.L.p@2R, (8)
dR R dR Emesh 49X

where E,,, — elasticity module of the reinforcing mesh material.
The general integral of equation (8) has the form:
2
U=ChR+Cy———FP g%, (9)
Emesh qx
2
o, —E CL_OPp2 (10)
mesh R 3q] X

considering that o, =0, we determine

R=R,
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o’pRy
3E qx

mesh

(11)

1 =

and after substitution equation (11) into equation (10), we find an expression
for the stresses experienced by the reinforcing fibers on the inner contour

_ o’p(R} - R} )

(12)
' 3q1 xRy
Under the condition of acceleration (deceleration) of the wheel, the
. . . dv do .
circumferential ~acceleration azd—sz— causes stresses G, in
t t

sections R = const , which can be determined from the equilibrium condition of
the wheel part located between the radii R and R,:

Ry
cr2nR§I-I=pI:12nJ-@R3dR; G, =—— —. (13)
4 dt =

After testing the samples of abrasive wheels for tension, the obtained
experimental and calculated values of stresses in the circumferential and radial
directions were compared. It was found that the calculated stresses are more
than two times less than the experimental ones, that means they can be used
only for a qualitative assessment.

For further analysis, the deformations arising under the action of centrifugal
forces in wheels with different reinforcement schemes were determined on a
special stand. As a result, it was confirmed that in the directions of the fibers of
the reinforcing mesh, the value of deformations is 1,3...1,6 times less. At the
same time samples in which the direction of tensile forces coincides with the
direction of the fibers of the
reinforcing mesh or make angle
of 45° (Fig. 3) with them have the
maximum and minimum strength.
It has been established that,

v

depending on the design, the ,/’: | :\T\.
ultimate strength of the abrasive P | by
reinforced wheels is 8...23 MPa. ‘

After studying the stress-strain . @ _____
state, the abrasive wheels on the & ‘ > AL alk
stand were brought to destruction, r | L A i, A ‘;"
which occurs mainly along the A it HHH ‘

radii. As a result, it was found
that the abrasive reinforced wheel at

is an anisotropic body, while ':EEﬂ:::-y
orthotropy of its mechanical Fig. 3. Diagram of the deformations distribution

properties is Obs‘:{rved' in the wheel with different orientations
Anisotropy can be reduced if the of the reinforcing meshes

1
)
T
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reinforcing mesh is positioned in such a way that the fibers of one of them are
displaced at angle of 45° relative to the fibers of the other. In this case, the wheel
has the most equal strength, and its reliability increases. Changing the orientation
of the inner meshes in the abrasive reinforced wheels (Fig. 3) allows an increase
in tensile strength by an average of 20%, so they can be considered as
orthotropic bodies.

The change in the elastic modules of the material of the wheel as an
anisotropic body is described by the dependence:

E\E,
E,cos* 0+((4E,E,)/E,, — E, — E, )sin® Ocos” 0 + E, sin* 0

where E,, E,, E;,— tensile modules in directions making angles n/2, m,

E(0)

, (14)

7/ 4 with reinforcing mesh fibers.
For the orthotropic wheel we obtain the stress distribution from the action of
centrifugal forces using the stress function:
10*F. (1 2v))\1 &*F. 1 1 d*F,
— +| —- +
E, OR* (G,e E, )R oR%00? E, R} o0*
218F. (1 2v,\1 &F, 1 1 &F,

E,R oR® \G, E. JR 00> E, R® 0R

(1-v, 1)1 &F 1 10dF
+| 2 t— |7t 3 =
L E.  Gg)R* 90> E, R OR
_[leve @ 1oy, 18 (2 1oy )1 15)
"B T E Rt \E, E JR®R|
where E,, E, — tensile modules in main directions R and 6, Pa;
J=-pow’-R*/2 — moment of inertia; G, — shear module for main

directions, Pa.
Considering that the load from centrifugal forces is symmetrical, the stress
function will take the form:

2
Fo = Ay + ByR> +CR™X + DR'K +%(3—K—2V9)R2 ., (16)

where K =/Ey/E, ; v, =vy =v — Poisson’s ratio.
Using relations from the theory of elasticity [10]:
F, °F,
0i=1ac+ 1 2 Ct+J
R OR R* 0’
O*F,

of =S +J; (17)
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we define the stress components and the projection of the displacement:
3+v
po? 210 p2

o) =C(1+K)R* '+ D(1-K)R ¥ - (18)
, K?+3
o5 = C(1+K)KR" '+ D(1-K)KR ¥ —po? =20 R (19)
9-K?
K22
U =S (14 K)(K v )RE + 2 (1-K)R ¥ ECH S/ S
EG Ee Ee 9—K2
Constants C and D are determined from the boundary conditions:
Ug| =0; o) =0, 21
R=Rp> R=R,

pmziﬁ Yo g (K ~1)(K —vg) R

Y
(1=K RERTE(K —vo) + RERE(K +v,) ||

(22)
(= KK —vg)RE 52 K~ = V6 g3
0)RF po” 5 R
3+ V2
1 KRK—] 2 0
(I1+ K)Ry 9_ KzRO

D=

(1—K2>[R§R5K“(K—ve)+R;KRf K +vp) |

Dependences (18) and (19), taking into account equation (22), describe the
stress state of a rotating abrasive reinforced wheel.

In the process of experimental verification of theoretical calculations
physical and mechanical characteristics of wheels (Table 1) with different
reinforcement schemes were determined.

Table 1
Tensile module . Breaking
Poisson’s Tensile angular
Wheel type E, E,, Ess | ratio v strelr\l/lg;h velocity
MPa | MPa | MPa o, Mlba o,s’

41-400%4x32 (one
mesh) for cutting 4394 | 4725 | 3855 0,2 7,4 602
mountain rocks

41-300x3x32 (two

meshes) for cutting | 9550 | 11040 | 9124 0,2 18,5 760
the metal

27-230%6x22,23

(four meshes) for | 10440 | 10870 | 9540 0,2 23,0 1060

cleaning the metal
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The total stresses arising in brittle bodies are calculated using the equation
6% . =60 — Vo, . Based on this, we write down the condition for maintaining
the integrity of the wheel under the action of centrifugal forces:

Ooral = O —VO( < k.0 (23)

C

The dependence of total stresses o,

, on the angular velocity o recorded
during the destruction of the wheels is presented in Fig. 4.

30 |
/4]—300x3x32
,7 (two meshes)

N
[e>]

N
5
=

K ~7 o
= > == -~
@ ‘ K ¢
2 18 S
g < 27-230x6x22,23
= (four meshes)
£ 14 £
= .
T 41-400x4%32
10 - (one mesh)
6

500 700 900 1100 1300
Angular velocity, 5!

Fig. 4. Dependences of stress change on angular velocity

The points K, L, M , marked on the curves, correspond to the destruction
of the wheels. Comparison of the calculated and experimental data shows that
their ratio does not exceed 8 %. During the calculation of the stress state
arising under the action of bending forces, the wheel can be considered as
closed annular plate, clamped along the inner contour and loaded with
concentrated force along the outer contour.

As is known from the methodology for calculating stresses [11] arising in
the wheel under the action of centrifugal forces, the differential equation of
bending in polar coordinates has the form [13]:

DAAW =0, (24)
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EH? L . ~ .
where Dzm — cylindrical stiffness, N-m; H — plate thickness, m;
-v
E — elastic module, Pa; v — Poisson’s ratio, W — deflection, m;

# 1 a0 1 &
A=s—t+—+—+——
oR> R OR R? o0’
Internal forces in the plate (Fig. 3) are expressed in terms of deflection in
following way:

— second order Laplace operator.

2 2
Mr =_D a_W_}_l 6_W+l8_W s (25)
oR?> R| R R 00*
o'w 1w 1 &W
M,=-D —_—t ) 26
0 {v oR> ROR R’ 00 } 20
1o'w 1 8w
M = 1— D - s 27
o =(1-7) {R 0RO R 692} 7
M 2
V=0, Wl D (1) (L )
R 80 OR OROB\ R 00

7

where M,, My, M

unit length of the plate contour, N/m; O, — transverse force, N.

o — bending moments, N-m; ¥, — support reaction per

The maximum stresses in magnitude are achieved in each section on the
surface of the plate and are expressed through internal forces using the ratios:

6M 6M, 6M
cy[;end =z 2r : cs[éend =z 26 : lrJgnd = 2re ) (29)
H H H

We represent the solution of equation (24) in the form of a Fourier series [14]:

W =Fy,(R)+ Y F,(R)cosmb, (30)
m=l1
where F, (R) — function of the variable R, which is determined by
substituting equation (30) into equation (24) and has the form:

Fy(R)= AR +ByR* +Cyln R+ DyR* InR, (31)
F(R)=AR+BR"'+CR*+DRInR, (32)
F,(R)=4,R" +B,R™" +C,R"? +D,R"*?, (33)

where 4,, B,,, C,, D, (m=0,1,2,...) — arbitrary constants determined in
the case under consideration from the following boundary conditions:
Wpr, =0, (34)

dw

utii =0, 35
dR |p_p, G3)
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M, |yg, =0 (36)
F 0

V, o =224 (1+ > cosmGJ. (37)
et TCR(? m=1

Performing the corresponding operations of differentiation over series in
equation (30), we obtain a Fourier series expansion for the functions

dw
d—R(R,e), M, (R,0), V,(R,0), My(R,0), M,,(R,0):

‘;—szo(k)+ §]¢m(R)cosme , (38)
M, = uo(R)+ 3 by (R)cosmb. (39)
V. =vy(R) + n;ii] v, (R)cosmb, (40)
My = \VO(R)+§]\um(R)cosm9, (41)
Moo =ny(R)+ 3 m, (R)cosmo. 42)

where ¢,,, W, , V,,, V,,, M, — functions that include arbitrary constants.

Taking into account equations (38)...(42) and (30), boundary conditions
equations (34)...(37) are reduced to the following systems of linear equations
relatively to unknowns 4,,, B,, C, , D, (m=0,1,2,..):

Fbend , m= 0
2mR,
Fm(R])zo; (pm(R])zo; ;,Lm(Rz):O; vm(Ro)= P .43
—bend "y 20
R, ’

Having determined from equation (43) arbitrary constants for each
harmonic of the series (30), we can use formulas equations (25)...(27) to
calculate the internal forces in the abrasive wheel, and then using equation (29)
— stresses caused by bending. The results of the action of various force factors
are summed up and the main stresses are calculated:

c iend c bend
Crotal = (cr + 0, )—v(ce + 0y ) . (44)

The developed model of the stress-strain state of an abrasive reinforced
wheel allows predicting its strength characteristics, which will ensure safe and
reliable exploitation.

Conclusions

As a result of theoretical and experimental studies it was determined that an
abrasive reinforced wheel is an anisotropic body. The main force factors
affecting the strength of abrasive wheels are bending and centrifugal forces,
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while for grinding wheels the influence of bending and centrifugal forces
should be taken into account and for cutting wheels — centrifugal forces.

The greatest danger from the point of view of breaking the wheel is its
working part at the contour of the clamping flange of the drive machine. The
elastic modules of the wheel ligament significantly exceed the elastic modules
of the reinforcing mesh, therefore, it practically does not perceive the load at
the initial stage of loading. The role of the reinforcing mesh is to maintain the
integrity of the wheel after the formation of cracks in it.

To increase the strength of the wheel, it is advisable to additionally
reinforce with meshes of small diameter at the contour of the clamping flange
of the drive machine, and also to increase the scatter of the characteristics of
elasticity and strength of the polymer matrix of the wheel. The developed
algorithm for calculating the strength indicators of abrasive reinforced wheels
allows you to calculate forces that arise in it, which makes it possible to predict
their reliability and safer operation.
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Abpawxkesuy 0 /1., Mauwuwun I'.M., Mapuenko O.A., baraxa M.M., )Kykoea O.I".
NIABUIEHHS MEXAHIYHOI MILIHOCTI ABPA3SUBHOI'O APMOBAHOI'O KPYT'A

MexaHiuHa MiOHICTH HeapMOBAaHHMX aOpa3sMBHHUX KPYriB BH3HAYAETHCS BIALCHTPOBHMH Ta
3rHHAJIBHUMHU CHJIAMH, aJie iX PO3IOLI U apMyBaHHI HeBigoMuid. [IpumyieHo, o HanpyKeHHs
PO3HOAIIAIOTECS PIBHOMIPHO, ajie MOPIBHSHHS PO3PaxXyHKIB 3a TEOPIEI0 HPY)KHOCTI Ta PeabHUX
XapaKTepUCTHK Ha CICLiaJIbHOMY CTEHIl I[O0Ka3ano IOBHY po30ixHicTs. IlpoBenenus
BUIIPOOYBaHb KPYriB Ha PO3TAr JO3BOJMJIO MOPIBHATH PE3YJIbTATH HANPYXKEHb Y KOJIOBOMY Ta
pajianbHOMY HampsMKax. BcTaHOBieHO, IO apMOBaHMH Kpyr € aHi30TPOIIHHM TiJIOM.
AHI30TPOMNII0 MOXHA 3MCHILHUTH, 3MiCTUBILH OAHY apMYyI04y CITKY BiZHOCHO iHIIOI Ha KyT 45°. Y
po6oTi pO3po0JIEHO MaTeMaTHYHYy MOJENb HAIPYXKEHO-Ie()OPMOBAHOrO CTaHy aOpa3sMBHOIO
apMOBAHOI'O0 Kpyra 3 ypaxyBaHHSAM aHi3oTpomii #Horo BuactuBocteit. [l BHU3HAYCHHS
BIILICHTPOBHUX CHJI 3aCTOCOBYETHCSI TEOPist NPY)KHOCTI [UIsl OPTOTPOIHOrO Tifia. 3rHHANBHI CHIIH,
[0 BHHHUKAIOTh y MpAaLIOIOYOMY Kpy3i, BH3HAUYagMCs IPH BHPIIICHHI 3ajadi HpoO pPO3MOIiN
nebopMmariii B KiNbLEBi aHI30TPONHIM IUIACTHHI, JKOPCTKO 3aKPIIUICHOI MO BHYTPILIHBOMY
KOHTYpy. B pe3ynbrari eKCHepuMEHTaJIbHUX JOCHIIPKeHb BCTAHOBJICHO, IO HAIPYXCHHS
nocsraiots 8..23 MIlla, mo Mo)XHa MOPIBHATH 3 MEKE MIIHOCTI MaTpuui Kpyra. Monynb
HPYKHOCTI MaTpHLI Kpyra IOMITHO OijbIe MOIYJIS IPY)KHOCTI apMyIO4Ol CITKH, SKa IPAKTHIHO
He ChpuiiMae HABaHTAXKCHHS Ha I0YaTKOBOMY eTami. Po3poOieHa MateMaTHdYHa MOJENb
IOKa3HHKIB MIIIHOCTI aOpa3MBHUX apMOBAaHMX KPYTIiB JO3BOJISE IPOTHO3YBATH TXHIO HAJIHHICTb Ta
Ge3reyHy eKCIuIyaTallito.

KurouoBi ciioBa: abpasuBHHI apMOBaHMII Kpyr, MILHICTB, apMylo4a CiTKa, BIALECHTPOBI Ta
3rUHAJIBHI CHUIH, Ae(OopMaLlis.

Abrashkevych Yu.D., Machyshyn HM., Marchenko O.A., Balaka M.M., Zhukova O.H.
MECHANICAL STRENGTH INCREASING OF ABRASIVE REINFORCED WHEEL

The mechanical strength of unreinforced abrasive wheels is determined by centrifugal and
bending forces, but their distribution during reinforcement is unknown. It was assumed that the
stresses are distributed evenly, but a comparison of calculations on the theory of elasticity and real
characteristics on a special stand showed complete discrepancy. Tensile tests of the wheels made it
possible to compare the stresses results in the circumferential and radial directions. Was found that
the reinforced wheel is an anisotropic body. Anisotropy can be reduced by displacing one
reinforcement mesh relatively to the other by angle of 45°. In this paper, a mathematical model of
the stress-strain state of the abrasive reinforced wheel was developed, taking into account the
anisotropy of its properties. To determine the centrifugal forces, the theory of elasticity for an
orthotropic body is applied. The bending forces that arise in the working wheel were determined
during solving the problem of the distribution of deformations in the anisotropic annular plate
rigidly fixed along the inner contour. As a result of experimental studies, it was found that stresses
reach 8...23 MPa, which can be compared with the ultimate strength of the wheel matrix. The
elastic module of the wheel matrix is noticeably greater than the elastic module of the reinforcing
mesh, which practically does not perceive the load at the initial stage. The developed mathematical
model of the strength indicators for abrasive reinforced wheels makes it possible to predict their
reliability and safe operation.

Keywords: abrasive reinforced wheel, strength, reinforcing mesh, centrifugal and bending
forces, deformation.
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Abpawxkesuy 10 /1., Mauuwun I'.H., Mapuenko A.A., baraka M.H., ’Kyxoea E.T".
MOBBIIIEHAE MEXAHUYECKOM ITPOYHOCTHU ABPABUBHOI' O
APMHUPOBAHHOI'O KPYT'A

MexaHuueckass IpPOYHOCTb ~ HEAPMUPOBAHHBIX  aOpasuUBHBIX  KPYroB  OIperessercs
l.leHTpOﬁe)KHblMl/l u H3FH63}0LLLI/IMI/I CUJIaMU, HO UX pacnipeacJI€HUE Ipu apMUPOBAaHUHA HEU3BECTHO.
IpennonoxeHo, 4To HANPSDKEHUS PACHPEEIISIOTCS PABHOMEPHO, HO CPaBHEHHE PAcyeToB I10
TEOPUU YHPYrOCTH M pPEAJbHbIX XapaKTEePUCTUK Ha CIELHUAJIBHOM CTEHJAE MOKa3aJlo IOJHOE
pacxoxxacHu¢E. Hpose;lel-me l/lCl'lblTaHl/li"l KpPYroB Ha pacTsAKCHUEC ITO3BOJIUJIO CPABHUTL PE3YJIbTAThI
HalNpsHKEHUH B OKPYKHOM M paJinajibHOM HalpaBJICHUSX. Y CTAHOBJIEHO, YTO apMUPOBAHHBII KpyT
ABJISIETCA AHHU30TPOITHBIM TECJIOM. AHl/l30Tp01'll/llO MOXHO YMEHBIINUTB, CMECTHUB OOHY
APMUPYIOILYIO CETKY OTHOCHTEJIBHO Apyroi Ha yron 45°. B pabore pazpaborana maremaTudeckas
MOJeb HAIpsDKEHHO-Ie()OPMHUPOBAHHOIO COCTOSIHUSI aOpa3sMBHOrO apMHPOBAHHOTO Kpyra ¢
Y4YETOM aHU3OTPOIMHU €ro CBOWCTB. [l onpenesieHns: LeHTPOOESKHBIX CHII IIPUMEHSETCS TEOpHs
YHOPYrOCTH IJIi OPTOTPOMHOro Tena. M3rubaromme CHibl, BOSHHKAIOLIME B PabOTAIOLIEM KpyTe,
OIPEACISUIMCH NPH PELICHUH 3a/1a4d O pacrpe/esieHnH aeopMaliiii B aHU30TPOITHON KOJIbLIEBOM
IUIACTHHE, JKECTKO 3aKPEIJICHHOH 110 BHYTPEHHEMY KOHTYpY. B pe3ynbraTe 3KcHeprMMEeHTalbHbIX
UCCJIEJOBAaHUIl yCTAHOBJICHO, YTO HAaNpshKeHUs pocturatoT 8...23 MIla, 4yTo MOXKHO CpPaBHUTH C
HpEesoM TPOYHOCTH MATpullbl Kpyra. Moayiab yHpyrocTd MaTpHLbl Kpyra 3aMeTHO Oouiblie
MOJLyJIsl YIIPYrOCTH apMUPYIOLIEH CETKH, KOTopas NPAaKTHYECKH HE BOCIPUHUMAET HArpys3Ky Ha
HavaibHOM dTarne. Pa3paboTanHas MaTeMaTHYeCKasl MOJENIb ITOKa3aTeneil MPOYHOCTH abpa3HBHBIX
apMUPOBAHHBIX KPYroB MO3BOJSIET IPOrHO3MPOBATH HMX HAIGKHOCTH M 0E30MACHYIO
JKCILTyaTaLHUIo.

KiroueBble ci1oBa: aOpa3suBHBIH apMHPOBAHHBIH Kpyr, NPOYHOCTH, ApMHUPYIOLIAsi CETKa,
LIEHTPOOKHBIC U H3rnbaroLue CHIIbL, AedopManust.

YK 621.922

Abpawxkesuy 10 /1., Mauyuwun I'M., Mapuenxo O.A., barakxa M.M., )Kyxoea O.I'. TlinBumeHHs
MeXaHiYHOI MiIHOCTi aGpa3sMBHOro apMoBaHoro kpyra // Omip marepiaiiB i Teopis cropyi:
Hayk.-Tex. 30ipH. — K.: KHYBA. 2022. — Bun. 108. — C. 295-308.

YV po6omi pospobreno mamemamuuny mMooenv HANPYI’CEHO-0eGHOPMOBAN020 cmany abpasusHozo
apmMoeano20 Kpyea 3 YpaxyeawHam auizomponii uoco eracmueocmeil. [ 6USHAUEHMHS
8I0YEHMPOBUX CUIL 3ACMOCOBYEMbC MEOPIs NPYHCHOCMI O OPMOMPONHO20 Mina. 32UHANbHI
CUNU, WO BUHUKAIOMb Y NPAYIOIOUOMY KPY3I, BUSHAYANUCA NPU GupiuenHi 3a0aui npo po3nooin
dehopmayiii 8 Kinbyesiil AHI30MPONHIU NAACMUHI, HCOPCMKO 3AKDINICHOI NO GHYMPIUHbOMY
xoumypy. Mooyae npysjcnocmi mampuyi Kpyea nOMimHO Oinbuie MOOYISL NPYICHOCII apMyIouoi
cimKu, AKa NPAKMU4HO He CNPUNMAE HABAHMAICEHHS HA NOYAMKOBOMY emani.

Ta6um. 1. In. 4. Bibmiorp. 14.

UDC 621.922

Abrashkevych Yu.D., Machyshyn HM., Marchenko O.A., Balaka M.M., Zhukova O.H.
Mechanical strength increasing of abrasive reinforced wheel // Strength of Materials and
Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA. 2022. — Issue 108.
—P.295-308.

The mathematical model of the stress-strain state of the abrasive reinforced wheel was developed
in this paper, taking into account the anisotropy of its properties. To determine the centrifugal
forces, the theory of elasticity for an orthotropic body is applied. The bending forces that arise in
the working wheel were determined during solving the problem of the distribution of deformations
in the anisotropic annular plate rigidly fixed along the inner contour. The elastic module of the
wheel matrix is noticeably greater than the elastic module of the reinforcing mesh, which
practically does not perceive the load at the initial stage.

Table 1. Fig. 4. Ref. 14.
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Abpawxkesuu 10 /J]., Mauuwun I'"H., Mapuenxo A.A., Baraka M.H., )Kykoea E.I'. IloBbllIeHnE
MeXaHMYeCKOil MPOYHOCTH afpa3sMBHOIO apMHpoBaHHOro kpyra // CompoTHBieHHE
MaTepHaIoB U TEOPHsI COOPY)KEHHI: Hayd.-TeX. coopH. — K.: KHYCA. 2022. — Bun. 108. — C. 295-
308.

B pabome paspabomana mamemamuieckas MoOeib HAnPAd’CeHHO-0eQhoOPMUPOSAHHO20 COCNOSHUSL
abpasusno2co apMUpOSaHHO20 Kpyed € Y4emom auuzomponuu e2o ceoucme. J[ns onpedenenus
YEeHmPOOEeICHbIX CUL NPUMEHSIEMCS Meopusi YRpy2ocmu 05 opmomponnozo mena. Mseubaiowjue
Cubl, 6O3HUKAIOWUE 8 pAbOMalowemM Kpyee, Onpedesiiuch npu peueHuu 3a0a4u o pacnpeoeieHuu
Odepopmayuil 6 anu30MPONHOU KOIbYEBOU NIACMUNE, HCECMKO 3AKPENIEeHHOU N0 GHYMPEHHEMY
xkonmypy. Modyne  ynpyeocmu  mampuybl Kpyea 3amemuo 6oavuie MOOYIs  YpYeoCcmu
apmupyioweil cemxu, Komopas nPaKmuyecK He 0CHPUHUMAE HAZPY3KY HA HAYATbHOM dMane.
Tab6u. 1. V. 4. bubawmorp. 14.
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YUCEJbHA PEAJIIBAIISI BATATOKPUTEPIAJIBHOI
HAPAMETPUYHOI ONITUMI3AIIIL OBOJIOHKH MIHIMAJIbHOI
INOBEPXHI HA ITPAAIMOKYTHOMY KOHTYPI ITPU
TEPMOCHJIOBOMY HABAHTAKEHHI

0.0. Komesuii,
1-p dinocoodii (PhD)

O.I1. Komeswuii,
KaHJI. TeX. HayK, JTOLEHT

JI.O. I'purop’eBa,
KaH[I. (i3.-MaT. HAyK, JOLEHT

Kuiscokuil nayionanbhuil ynisepcumem 6yodienuymea i apximexkmypu
THosimpopromcokuii npocn., 31, m. Kuis. 03680

DOI: 10.32347/2410-2547.2022.108.309-324

B crarti  poO3risiHYTO  YHCENbHE JIOCIIKEHHA0AraTOKpUTEpialbHOI  IapaMeTpUYHOL
onTuMizanii 000JOHKH MiHIMaJbHOI MOBEPXHI HA MPAMOKYTHOMY KOHTYpI IPHU TEPMOCHIOBOMY
HABAaHTAXKCHHI 3 Mapor0 LiMboBMX (YHKLIH — Bara i HampyxeHHs mo Misecy. BukonaHwmit
ONTUMI3aLifiHUH PO3pPaXyHOK MJaB 3MOry 3MCHIIMTH 3HA4YCHHSA LiTbOBUX (yHKUiH Ta
HEPePO3MOIIINTH HaBaHTXEHHS 10 Miszecy. BukopucranHs aias OZHOro o0’€KTy ABOX THIIB
onTUMI3awii Ja€ 3MOr'y PO3TJIsiA HOBUil BAXKIMBHX IPUKIAJHUX 33124 Y OyaiBenbHiil MeXaHIKH.

KarwuoBi cioBa: onruMmizaiis, mnapaMeTpu4yHa  ONTHMi3alis, OaraTokpuTepiaibHa
ONTHMI3aLis, ONTHMIi3allis LUIbOBI (GYHKLI, 3MIHHI IPOCKTYBAaHHS, OOMEXKEHHsS, OOOJIOHKH
MiHIMaJIbHHUX IIOBEPXOHb, HATIPYXKEHHS 10 Mi3zecy, Bara KOHCTPYKLI.

Beryn. [{ns po3BUTKY HPOMHCIOBOCTI CydacHOi KpaiHM HEOOXiJHO, TpHu
MiHIMaTbHUX (IHAHCOBUX BUTpaTaxX, CTBOPIOBATH 00 €KTH HEPYXOMOCTI i
criopyau aisi HaTOBUAOOYBHOI, BYIiJIbHOI, MAalIMHOOYIIBHOI, JIETKOI Ta
Baxkoi mpomucioBocTi. [liaxim 10 TNpoeKTyBaHHS 3  ypaxyBaHHSIM
OINITUMAJBHUX NapaMeTpiB OyMiBelbHOI KOHCTPYKIIT BUPILIYE 1Ii TUTAHHS, aje
MOCTA€ MUTaHHS, SIK BPaxyBaTH BCi ITapaMeTpy KOHCTPYKIII B ONTHUMAJILHOMY
po3paxyHky. Ha maHuii 4ac 1ie 3poOUTH MPAKTHIHO HE MOJKIJIMBO, TaK SIK MPH
30UIBIIEHHI OJHHMX IapaMeTpiB, 3MEHIIYIOThCS 1HIN 1 HaBmaku. [loTpiGHO
BpaxoBYBaTH IPU LLOMY HE TUIbKM MILHICHI XapaKTEpUCTUKU OyIiBeNbHOI
KOHCTPYKIIi, a TakoX il apXiTeKTypHY BHUpa3HICTh 1 croci® Oy/iBHHUIITBA.
ByniBenpHa MexaHikd po3risiae oONacTb MIIHICHUX XapaKTepUCTHK MpU
pO3paxyHKy OyIiBeNbHOI KOHCTPYKII, 3a JOIOMOTOI SIKMX, MOXIIUBO
3pOOUTH ONTHUMAJIbHY MaTepiaIOEMHICTh KOHCTpYKUii. IIpukianHa reomerpis
Jlae 3MOry MOOyAyBaTH 3a JOMOMOIOK METOAMKHA MiHIMAIbHY IUIOLTY
TIOBEPXHI Ha 33JaHOMY KOHTYpi, Taki MOBEPXHI Ha3MBAIOTHCS 00OJIOHKAMM
MiHiMaTbHMX moOBepxoHb. KoHTypu OyBaroTh BiJl caMHX NPOCTHX JIO
CKIaJHUX TreoMeTpudHuXx @iryp. Ilpum BHUKOpUCTaHI JEKITBKOX BHIIB
OIITHMI3alii JOCATaeThCs 3arajbHUI ONTHMAIBHUN MPOEKT KOHCTPYKIIi, M0
Jla€ 3MOT'Y 3MEHIIIUTH BapTiCTh Oy/iBeNb i CIOPYI.

© Koureswuii O.0., Komesuii O.I1., ['purop’esa JL.O.
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®opmu MiHIMaJIbHUX TOBEPXOHb 1 PIBHSHHS, SIKi iX OMNUCYIOTH, BIZIOMi 3
pobor JI. Eitmepa (1755p.) 1 JKJL Jlarpamka (1760p.). Y 1861 p.
Oenprivicekuii ¢izuk XK. Ilnaro mokazaB BCbOMY CBITY IIi TOBEPXHi y BUIIISII
MUIIBHOI TUTIBKY, SIKI HATSTHYTI Ha POBOJIOKOBHI Kapkac. Ha TemepimHiii yac
IIMPOKO  BIJOMHUI psAA  MiHIMAJIbHUX TOBepXoHb [3,6,7,8,16]. B
eKCIIepUMEHTaJIbHIA po0oTi [2, 17] mokazaHo, IO MPU OMHCY MiHIMaJIBHOI
TOBEPXHI MOMJIMBO JjIsi HAONM)KEHOro pPO3PaxyHKY BHKOPHCTOBYBATH
piBusiHHs Jlamnaca. [lupoke BHKOpPHCTaHHS MiHIMQJIBHHX IIOBEPXOHb B
apXITeKTypi 1 OYIIBHHITBI 3aBIsSYye iX NPUBAOJUBUI 30BHIIIHINA BUTIIAM,
OCKiIbKM BOHH CTBOPEHi NpPHPOION0. IX ONTMMANBHICTH BHKOHYETHCS 3a
paxyHOK MiHIMaIBFHOTO BUKOPHUCTaHHS MaTepiajiiB, a TaKOX 3MEHIICHHS
TEII000MiHY 3 HAaBKOJUIIIHIM CEPEIOBHIIIEM.

[NowaTok BUKOpHUCTaHHs 00OJIOHOK MiHIMaJIbHHUX TIOBEPXOHb B apXiTEKTYpI i
OyniBHuuTBi HiMenpkuit imwkeHep @. Orro. Ilix #oro KepiBHULTBOM
MIPOBEACHO BEJMKY KUIBKICTh €KCIIEPUMEHTIB 3 MiHIMAaJIbHUMH ITOBEPXHSIMH,
TOHKAMH TYMOBUMH UIHypaMy, TKaHMHHUMH 1 MeTajneBuMH citkamu. Lli
eKCIIEPUMEHTH 3HAWILIM Micle y BEJHKiH KUIBKOCTI TEHTOBUX 1 BaHTOBHX
KOHCTPYKIIi} TOKPHUTTIB.

I[Ipy  chOroAHIMIHIX  MOXJMBOCTSX 3  BHKOPUCTAHHS  BEIIUKOTO
pO3paxyHKoBOro komiuiekcy Femap with Nastran € MOXXITUBICTE po3paxyBaTH
Ha MinHicHI Ta JnedopMamiiiHi XapakTepHUCTHKH, a TaKOX BHKOHYBAaTH
OIITHMI3ali0 000JOHOK MiHIMaIBHUX ITOBEPXOHb.

B OyniBenbHil MexaHiK{ iCHYE 3aralibHi TPY BHIH ONTHMI3aIlii:

- omrumizaris ¢popmu. PosrisaaeTscs MOBEpPXHI Ha 3aJaHOMY KOHTYpI 3a
JIOTIOMOT'OF0 SIKUX ONTHMI3YEThCS TUIoMIa 00’ €KTa JOCIIIKESHHS,

- TomojioriyHa onTuMizamis. Po3rmsgaeTbcss  MiHIMaNBHI  KiJIBKICTh
MaTtepiaiiB s OyJiBHUITBA KOHCTPYKIIiT, B MICIISIX Jie BiJICYTHI HAIIPyXXKEHHS
BHUpi3a€eThCs He MOTPiOHMI MaTepiain. [Ipukian 300pakeHo Ha puc. 1;

- TapaMeTpuyHa ONTUMi3alis. BHKOHyeTbCcs onTHUMI3alis mHapaMeTpiB
KOHCTPYKIii, M0 B KiHIIEBOMY BHNJKYy 3MEHIIYE Bary KOHCTPYKIii, ISt
MIPUKITay 11e MOKe OYTH: TOBIIMHA OOOJIOHKH, IUIOMIA TTONIEPEYHOT0 Tepepizy,
MOMEHTH 1HEpIii, HaNpy)KEHHs, MepeMillleHHs], BJIacHI 1 BUMYIIEHI 4acTOTH
KOJIMBaHHsI Ta 0araTo iH.

3 PO3BUTKOM Cy4YaCHHUX TEXHOJIOTiH B OYIIBENbHIM MEXaHIKH BUKOHYETHCS
PO3paxyHOK ONTHMAlIbHOTO TPOEKTYBaHHA OOOJIOHOK. 3a  JJOMOMOTOI0
OINITUMAJBHOTO MPOEKTYBAHHS JIOCSATAETHCS 3MEHILEHHS Bark OOOJOHKH TpHU
3MiHi pi3HHX mapamerpiB. OAWH BUA MapameTpiB ontumizauii € miadip gpopmu
obonoHku. Jlpyruii Bum onTHMi3alli € mia0ip TOBIIUHM 00O0JIOHKH. B manii
CTaTTi PO3IJISNAETBCS BUKOHAHHSA MiA0OpYy TOBIIMHM OOOJOHKH MpPH
OIITHMI30BaHi# 11 GpopMmi, 110 Ja€ MOXKIIMBICTH BUKOPUCTOBYBATH MAaKCUMaJIbHO
Hecydy 37aTHicTh.Po3paxyHOK mapaMeTpu4HOi ONTHMi3alii BeoeTbCcs 3a
JIeKUIbKOMa — [iJTbOBUMH  (PYHKLISIMH, BOHHM MOXYTh  KOH(QUIIKTYBaTH,
JIOITIOMaraTH OJTHa ONHIH, Ta OYTH HE3aJICKHUMHU MiXK COOOF0.
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Puc. 1. OnTnMi3zoBaHa cTajbHa ABOTaBPOBA OaJIKa 3 II’ITUTPAHHUMH OTBOPaMH

ITpy yncenbHUX AOCTIHKEHHAX ONTUMAaIbHOIO IPOEKTYBAaHHA 3 AEKIIbKOMa
LTBOBUMH (DYHKIISIMU 3aCTOCOBYEThCSI METO/I cKiHueHHUX eneMeHTiB (MCE).
Ile onmuH i3 caMuX PO3BHHEHUX 1 MOTYXKHUX IHCTPYMEHTIB Ul MOJIEITIOBaHHS
00’€KTIB MapaMeTpUYHOi ONTHMI3allil, y SKHUX BeJIMKa KiJIBKICTh 3MIHHHX
NPOEKTyBaHHI Ta oOMexeHb. 3a jgomomoroto MCE [15] i po3BUTKY
00UYHMCITIOBAIILHOT TEXHIKM pO3po0JieHa METO/MKA B SIKIH BPaXOBYIOTHCS Pi3HI
rapamMeTpy ONTHMi3alii 000JOHOK MiHIMAJIILHUX MOBEPXOHB, IO € BayKITUBOIO
3aauero Oy/iBeNbHOI MEXaHIKHU, BCl ONTUMI3alliiHI pO3paXyHKH BUKOHYIOTHCS
aBTOMATHU30BaHO, IO JAa€ MOXIIMBICTh OTPHMYBATU PE3YyJNbTaTH MIBUAKO 1
SIKICHO Ta 3 BEJIMKOIO TOYHICTIO PO3paxyHKIB.

ITo6ynoBa 00010HKN MiHIMAJIBHOI OBEPXHI HA KBAAPATHOMY KOHTYPI Ta
il ckinueHo eseMeHTHOI Monenmi. [Ipyu MOCIiDKEHHS! MOKPUTTIB MiHIMAJIbHUX
TIOBEPXOHb HaiyacTille BHKOPHCTOBYIOThCS BapialiiiHi, rpadidHi, CKiHYEHO-
enemeHTHI MeTonu [ 18]. Bukopucranss rpadiuHuX i BapiallifHIX METO/IB BeJe
JI0 TPYIHOLIIB, SKi BUHHMKAIOTh i3-32 HAKJIAJICHUX OOMEXKEHb Ha KPUBH3HY
JIOCITi/KYBaHOI TTOBEepxHi. Peaizaiiisi METONIB YMCENBHOTO aHaJi3y MPHBOIHUTH
JI0 BUPIIIICHHSI CUCTEMH aNreOpaidyHuX PiBHSHB.

B manomy mociimkeHHI Ui 3HAXOPKEHHS! 00pHCY MiHIMAaJIbHOI TIOBEpXHI,
sIKa HAaTSATHYTa Ha KOPCTKHHA KPUBOJIHIMHUN OMOPHUI KOHTYP MPOIOHYETHCS
HiXid, AKUH OCHOBAHHMN Ha 3aCTOCYBaHHI METOLY HPOJOBXKEHHS BUPIIIEHHA
3amaui mo mapamerpy [9], skuil € eheKTUBHHN NPH BUPILICHHS HENIHIHHUX
anreOpaiyHUX PiBHAHb 3araJbHOTO BHUIY.

Cepenus  moBepxus M?  0GONOHOK MiHIMATBHHX ITOBEPXOHb Ha
KOPIaHOBOMY OIOPHOMY KOHTYpi [  JIOBLIBHOTO 0OpHCY Ma€ CKIaIHy
reoMeTpuuHy ¢(opMy, AKy SK IpPaBWiIO, HE MOXJIMBO MPEICTaBUTH B
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QHATITHYHOMY BHIJISIL. 3a/1a4i po3paxyHKy Takoi OOOJIOHKH MOXKHA BiTHECTH
IO HEKJIACUYHHUX 3a]1a4 OymiBesbHOI MexaHiku [19].
Hexmacuusi 3amadi OymdiBeNbHOI MEXaHIKA MOXKJIMBO MPHBECTH IO BUAY

KIIACHYHKX 3aj1ad, SIKIIo Ui obmacti Q e M> BUPILIMTH TaKy 3ajaady, 1100
NONOKEHHS KOKHOi Toukn PeM? 6ylo BH3HAYEHO TIayCOBHMH

KPHUBOJIIHIHHUMH KoopauHaTtamu X ' X? na KOOp/JIMHATHIH TOBEPXHI Mg ,

. 2 . ..
ska He O0OB’s3KOBO cmiBmazae 3 M~-. Ha moBepxui M 2 He 3aMKHYTOI
000JIOHKH TIOBMHHI OyTH MOOYIOBaHI KOOPAMHALINHI OCI TAKMM YHWHOM, 1100
Ha rpaHuni obnacti (2 BOHM CHIBIAJANK 3 KOHTYPHUMH JiHIAMH [ B KOXKHIN

TOYHI OOOJIOHKM MiHIMaJIbHOI TOBEPXHI Ha KBaJpaTHOMY KOHTypi Pe M 2,

TaKoX ITOBHHEH OYTH MoOYIOBaHUIT OCHOBHUI (7,7,71) 1 B3a€MHUI (FI,F 2!

0asucy, a BClI BEKTOPHI BEJIMYHMHH, SIKI XapaKTePH3YIOTh HANPYyXeHO-
neopMOBaHU cTaH OOOJIOHKH, PO3KJIAJCHI MO BEKTOpaM IUX O0a3uciB
[6, 10, 11].

Po3rmsig Takoro kiacy 3agad NpeCTaBisi€ TEOPETUYHHHA 1 MPAKTHYHUN
IHTEpec, TOMY 1[0 Ma€ psiJ IiepeBar:

- MiHIMQJTbHI TOBEPXHI MAalOTh HAWMEHINY IUIONLY IPU 3aJaHOMY
OIIOPHOMY KOHTYpi, TOMY y BUIAJKax, HE BUHHKAE MOTpeda BEIUKOI HeCyqol
3JIATHOCTI, 3aCTOCYBAaHHS TaKUX OOOJOHOK 3a0e3leuye MiHIMajdbHY KiJIbKICTh
BHUKOPHCTaHHS MaTepiaiy;

- O0OOJIOHKM MiHIMQJIBHOI TIOBEPXHI MalOTh apXITEKTYpHY BHPA3HICTB.
BoHu MOXyYTh TepeKpHBaTH BEJUKI MPOJIbOTH O€3 PO3pHUBY reoMeTpii, sKi B
CBOIO Yepry € JUKepenaMu KOHLIEHTPALlil Hallpy»XeHb;

- IS HaNpyXXeHO-le(OpPMOBAHOTO CTaHy, 0€3 BpaxyBaHHS Kpa€BHX
edekTiB, reomeTpuuHa (hopMa MiHIMaIBHOI IIOBEPXHI 3a0e3redye piBHOMIpHE
PO3IIOAIIEHHS] BHYTPILIIHIX 3yCHJIb B 00OJIOHII];

- 00OJIOHKH MiHIMAJBHUX TOBEPXOHB JIOIYCKAaIOTh CTBOPEHHS B HUX IOJIB
MONIepeTHHOr0  MEMOPAHHOTO HANpy)XeHHs, 3a0e3nedyroun iX J0JaTKOBOIO
MKOPCTKICTIO.

OO0O0NOHKM MiHIMaJbHUX IOBEPXOHb BIJHOCATHCS 1O KJacy OOOJIOHOK
Bix’eMHoOi raycoBoi kpuBH3HM [20], Tak SIK LEHTPH KPUBH3HHU IIEpepi3y B
TOJIOBHUX HaIpsSMKaxX pO3TAlIOBaHI MO pPI3HMM CTOPOHAM BiJ JOTHYHOI
MOBEPXHI, IO MPOBEJCHA B KOXHIA ii Toulli. B KOXHIiM TOYI TOJOBHI
KPUBHM3HU MIiHIMaJbHOI TIOBEPXHI OHAKOBI IO BEIMYMHI Ta MPOTWIIEKHI MO
3HAKY, 1 TOMY CepeIHs KpUBU3HA € HYIbOBOK. [ToKpUTTS y hopMi 0007I0HKH
MiHIMaJBHOI TIOBEPXHI Ha MPSMOKYTHOMY KOHTYpi 300pakeHO Ha pHcC. 2, Ma€
BJIACTHBICTb, INpPH MAalMX CTpiIax IJHOMY OXBadyylOTh MEHIIMHA 00’eM
CHOpYIH Y¥ OYIiBIII y IOPiBHSHHI 3 IHITMMU 00OJOHKAMH.

3agaHHA TEPMOCHJIOBOT0 HABaHTa:KeHHsI. J[J1s1 aHai3y Ha TEPMOCHIIOBE
HaBaHTa)XEHHS B pO3paxyHKoBoMy Komiuiekci Femap with Nastran
BUKOHYETBbCS 3a JBa erand. Ha mnepmioMmy erami BHUPILIyeTbCS 3a/ada
Terionepenayi, B SKiii BU3HAYAETHCS TOJIE TEMIEpaTyp NMpHU Pi3HUX BUAAX
TerooOMiHy. Ha npyromy erarti mpoBOIMTBCS PO3PaxyHOK Ha HaNpyXeHO-
neopmMoBaHuii cTaH OOOJIOHKM MIHIMANBHOI TIOBEpXHI NPU  CIUIBHIH
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B3a€MOJIi MEXaHIYHHX 1 TEeMIEpaTypHUX HABaHTAXXEHb, IPH CTATUYHOMY
po3paxyHky [21].

Puc. 2. CkiHYEHO eJIeMEHTHA MOJIeJIb O0OJIOHKH MiHIMaIbHOI TOBEPXHI HA MPSIMOKYTHOMY
KOHTYpi

Jl1g miArOTOBKM MOZENI A0 PO3PAxXyHKY 3 TEPMOCHIOBUM HaBaHTAXKEHHIM
MOTPIOHO BpaxyBaTH HACTYIHI ()aKTOPH:

- po3paxyHOK (OpMYIOTbCS, fK 3ajadya TeIUlomepeAadi, B  AKiH
BUpIIIyeThCA 3ajada TEIUIOBOrO OajaHCy IpH IbOMY BPaXOBYETHCS
KOMOIHAIlisI MEXaHIYHUX HABAHTAKEHD),

- BpaxXOBYIOTHCS HEBiZIOMi Yy BUIJISIII 3HAYEHb TEMIIEPATypPH y BY3JaX, SIKi
IpeCTaBIIeH] CKaIAPHUMH BEJIMYMHAMUY,

- cucTeMa pIBHAHb IOOYJIOBaHa 3a JONOMOIOK CKiHYEHO-ElIeMEHTHOI
MOJIeN, SIK 1 NMpH pO3paxyHKy Ha MIIHICTh, aje BpaxOBYIOThCS crienudika
€JIEMEHTIB IIPU TEIUIOBOMY PO3PAXYHKY;

- B PO3paxyHKOBi MOJeTl BUKOPHCTOBYIOTHCS XapaKTEpHI MapaMeTpu —
Koe(illieHTH Terionepeaayi, TEeMIOEMKOCTI, TEIUIONPOBIHOCTI, MOCTiHHI
BennunHu Credana-bonbimMana;

- TIpM BHWKOHaHHI pO3paxyHKy ITOBHHHI OyTH HakKiIajgeHi crenudivHi
TpaHU4HI YMOBH POOOTH KOHCTPYKIII.

3ajaHi BEJIMYUHU TEMIIEPaTyp BUKOHYIOTh POJIb HABAHTAXKEHb 1 TPAaHUYHUX
ymoB. [lo Bcili moBepxHi OOOJOHKM MiHIMAJIBHOI IOBEPXHI O00OB’S3KOBO
3aJ1a€ThCA TEMIEPATYpHUH PEXUM, B 1HIIOMY BHUIAAKY YacTHHA CKIHYEHHUX
€JIEMEHTIB HE MPallO€ Ha YaCTUHY TEIJIOBOTO PO3PaxXyHKY.

MartemaTHyHa  MoAedb  0araTOKpUTepiaJbHOI  NMapaMeTPHYHOL
ontuMizanii 000JI0HOK MiHiMaJbHUX NOBepPXOHb. baratokpurepiaibHy
[IapaMeTpUYHy ONTHMI3allil0 MOXHA OINHCAaTH SAK  OJHOKPHUTEpialbHY
rapamMeTpuuHy ONTUMI3allio, ajie € IeKIIbKa BiIMiHHOCTEH.

3amauy OaraTokpuTepiasibHOI — MapaMeTpU4HOi  ONTHMI3alil  MOXHa
c(OpMYJTFOBaTH HACTYITHUM YHHOM [1]:

min { £ (X), F, (X),....,F, (X)}, (1)
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ne F(X) — nineoBi ¢yskmii, X = (X],Xz,...,Xk)k — BEKTOp MapaMeTpiB,
npu npoMy FX € R" — HeoOMeKeHa KibKICTh MPHUITYCTHMHUX BapiaHTiB
BupiiueHHs 3aadi. F, : R" — R,i =1,n — uinboBi GyHKii (kpurepii).

B [2] Bci dynkuii F;,i —1,n MOXHa OesnepepBHO AuepeHnioBaTH B X ,
TOMI U1 KOXKHOI IUJIbOBOI ()YHKIIi BiIOMHH Tpami€eHT B OyIb-sIKid TOUII
HamiBopocTopy x € X :
T
OF.(x OF.(x
vE () =| B0 R )
x| Ox

)
n

Takuii BEKTOp TpajJi€HTIB TPEICTABIEHO Y BHUIJISII BEKTOPY, B SKOMY
BiOyBa€THCSl MiHIMI3allisl YM MaKCHMIi3allsl iJIbOBOI (DYHKIIT, B 3aJI€KHOCTI
BiJl HANIpsIMY POOOTH Y MiJNPOCTOPI MPOEKTYBAHHSL.

VY criBBiguomienHi (1) winpoBi QyHKUii npu MiHiMizanii a0 MakcHUMi3arii
MOXYTb B3a€MOMIATH MiX c000t0. OCHOBHI THUIIM B3a€MOJii TpeNCTaBIEHI
HACTYITHUM YUHOM: KOH(POHTaUis (KOH(IIKTYIOT), HE3aJEXKHICTh OJIHA BiX
OHOI Ta KOHCOINIJYIOTh, TOOTO OO0 €IHYIOTh CBOI 3YCHUIS y IIOCSTHEHHS
OJTHI€T METH.

Iepmmit croci6 B3aemomii. Ilpumyctumo, mo F;(X) KOHCOMiAYHOTH 3

i1b0BOKO ByHKUi€ F) (x)
U " " r " r
Vx'Vx (E(x)ZF}(x))—)(F}(x)ZF}(x)). 3)

Jpyruii crioci6 B3aemonii. IIpumyctumo, mo F;(x) KOHQIIKTYE 3 HiTbOBOO

dynxuiero £ (x)
U " " r " r
Vx'Vx (E(x)ZF}(x))—)(F}(x)SF}(x)). (@)

Tperiii cnoci6 B3aemonii. Skmo nepmmii 1 Apyruit croci® B3aeMomii He
BUKOHYETBCs, TO ULIbOBI QyHKLIT F;(x) 1 F;(x) HesanexHiB X .

IMpu B3aemomii winmboBMX (QYHKIIN, y BUIIAAI KOHconifamii, B pasi
JOCATHEHHs ofHiei minboBoi GyHKuii MiHiMizamii F;(X) BOHa aBTOMATHYHO
Joromarae MiHIMi3yBaTuCst Apyriii winbosiit Qyskuii F;(x) . Ilpn domy
KOHCOJIAaIlisi 1inboBUX (yHKLIN mnepeBuinye edekT Bijg OxHiel MiTbOBOI
(YHKIIT, 1110 Ja€ MOXKJIMBICTD 301IbIIMTH €(DEKT BiJ pe3ybTaTy 3arajoM, Hix
Bl KOXHOI OKpemo. SIKIIo miapoBi (GYHKIIT KOH(IIKTYIOTh, TO JTOCATHCHHS
MiHIMi3amii 000X IIBOBUX (QYHKINH CTa€ HEMOXKIUBHM, TaK SK MpU
MiHiMi3anii oxHiel minboBoT PyHKIIT, iHIIA HIKOJIK HE 3MOXKe JOCATHYTH CBOT'O
MiHiMyMy. Takox icHye BapiaHT, KOJIM THI B3a€MOJil AWHAMIYHUI B
3aJIeKHOCTI BiJl 3HAYEHHSI LTBOBUX (DYHKITIH.

Po3risiHeMo BHMINamoOK, KOJMM 3a/adya € CTaliOHapHOIO, MPH IOMY BCi
LTBbOBI QYHKIT:

—_ n
Vi=1L,N| F(x)=Ycux |, 5
k=1
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ne x=(x,...,x ) > X eR", ¢; =(cy».. sy )T — BEKTOp KOC(DIIiE€HTIB, i —
LiTbOBI QyHKII.
[Tpu cranionapHiii 3a7a4i rpafieHT KOXKHOI IIJILOBOI (DYHKIIIT BU3HAYAETHCS
koedirientoM 1inpoBoi GyHkii VF(x) =¢; i npencTasise cob0I0 KOHCTAHTY.
KoeoinienT B3aemonii miboBUX (byHKuiﬁ BU3HAYAETHCS 110 HOPMYIIi:

CisC;
kij = cos® (© ) (6)
|Ci||cj|
Jlyis BU3HAYEHHS THITY B3a€MOIl HiJ‘II)OBI/IX q)yHKuif/i pozainumo [0, p]
TPU YaCTHUHH:
O.p (p 219} [21? }
O,p= T — D 7
P== u(3 3 Y| 307 ()

Crijr 3a3Ha4YMTH, 10 MOXITUBO 3pOOHUTH PO3AIJICHHS HIIMM CIIOCOOOM, aie
MOTPIOHO TaM’SITaTH, 10 BCI YaCTWHHM ITiIABAINCS IHTEpIpeTalii, mpyu Tomy,
110 32 JOMOMOTOI0 X YacTWH OyJia 3py4Ha moOy/aoBa OILIHKH B3a€MOJIIT M
LTBOBUMH (DYHKITISIMH.

3 YpaxXyBaHHAM BBCIACHHA PO3AUICHHA Ha OCHOBI KOC(l)lHlGHTlB kl]

MOXITUBO C(HOPMYITIOBATH HACTYIIHI NIpaBUiIa MIPUHHATTS pillieHHs [4]:
1. gx1o KoedirieHt kl-j OJU3bKUI 10 OJUHMII, TUM B OLIBIIIH Mipi HIJIHOBI

yHkuii F(x) 1 F;(x) KOHCOMAYIOTH MiXK €000, TOMY SKIIO kj; € [1/2,1]
TO IJIbOBI (DYHKIIIT KOHCOJIYIOTb;

2. sikio KoeditieHt k; GIM3bKMA 10 MiHYC OAMHMLU, THM B OLIBLIIH Mipi
uinboBi QyHkuii Fi(x) i F;(x) KOHQIIKTYIOTH MK COOOK, TOMY SKILIO
k;; €[~1,-1/2] , 10 uinboi dynkuii KondiKTYIOTH;

3. AKwo KoedilieHT k; OIM3bKHUIA 10 HYIs, THM B OLIBLII Mipi LIbOBI
bynxuii F(x) i F;(x) nesanexui Mix coboio, Tomy sikimo k; e [-1/2,1/2],

TO INIbOBI (DYHKIIIT HE3aJIEKHI.
IIpu oOumciacHHI KOEQII[IEHTIB B3aEMOMIi MK IUILOBUMH ()YHKIIISIMHU,

MOXKHa CPOpMYIIOBaTH MaTpuio K = {kl-j} NxN 3 EIEMEHTaMM |kl-j| <1, ska

3ala€ CUMETpPHYHE OiHapHE BINHOMICHHA. 3a JOMOMOIOK IIi€l OCHOBHU
chopMynbOBaHi Pi3HI MIAXOAM IO PO3B’sA3aHHA 3a7ayi OaraTOKpUTEpiaTbHOL
rapaMeTpUYHOT ONTUMI3aLlii.

3HaueHHs KoedilieHTa k;; Hae 3MOrYy BU3HAYMTU TUII B3a€MOZII LIbOBUX

(GyHKIIH MiXk co0O0r0 ITpH 1X MiHIMI3alil 800 MakcuMi3allii, TAKOXK MOYKHA JTaTH
SIKICHY OL[IHKY B3a€MOJIiT HiTbOBUX (DYHKIIIH MiX cOOOIO.

Jis po3yMmiHHSL SIK BiIOYBAa€ThCS XapakTep B3aeMOAii MK IIILOBUMH
(GYHKIISIMA TIOTPiIOHO CKOPUCTATHCS BU3HAYCHHSM HEYITKOI MHOXHHHU. B
LLOMY BHIAJKy KOXHi 13 4acTHH (6) CTaBUTHCS y CIIBBiJHOUICHHI YaCTHHU
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3MIHM ~ MDK  HIJIbOBUMH  (DYHKISIMH. TakuM  4yuHOM  MaeMmo
[1/2,1],[-1/2,1/2],[-1,-1/2].

B pawiii poGori Bci wminboBi  (yHKUIT Tpu  OaraTOKpUTepiaybHIN
napamMeTpuuHiii  onTuMmizamii KOHQIIKTYIOTb MDK CO00H. AJTOPHTM
BUPILIEHHS, KOJIX IUJIbOBI (PYHKIIT KOH(IIIKTYIOTh HACTYITHHMA:

2 _
= N2, P —
F,(x)=Y ¢ xf — max(p =1,n), (8)
i=1
npu x> X €R,, ie X — MHOXHHA 3MiHHHX MPOEKTYBaHHS, X,# — UYHCIO
iJTHOBUX (DYHKIIIH.

[IporioHyeThbCcsl HACTYMHUI aNrOPUTM BHpILIEHHS CTallilOHapHOI 3ajaadi
[1, 5, 7], sxmii Bpaxye THI B3a€EMOAIT MK I[ITbOBUMH (DYHKIIiSIMU:

1. Jlng kokHOI HiNBbOBOI (YHKIII BUPINIMTH 3ajady Makcumizamii 3
BUXITHUMH I'PaHUYHUMH YMOBaMH, OTPUMABIIH ONITHMAJIEHE PIillICHHS x; pu
ILOMY BiJIOBITHE 3HAYCHHS ITIbOBOI HYHKIIIT F » (x;) ;

2. Jlns xoxHOi mapu winboBux QyHkuii Fi(x) i F;(x) Bu3Ha4YMTH
xoedinient B3aemonii k; 3a (7). Cwnacru Mmatpuuo K ={k;fyey
KOe(]iIiEHTIB B3aeMOJIIT MITLOBUX (DYHKIIIMH;

3. Busnauutum THH B3aeMonii MK BcCiMa mapamH HiTbOBUX (PYHKIIH,
BUKOPHCTOBYIOYH MPABUIIA [Tl IPUHHSTTS PiIIEHHS] HACTYITHI IpaBHiIa;

— AKIIO k;; € [1/2,1] , To uinboBi pyHkuii F;(x) i F (X) KOHCOMNiNYHOTh;
— AKIIO k;; € [-1/2,-1], 10 uinboBi dynKuii F(x) i F (X) KOHQIIKTYHOTB;

—skuio k; € [~1/2,1/2], o ninbosi dymkiii F;(x) i F;(x) HesanexHi.

Tabnums 1
Tunu B3aemogii ninboBux QyHKHi [3,4]
Koncominaris Kongmixr HesanexHicth
iTHOBUX QYHKIIN | ITBOBUX (DYHKINH | MITBOBUX (QDYHKIIN
i1 J J J
F;(j=1n) N; Ny Ny

nie Vj(Nlj , N{ , N3j ) — KUIBKICTb IUThOBUX (DYHKIIH, 3 SKUMH LiTb0BA (YHKIIIS

J/; BIIIOBIAHO KOHCOIIAYeE, KOH(IIIKTYE, a00 He3anexKHa;

— BU3HAYUTH KOE(ILliEHTH IPiOPUTETHOCTI cl-j @i =1,_3, j =1,_n) IS
UiIbOBHX  QYHKUIH  F;(X) BIZHOCHO KOXHOrO THIy B3aemomii B i
y3araJbHEHOI OL[IHKH 10 pOopMyTi:

. N/ A 3.
o/ =7’, ne o €[0,1]ivj| Yo/ =1]|. )
i=1
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— Juid BHOPAHOTO NPUHIMUITY MPHHHATTS TPYIMOBOTO PIlIEHHs (TIPHHIHII

OumbIIOCTI, MpaBwiIo bopae Ta iH.) moOymyBaTH paH)XyBaHHIM (xi],...,xip)

TOYOK DIillICHHS x; [0 TMepeBa3i B 3aJCKHOCTI BiJ 3HAYCHHS I[LTBOBHX

¢byHKWii [5].

BiamnoBigHUM YMHOM YIOPSAKYBATH HiTbOBI PyHKIIT 3rigH0 Tabmuii 1.

— 3a JIONOMOTOK BU3HAYEHUX aireOpaiyHMX MipKyBaHb IPH3HAYUTH
Koe(ILliEHTH 3aJIeKHOCTI JUIsl KOYKHOI Napy LbOBUX (DyHKIIH;

— moOyIyBaTH OIL[IHKY IS UTBOBUX ()YHKITIH:

FIP (R, sF) " (Ro B FI (R, Fy), p=Lin, j=Ln,  (10)

[0 TpEACTaBisiE COOOI0 CyMy BHpA3iB IMUILOBHX (YHKINH, 3 SKAMH | —
1inboBa (QYHKISI KOHCOMiAye, KOHDIIKTYe abo He3anexHa, i KoeilieHTiB ii
3aJIeKHOCTI 3 IHIIMMH LITHOBUMH (DYHKIIISIMU, SIKi BXOZSTH B aHy OIIHKY.

YucesbHe  JocaigxKeHHS  0araTOKpuTepiaJibHOI  NMapaMeTPHYHOL
onTuMi3alii 000JIOHKM HA KBAJPATHOMY KOHTYPi NpPH TEPMOCHIOBOMY
HaBaHTa:keHi. JIJI1  YWCENBHOrO  eKCHEepUMEHTy OaraToKpHTepiajIbHOI
rapamMeTpuyYHOl onTHMi3allii 000JOHKM MiHIMalIbHOI MOBEPXHI HA 33JaHOMY
MPSIMOKYTHOMY KOHTYp1 3a[aroThCsi BUXiMHI nmapamerpu [12, 13, 14], a came:
3a IIbOBI (YHKIIT B3STI Bara i HarpyxeHHs 1o Mi3ecy, Kl BUHHKAIOTh MPU
ONTHMI3alifHOMY  PO3paxyHKy IapaMeTpu4Hoi ontuMizamii.  3MiHHI
MIPOEKTYBAHHS TPENICTAaBJICHI TOBIIMHOI OOOJIOHKHM MiHIMaJIbHOI IOBEPXHI Ha
NPSMOKYTHOMY KOHTYypi 3 iHTepBasioM Bixm 1 g0 200 MM, OOMeEXeHHS
MIpEe/ICTaBIIeH] y BUIVIsAL HanpyxkeHHs o Mizecy 240 MITa.

240
175 .
|

i

Puc. 3. Hanpyxenns no Mizecy 8 MIla miciist onTuMizanifiHoOro po3paxyHky

[lix uac mnpouecy OaraToKpuTepialbHOI NapaMETPUYHOI ONTHMi3alii
BUKOPHCTOBYETBCSl BJIACHE IPOrpaMHe 3a0€3leYeHHs, B SKOMY € MiJbOBi
(GyHKIIT, 3MiHHI TIPOEKTYBaHHs, OOMEXEHHs, HAKJIAJACHHS HA KOXHHUH
cKiHueHHH-eneMeHT Plate yHikanbHi BiacTHBOCTI mo ToBuMHI. [loOymosa
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Puc. 5. ToBumHa 0601I0HKH MiHIMaJIbHOI IOBEPXHI HA KBaIPATHOMY KOHTYpI
micist onTuMizanii B MM

Puc. 6. Hanpyxenus no Mizecy 8 MIla 1o ontumizarii
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reoMeTpii OOOJIOHKM MiHIMaJIbHOI TOBEPXHI BHKOHYETHCS Ha iCHYIOUOMY
porpaMHOMY 3a0e3ne4eHHi, sika MoTiM nepeHocuThest Ha Femap with Nastran
B aBTOMAaTH30BAHOMY DPEXHMi, JI¢ B IOJAJIBIIOMY BHKOHYETHCS MOOYyIOBa
CKIHUEHO-EIEMEHTHOI MOJIeNTi 1 3aJaHHs TEPMOCUIIOBOI'O HaBaHTaXeHHs. Mix
BCiMa IIPOrpaMHUMHU 3a0e3NeUeHHsIMH Ta TporpamMHuii komruiekc Femap with
Nastran cTBOpeHi mepexiaHi MOAYi I TOro, 100 Iel Mpolec BUKOHYBABCS
B aBTOMATH30BAHOMY PEKUMIi.

PesynbTaTi yHceJbHHX JOCTiAKeHb 00010HKH MiHIMAJBLHOI NMOBEpPXHi
HA MNPAMOKYTHOMY KOHTYpi. 3a JOIOMOrOI0 BJIACHOTO IPOrPaMHOI0
3a0e3meueHHss Ta IporpamMHoro komiuiekcy FemapwithNastran Bukonana
YyuceNbHa peaiizalis 0araToKpUTepialbHOI MapaMeTpUYHOl ONTHMi3alii
000JIOHKH MIHIMQJIFHOI MOBEPXHI Ha MPSIMOKYTHOMY KOHTYpi3 ypaxyBaHHSIM
TEPMOCHIJIOBOTO HABAHTAXKEHHSI, 110 ]AJI0 3MOT'Y 3MEHIIUTH 3HAYEHHS LiJTbOBOI
¢yHKIIT — BarMm KOHCTPYKIIii, Ta 3a JOMOMOIOI 3MiHMA TOBIIMHU OOOJOHKU
MIiHIMAJIbHOI ~ TMOBEpXHI HAa  MNPSIMOKYTHOMY KOHTYpi  3MEHIIUTH 1
Mepepo3NOIUINTA HalpyXeHHs 1o Misecy, 10 € JpYyror ILiJIbOBOIO
¢byHKLi€O.

B pe3ynbraTi OTpEMaNy HaCTYNHI 3HAYECHHSL:

—Ha rpadiky 3MiHM 1UTbOBOI (QyHKLIT (puc. 7) BimOysmocs 3MEHIICHHS
Baru o6omoHku Ha 20% i cranoBnaTh 240 MITa.;

—3 puc. 3 Ta rpadiky (puc. 7), 3MCHIICHHS HaNpPYyXCHHSA BiIOyJIoCs B
cepenHboMy Ha 37% 1O e€JIeMEHTHe, J0 ONTHMi3allii MaKCHMaJbHI
HanpyxeHHs cTaHoBwiIn 641 MIla.;

— 10 onTHMi3amii MaKCUMallbHI TIepeMillleHHs] CTAaHOBWIM 145 MM, micis
OIITHMI3alifHOI0 pO3paxyHKy, sIK 300pa)keHo Ha puc. 4 cTaHOBIATH 90 MM.
Ta Ha rpadiky (puc. 8).

22000
21000 600 =
¢ 20000 500 =
< 19000 &
3 18000 400 3
2 17000 200 fﬁ
16000 c
15000 200 T
0 5 10 15 20 25 30

Homep itepauii baratokpurepianbHoi
napameTpu4HoI onTumisauii
—o—Macca —@— Makc. Hanp no Mu3zecy

Puc. 7. I'padixu 3minn 1inboBux ¢yHKuiil Baru HanpysxeHHs mo Misecy 1o ireparism
GaraTokpuTepiaJbHOI HapaMeTPHIHOI OnTUMizaii

Ha rpadiky (puc. 7) ninboi ¢yHkii — Bara i HarpyxeHHs 1o Mizecy He
MepeciKaloThCsl, 1€ O3HAYa€, L0 BIJACYTHS TOYKa ONTHMYMY ISl JIBOX
LTBOBUX (DYHKINIH, TAKOXK LITbOBI PYHKIIT KOHPIIKTYIOTb.
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Puc. 8. I'padix 3MiHH MaKCHMAIBHUX NEPEMILIEHb 110 iTepalisiM 6araTokpuTepiaibHOL
HapaMeTpUYHOI ONTUMI3aLiT

3araspbHa MeTa TMoJsirac y TPUHIOMIOBOMY pO3IJISAI  JBOX THUIIB
ONTUMI3allii OMHOYACHO Ha OJHOMY IOCITiIKyBaHOMY 00’€ekTi. J[ist mepuroro
TUIy — ONTHMIi3allisl reoMeTpii OOOJIOHKH, IIO € OOOJIOHKOI MiHIMaabHOI
MOBEPXHI HA TNPAMOKYTHOMY KOHTYpi, a Ui JpYyroro THIOY —
OaraTokpuTepiajbHa TMapaMeTpHUyYHA ONTHUMI3AllisS Y BUDISAAI 2-X ILTBOBHX
¢yHKII — Bara i HampyxkeHHs mo Mizecy. lle € BaxiIHMBOIO 3amauero
OymiBeNbHOI MEXaHIKW JJIsl pO3B’s3yBaHHS HOBOTO THMY 3aaad  Jie
BHKOPHCTOBYETHLCS JIBA TUITH ONTHMi3aIlii.
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Kowesuii O.0., Kowesuii O.I1., I'pucop 'esa JI.O.

YUCEJbHA PEAJI3AIIS BATATOKPUTEPIATBHOI MAPAMETPUYHOI
ONTUMIBALI OBOJTOHKHA MIHIMAJIBHOI ITIOBEPXHI HA IPSIMOKYTHOMY
KOHTYPI 1PU TEPMOCHUJIIOBOMY HABAHTAKEHHI

B crarTi pO3rNISHYTO YHMCENbHE JOCHIDKEHHsS OaraToKpuTepialbHOI —MapaMeTpuyHoOl
onTuMi3anii OOOJOHKH MiHIMAJIbHOI IOBEPXHI HA MPIMOKYTHOMY KOHTYpI 3 YypaxyBaHHSIM
TEPMOCHJIOBOIO ~ HABAaHTAXKCHHA.  ABTOPaMH  BHCBITIICHO  TEOPETHYHE  (hOPMYJIIOBAHHSI
GaraToKpuTepiajdbHOI IapaMeTpu4Hoi onTuMizanii. OmnucaHuil crnoci6 moOyqoBH 00OJIOHKH
MiHIManbHOI TOBEpPXHI Ha MNPSIMOKYTHOMY KOHTYpi. Bukiamena croeundika 3amaHHS
TEPMOCHJIOBOI'0 HABAHTAXKCHHS MPH ONTUMI3ALliiHOMY PO3paxyHKYy, sKa BPaxoBye Bci HEOOXimHi
BUXiaHI naHi i koediuientn. [Tokasani Buau poOOTH LIILOBUX (YHKILIH, a caMe: IPH SIKUX YMOBax
BOHH KOHQIIIKTYIOTb, IPH SIKHX YMOBaX BOHH KOHCOJIIYIOTBCSI, IIPH SIKHX YMOBaX BOHH HE3AJICKHI
oJIHa BiJ 0fHOI. B 4ncensHOMY DOCTIIKEHHI BUKOPHCTAHO aBTOPCHKE IPOrpaMHe 3a0e3red eHHs,
SKe M03BOJSIE OJHOYACHO B aBTOMATHYHOMY PEKHMI BHKOHYBaTH GaraTOKpHUTepiabHHUN
ONTUMI3aLifHIH PO3paxyHOK 3 LITbOBUMH (yHKLISIMU — Bara i HanpyxeHHs o Misecy, 3MiHHI
HPOEKTYBaHHs — TOBINMHA 000JOHKH Bix 1 10 200 MM, OOMEKEHHS MpEACTaBJICHI Y BUIIIAL
HanpyxxeHHs o Mizecy 240 MlIla. Pe3ynpTaT noka3sas, 1o LiboBi (QyHKII KOHQIIKTYIOTb, ane
BiZIOyBa€eThCsl 3MEHIICHHs Bark 000JoHKK Ha 20%, a Hamnpy)KeHHs 1o Mi3ecy 3MEHLIMJIMCS Ha
37% noenementam. I3 rpadika 3MiHM LiTbOBUX (yHKIUIH aBTOPH 3pOOHIN BHCHOBOK, IO TOYKA
ONTUMYMY Ul LinboBHUX (YHKLIH — Bara i HampyxeHHs mo Misecy BigcyTHs. 3aranpHa MeTa
JIOCTIMKEHHST TI0Ka3y€e MOXJIMBICTH 32 IONOMOIOK aBTOPCHKOrO IMPOrPaMHOro 3a0e3reyeHHs
BHKOPUCTOBYBATH ABa THIM ONTHUMi3allii: onTuMisawuii GopMH y BHIIILAI 0OOIOHKHM MiHIMaIbHOL
IOBEPXHI Ha MNpPSIMOKYTHOMY KOHTypi 1 OaraTtoxpuTepianbHy NapaMeTpHYHy ONTHMI3aLilo
OJIHOYACHO Ha O00’€KTi, SIKHIl [OOCHIIKYETHCS, IO € LIKABUM 1 BAXKIUBUM [PUKIATHUM
JIOCTIKESHHSM B 00J1acTi OyAiBEIbHOT MEXaHIKH.

KimrouoBi cioBa: onTuMmizamisi, mapaMeTpuyHa  ONTHMI3allis, OaraTtokpuTepiaibHa
HapaMeTpUyYHa ONTUMI3alisi, ONTUMi3auis (OpMH, TOMOJNOrIYHA ONTHMI3alis, O00OJIOHKA
MiHIManbHOI MOBEpXHi, IiIb0oBa (YHKIIsA, mapa LiTbOBUX (YHKIIH, 3MiHHI HPOEKTYBaHHS,
0OMEKEHHSI, JIIMIT, HApy»KeHHs o Misecy, 000J10HKa MiHIMaJIbHOI ITOBEPXHI.

KoshevyiO.O., KoshevyiO.P., GrigoryevalL.O.

NUMERICAL IMPLEMENTATION OF MULTICRITERIA PARAMETRIC
OPTIMIZATION OFMINIMUM SURFACE SHELL ON A RECTANGULAR CONTOUR
UNDER THERMAL LOADING

The article considers the numerical study of multicriteria optimization of the minimum surface
shell of a rectangular contour taking into account the thermal load. The authors cover the
theoretical formulation of multicriteria parametric optimization. A method of constructing this
minimal surface on a rectangular contour is described. The specifics of the issuance of thermal
power load in the optimization calculation, which is in all initial indicators and coefficients. The
types of work of target functions are shown, namely: under what conditions they conflict, under
what conditions they consolidate, under what conditions they are independent of each other. The
numerical study uses the author's software, which allows in automatic mode a multicriteria
optimization calculation with target functions - weight and Mises stress, design variables -
thickness from 1 to 200 mm, presented as a Mises voltage of 240 MPa. The result showed that the
target functions of the conflict change, but the weight decreases by 20%, and the Mises voltage
decreases by 37% of the elements. From the graph of the change of objective functions according
to the optimal height, what is the point for the objective functions - weight and stress according to
Mises is absence. The overall purpose of the study shows the possibility of using authoring
software to use two types of optimization: optimization of shapes in the form of these minimum
surface parameters on rectangular and multicriteria optimization together on the object under
study, which is interesting and applied research in structural mechanics.

Keywords:optimization, parametric optimization, multicriteria parametric optimization, shape
optimization, topological optimization, minimum surface shell, objective function, pair of
objective functions, design variables, constraints, constraints, limit, Mises stress, minimum surface
shell.
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The article considers a numerical study of multicriteria parametric optimization of the shell of the
minimum surface on a rectangular contour under thermalloading with a pair of objective
functions - weight and Mises stress. The performed optimization calculation made it possible to
reduce the values of the objective functions and redistribute the load on Mises. Using two types of
optimization for one object allows you to consider new important applications in structural
mechanics.
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Modern studies of multi-storey buildings' load-bearing structures vitality are analyzed. The
change of 2d steel frames various elements loading during a fire is investigated. The dependence
of the frame loading on the location of the fire source on different floors and spans is analyzed.
The influence of the frames' stress state change on their vitality is analyzed. The dependence of
potential collapse mechanisms on fire source location in the frame is concluded.

Key words: vitality, fire, steel frame, multi-storey building, progressive collapse.

Actuality. In today's globalized world, there is a trend of urbanization. The
population is growing in the cities and this leads to a decrease in the location of
land plots for construction and increase a needsof multi-storey buildings.
However, as the number of storeys of the building grows, so does its sensitivity
to various threats, which can lead to the complete collapse of the building and a
large number of human casualties. Many modern studies in the building
construction field are devoted to the ability of a building to resist complete
collapse after local destruction due to the threat - vitality. And if for the
reinforced concrete frames of multi-storey buildings at the level of regulatory
documents there are methods of calculation, for steel frames - there are only
recommendations without methods of calculation [10]. One of the threats that
can cause the collapse of a multi-storey building is a fire. One example of the
progressive collapse of a multi-storey building due to a fire is the fire in Sao
Paulo (Brazil, 2018, Fig. 1). In Ukraine, fire protection systems leave much to be
desired, and at the same time in ukrainian norms, there is a requirement: the
objects of the consequences class CC3 to rely on fire vitality [10].

Analysis of past research. Many studies of multi-storey buildings vitality
are devoted to how to satisfy a "single vitality",which means the removal of
one structural element from the scheme (usually the first-floor column), thus
modeling the local destruction, which could potentially lead to much greater
collapse [12-15, 18-19, 25-27]. This simulates the influence of a impact or
explosion. But such a factor as fire can affect not only the column but also the
beams and not one but several elements simultaneously. Studies on steel and
reinforced concrete frames vitality in case of fire after the earthquake [16, 17]
was conducted.Buckling was investigate in [28, 29].

© Daurov M.K., Bilyk A.S.
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Fig. 1. Multi-storey building collapse due to a fire in Sao Paulo, Brazil, 2018

The effect of destruction after local damage to the column and from the fire
may differ [1, 4, 20], so multi-storey buildings should be calculated to vitality
the fire. Studies [2-3, 5, 7, 8] show that during a fire, the floor of the frame can
collapse first, not the column, as in the calculation of a “single”vitality from an
uncertain factor. Therefore it is necessary to investigate various mechanisms of
the collapse of frames at a fire for the purpose of definition less destructive.

Load capacity factor of steel frame elements and their influence on the
frame vitality were studied [5-7]. In [1] it is emphasized that the load capacity
factor in the columns should be 0.25 to prevent progressive collapse, which is
economically impractical. Also in [13, 14] it is noted that only the increase in
the frame elements load capacity does not guarantee increased vitality and it is
necessary to take into account the peculiarities of the distribution of internal
forces.

Studies [9] analyze the concept of "vitality" and propose to include the
concept of "fire resistance". And it is expedient from the point of view that for
studying vitality at a fire it is necessary to touch in one way or another a
question of fire resistance.

In studies [11], calculations of the high-rise building steel frame for the fire
were performed, taking into account fire protection and parametric fire regime
depending on the building footrint. The possibility of designing a frame under
the action of fire loads and preventing even local destruction was investigated.
The maximum temperature load was 120°C with fire protection R180. But
after designing a frame, the frame steel weighthas increased by 50%.This
indicates that the fire protection minimizes the temperature load on the frame
elements from the fire but anyway constructive measures are needed to
increase vitality. The large increase in metal consumption indicates that it is
impractical to design the building frame in the case of a fire or other threat,
which can lead to progressive collapse, completely eliminating the possibility
of local destruction, as this probability always exists during an emergency. To
enhance fire vitality and seismic resistance, it is recommended to use outrigger
systems (superframes), combining vertical and horizontal outriggers along the
contour of the frame frames [1].

Previously studied measures to increase the steel frame’s vitality in case of
fire (increased load capacity, increased fire protection, combined outrigger
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systems) significantly increase the metal consumption and cost of construction
and need to be optimized. It is necessary to study in more depth the
peculiarities of the forces distribution and the stress state of the building frame
structures during a fire and to explore measures to increase vitality, which will
be effective and economically feasible.

Unresolved part of the problem. In contrast to a impact or explosion, the
effect of a fire is more extended in time.Therefore, studying the vitality of
multi-storey buildings frames in case of fire, it is necessary to analyze not only
the work of the frame after local destructionbut also the processes that precede
it: initial load capacity factor, change of internal forces, change of steel
mechanical characteristics when heated, change of stiffness, load capacity
factor(strength, general and local buckling) in the frame before the first
destruction due to fire and their impact on the framevitality.

Research objectives. The following tasks were performed in these studies:

- to investigate the changing load capacity factor of the 2d steel framevarious
elements during the design fire;

- to analyze the dependence of the frame load capacity factor change on the
location of the fire source on different floors and spans;

- to analyze the influence of changes in the frame's stress state on their vitality.

The main text. A numerical study of the 2d steel frame when a fire acted in
one of the spans on one of the floors was conducted. The object of the study is
a 2d steel frame consisting of three spans (2 sidespans and one middle) and
three floors (lower, middle, upper) without fire protection. Beam span accepted
is 7.2 m. The height of the floor is accepted - 3.6 m. The columns are
unfastened from the plane of the frame at the level of adjacency of the beams,
the beams are unfastened from the plane with a step of 2.4 m. Frame step - 6m.
The load on the beams and columns was assumed to be the same - 50% in
order to make a clear comparison of load capacity factor changes during the
fire. The base of the columns is taken with a rigid connection. The joints beam
to column connection are rigid. There are 4 fire scenarios that were considered:
lower floor - outside span, lower floor - middle span, middle floor - outside
span, middle floor - middle span (Fig. 2).

Loads were calculated according to [21]. Design situation is accidental. The
beams dead load were taken 1t/m’x6m=6t/m. 35% of the wind characteristic
(according to UFC recommendations [23]) for Kyiv was accepted for the
columns. The steel elements are S255. Steel construction designare performed
according to [22]. The beam cross-section class is 1 (only elastic deformations
according to [22]).The effect of the fire is simulated by the temperature loads
determined according to [24].

The fire calculation is nonlinear static, as the fire has no instantaneous
factors such as explosion, impact, etc. Step by step with an interval of 30
seconds in a nonlinear calculation (taking into account the geometric
nonlinearity) was a set temperature increase. Change of steel strength and
deformation characteristics depending on temperature according to DSTU-N B
EN 1993-1-2: 2010 [24].
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Fig. 2. Accepted scenarios of calculated fire: (a) - lower floor - outside span,
(b) - lower floor - middle span, (c) - middle floor — outside span, (d) - middle floor - middle span

Simplification. The calculation assumes that the temperature is distributed
evenly along the length of the element and the cross-section. It is also assumed
that the elements of the frame do not perceive other temperatures than fire.

The calculation results are shown in the table. 1.

Table 1
Calculation results
° Time of the o .
S |Cell where the fire first The temperature | Within/outsi The factor of load
g occurs destruction Element | ofthe heated de the capacit
3 s > beam, °C heated cell pacity
1 Lowc.:r floor - 300 Outside 229 Within Buckling from' the
outside span column plane of bending
Lower floor - Outside - Flange local
2 middle span 330 beam 249 Outside buckling
Middle floor — Outside . Flange local
3 outside span 240 beam 188 Within buckling
4 leidle floor - 360 Outside 269 Outside™ Flange }ocal
middle span beam buckling

* the destruction took place on the floor where was a fire

In scenario 1, the middle column was more loaded at the fire beginning, but
due to the bending caused by the thermal expansion of the beam, the outside
column is loaded and collapsed faster (Fig. 3). From fig. 4 it is possible to see
that on the beam load capacity factor schedule there is a jump. On the beam
load capacity factor change graph for various factors (Fig. 5) you can see that
the jump occurs in the load capacity factor change for the flange local
buckling. When the normal force in the beam increases due to the temperature
load action,there is a transition from bending to compressed-bent stress state.
The beam cross section was adopted in class 1 (according to [22] only elastic
deformations are allowed in the cross-section), and the compressed-bent
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elements cross-sections according to [22] are considered to be those in which
limited plastic deformations are allowed.Therefore, the reason for the graph
jump is that the transition from the bending stress state to the compressed-
bentstate is the transition from elastic to elastic-plastic analysis, which requires
a greater load capacity reserve.

0,7

06 |
05
04
03
02
01

o .

1 2 3

Fig. 3. Load capacity factor increase for scenario 1:
1 - outside column, 2 - middle column, 3 - beam
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Fig. 4. Schedule of changes load capacity factor for scenario 1:
1 - outside column, 2 - middle column, 3 — beam (0-90s — elastic analysis, 120-300s — elastic-
plastic analysis)

From Fig. 7 you can see that in the middle span on the ground floor
(scenario 2), in contrast to the outside, the beam is loaded faster than the
column. But the first is collapsed not the middle beam (heated), but the
outside, although in it the jump in load capacity factor occurs later than in the
middle (heated, Fig. 6). The earlier destruction of the outside beam, and not the
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middle, on which the fire acts, is explained by the smaller value of relative
shift of the centroid m.s, which is due to the smaller ratio of bending moment
to normal force (Fig. 8).

1,200

1,000

——1
2
0,600 — s 3

PRy —he—4

=5

0,400 b
-7

0,200 /

0,000 A A .

30 60 90 120 150 180 210 240 270 300
Fire time, s

oW
[
[
L

Fig. 5. Heated beam change load capacity factor for scenario 1: 1 - normal stress strength, 2-
tangential stress strength, 3 - reduced stress strength, 4 - buckling in the plane of the bend, 5 -
buckling from the plane of the bend, 6 - web local buckling, 7 - flange local buckling

1,200
1,000 ' ; : : ;‘X
0,800

U / 1
0,600 //v

3
0400 | il
0,200
0,000 . . . . , , , , , , , s

0 30 60 90 120 150 180 210 240 270 300 330
Firetime, s

Fig. 6. Schedule of changes load capacity factor for scenario 2:
1 — outside column, 2 — middle column, 3 — middle beam (0-60s — elastic analysis, 90-330s —
elastic-plastic analysis), 4 — outside beam (0-90s — elastic analysis, 120-330s — elastic-plastic
analysis)
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From Fig. 9 you can see that in the outside span on the intermediate floor
(in scenario 3) in contrast to the lower (scenario 1) is loaded faster beam than
the column. The fracture occurs in the outside beam, but in the middle beam
due to adjacent beam thermal expansion, there is a significant increase in load

capacity factor (Fig. 10).

0,500
0,450
0,400
0,350
0,300
0,250
0,200
0,150
0,100
0,050
0,000

1 2 3 4

1 — outside column, 2 — middle column, 3 — outside beam, 4 —middle beam

Fig. 7. Load capacity factor increase for scenario 2:
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-1
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Fig. 8. Schedule of changes beam’srelative shift of the centroid m,r for scenario 2: 1 — outside

In the middle span on the intermediate floor (scenario 4) as well as in the
lower (scenario 2) the failure occurs in the outside beam, which is outside the

beam, 2 —-middle beam

heated cell (Fig. 11).
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Fig. 9. Load capacity factor increase for scenario 3: 1 — outside column, 2 — middle column, 3 —
outside beam, 4 —middle beam
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Fig. 10. Schedule of changes load capacity factor for scenario 3: 1 — outside column, 2 — middle
column, 3 — middle beam (0-210s — elastic analysis, 240s — elastic-plastic analysis), 4 — outside
beam (0-120s — elastic analysis, 150-240s — elastic-plastic analysis)

Conclusions. In the case of a fire, the time to the considered frame first
destruction in the fire scenario in the middle span is greater than in the outside.
In case of fire on the upper floor, the destruction occurs later than on the lower
floor. On the lower floor, the columns are more likely to collapse earlier than
the beam than on the upper floor. In the middle span, the beams are more
prone to collapse earlier than the column than in the outside. As you can see,
depending on the fire source location on different floors and spans, both the
beam and the column of the frame may be the first to collapseand the potential
frame collapse mechanisms may be different. This should be taken into
account when analysis the multi-storey steel frames vitality in case of fire.
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Fig. 11. Schedule of changes load capacity factor for scenario 4: 1 — outside column, 2 — middle
column, 3 — middle beam (0-210s — elastic analysis, 240-360s — elastic-plastic analysis), 4 —
outside beam (0-90s — elastic analysis, 120-360s — elastic-plastic analysis)

When studying steel frames for fire, it is necessary to take into account not
only the decrease in the characteristics of steel from temperaturebut also the
distribution of forces, changes in the load capasity of the elements by various
factors. In the event of a fire, the steel multi-storey frame’sbeam can change
from a bending stress state to a compressed-bent state, which allows the
development of limited plastic deformations. Therefore, analysingmulti-storey
steel frames for vitality and fire resistanse, it is necessary to design them
taking into account the development of limited plastic deformations, which
requires an additional load capacity reserve.
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Jaypos M.K., Binux A.C.
JOCJIUKEHHS 3MIHU HAITPYKEHOI'O CTAHY CTAJIEBUX KAPKACIB ITPU
MOKEXI TA ii BIUINBY HA )KMBYUICTh

[poanani3oBaHO Cy4acHi IOCIIUKCHHS JKMBYYOCTI HECYy4HX KOHCTPYKLIH 0araTtornoBepXxOBHX
OyniBesib. BH3HAYCHO HEIOJIKM JOCIHIHKEHHX pPaHIIIe 3aXOMiB IMOCHJICHHS >KHUBYYOCTI CTaJIeBUX
6araToroBepXOBUX KapkaciB. BCTaHOBJICHO HEOOXiOHICTh MOCIIUKEHHs Oinbl e(eKTHBHUX Ta
€KOHOMIYHO JOLUJIBHUX 3aXOiB. J[OCIi/UKEHO 3MiHY 3aBAHTa)KEHOCTI PIi3HHUX EJIEMEHTIB CTAJCBOrO
IJIOCKOTO Kapkacy Iiji 4Yac mnoxexi. IIpoaHalli30BaHO 3aJIeKHICTh 3aBAHTAKCHOCTI paMH  BiX
pO3TallyBaHHS JDKEpesa BOTHIO HA pI3HMX IOBepXxax Ta INponborax. PosriHyro 4 cuenapil
pO3TaLIyBaHHsS JDKepena HOXeXi B IUIOCKOMY OaratornoBepxoBoMy kapkaci.lIpoaHami3oBaHo BIUIMB
PO3MOAiTy BHYTpILIHIX 3yCHJIb B OajKax NP HAarpiBaHHI HAa HANPYXKEHWIl CTAaH KapKacy, 30KpeMa Ha
MICLIEBY CTIHKICTb IIOSICY Ta CTIHKU JBOTABPOBOI OAJIKIL.

BusiBiieHO, 10 Big TeMIEpAaTYpHHX pPO3IIMPEHb BHACIHIIOK HOXKEKI MHEPIIMMH B KapKaci
pyiiHyBaTHCSL MOXXYTh HE JIMILIE Ti CJIEMEHTH, sKi HArpiBaloThCs. BCTaHOBIEHO, IO M Yac MOXKEKi
TepLIe pyiHHYBaHHS IIBU/LIC BiOYBA€ThCs B KPaiiHbOMY IIPONBOTI Kapkacy, HbK y cepenubomy. Ilpu
HOPIBHSHHI CLCHAPIiB HOXEXI HA HIKHBOMY Ta BEPXHBOMY HOBEpXax KapKacy BH3HAUCHO, IO Ha
HIDKYOMY TIOBEpCi KOJIOHHM OUIBbLI CXMJIBHI JI0 TOro, 00 3pyHHYBaTHCS paHilie 3a Oaliky, HDK Ha
BepxHboMy. [Ipu HOpIBHSHHI cLeHapiiB MOXEKI B CEpeAHbOMY Ta BEPXHBOMY IPOJBOTaX KapKacy
BHM3HAYCHO, 10 B CEPEIHBOMY HPOJIBLOTI OaJIKi OUIBII CXUIIBHI O TOTO, 1100 3pYHHYBATHCS paHille 3a
KOJIOHY, HDK y KpailHbOMy. [linTBepmKeHO, L0 3aJeKHO BiI PO3TAIIYBAHHS MOXKESKI Ha PI3HUX
[OBepXaXx Ta IPOJbOTAX MEPLUIMMH MOXYTh pyilHyBathcsi sIK Oanka, Tak 1 KOJOHA KapKacy.
BcraHOBIIEHO, L0 3aJIGKHO Bl PO3TALIyBAaHHS [DKEpENa MOKEOKI MOXKYTb OYTH Di3HI MeXaHi3MH
pyHHYBaHHSI 0araToIOBEPXOBOr0 Kapkacy. BCTaHOBIICHO, 110 HAa HANPYXEHWH CTaH KOHCTPYKILH
KapKaciB CYTTEBO BIUIMBAE PO3MOALT BHYTPIIIHIX 3YCHJIb IPU TEMIIEPATYPHHX HABAHTAKCHHSIX, a HE
JIMIIE BOTHE3aXKCT Ta BOTHECTIMKICTh CTAJIEBUX KOHCTPYKLIIH.

Ki11040Bi cJ10Ba: )KUBYYICTh, MIOXKEKA, CTAICBHI KapKac, OaratoroBepxoBa OyIiBIis, Iporpecyroye

pyHHYBaHHSI.

Daurov M.K., Bilyk A.S.
INVESTIGATION OF CHANGES IN STEEL FRAMES STRESS STATE IN FIRE AND
INFLUENCE ON ITS VITALITY

Modern studies of the multi-storey buildings load-bearing structures vitality are analyzed. The
shortcomings of the previously studied measures to increase the steel multi-storey frames vitality
are identified. The need to study more effective and cost-effective measures have been identified.
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The change of 2d steel frame various elements loading during a fire is investigated. The
dependence of the frame load-bearing capacity on the location of the fire source on different floors
and spans is analyzed. 4 scenarios of fire source location in 2d multi-storey frame are considered.
The influence of the distribution of the internal forces in the heated beams on the frame stress
state, in particular on the local buckling of the I-beam flange and the web is analyzed. It was found
that due to temperature expansions due to fire, not only heated elements are can be the first to be
damaged in the frame. It is established that during a fire the first destruction occurs faster in the
outside span of the frame than in the middle. When comparing the fire scenarios on the lower and
upper frame floors, it was determined that on the lower floor the columns are more prone to
damage earlier than the beam on the upper floor. When comparing the fire scenarios in the middle
and outside frame spans, it was determined that in the middle span the beams are more prone to
collapse earlier than the column than in the outside. It has been confirmed that, depending on the
fire source location on different floors and spans, both the beam and the column of the frame may
be the first to collapse. It is established that depending on the fire source location there may be
different mechanisms of multi-storey frame collapse. It is established that the frame structures'
stress state is significantly influenced by the distribution of internal forces at temperature loads,
and not only fire protection and steel structures fire resistance.
Key words: vitality, fire, steel frame, multi-storey building, progressive collapse.

UDC 69.07

Daurov M.K., Bilyk A.S. Investigation of changes in steel frames stress state in fire and
influence on its vitality//Strength of Materials and Theory of Structures: Scientific and technical
collected articles — Kyiv, KNUBA, 2022. — Issue 108. — P. 325-336.

The influence of multi - storey buildings steel frames stress state in case of fire on their vitality is
analyzed.

Tabl. 1. Fig. 11. Ref. 24.
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In this work, the oscillations of the cantilever unimorph energy harvester under harmonic loads
are investigated. Unimorf console consisting of a brass base and a rectangular piezoelectric
element with electroded flat surfaces without and with tip mass is considered.

There is derived the characteristic equation for beam bending oscillations, wave numbers,
circular frequencies and natural frequencies are determined. Eigenforms of oscillations are
constructed, the dependence of natural frequencies from body size and tip mass is analyzed.

Forced oscillations of the energy harvesters with tip mass at the end at oscillations of the base
are studied. The voltage generated on the piezo element plates is determined taking into account
the electrical resistance. Due to the voltage and resistance of the conduct line the power of the
energy harvester is determined.

Keywords: cantilever energy harvester, passive layer, piezoceramic overlay, characteristic
equation, amplitude function, forced oscillations, energy generation, energy harvesting, harvester
power.

Introduction. Harvesting of mechanical oscillations energy and its
conversion into electrical for the purpose of accumulation for further use
(energy harvesting) has already occupied an important place both in
mechanical engineering (damping of oscillations with conversion of excess
energy into electricity), and in construction and environment as autonomous
systems for monitoring and state controlling of the object [2].

Piezo-based devices are one of the most common types of energy harvesters
[9]. Under harmonic oscillations, piezoelectric elements produce alternating
electric current, showing the greatest efficiency at resonant frequencies.
Piezoceramic elements working on bending give a much higher yield of the
potential difference compared to the axial load, because in this case we have
much greater displacement. One of the most common are cantilever unimorph
or bimorph energy converters, consisting of a passive layer and one or two thin
symmetrically placed piezoceramic plates [10]. Tip mass at the end is often
used to adjust the operating frequency of the element with external one. One of
the applications of cantilever piezoelectric elements is the conversion of
unnecessary or undesirable oscillations of the structure into electrical energy
and its subsequent use for autonomous operation of the monitoring device or

© Grigoryeva L.O., Ivanenko O.P., Korbakov O.F.



338 ISSN2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

accumulation in accumulators or batteries [6]. The operation of the element at
resonant frequencies is the most effective, so an important characteristic of the
piezoelectric element is the width of the range of operating (natural)
frequencies [11].

There are commercially available cantilever bimorphs with the following
dimensions: thickness 0.3 - 0.35 mm, length 4 - 100 mm, width 1.6 - 22 mm.
Electrodes made of silver (6-10 pum thick) or nickel (1-3 pm thick) are applied
to the piezoceramic plate. After applying the electrodes, the piezoelectric
element is polarized in a strong constant electric field [10]. The main rod can
be made of bronze, brass, stainless steel, nickel foil, graphite, composites, etc.
For products with high sensitivity, a piezoelectric element is also used as the
main rod. The passive layer increases the mechanical strength, but reduces the
amount of displacement. The use of a stainless steel base provides 25% greater
strength of the element and is used in cases with high blocking force, such as
implanted pacemakers. Epoxy or acrylate glue is used for gluing layers, which
provides a strong connection. The thickness of the adhesive layer is 10-15 pm.

An unimorph or bimorph operating in generator mode is often used as a
flexible sensor [8]. The generator-type sensor does not require an external
power supply to operate. It is designed to convert dynamic deformations into
electrical signals with further processing and recording by various de-vices,
including energy collection. Unimorph can be used as a stand-alone converter
of mechanical energy into electric current, and be a part of a more complex
device. It can be connected to the control and management system in two main
ways: by the voltage registration circuit or by the charge registration circuit.

This work is devoted to the study of oscillations of cantilever energy
harvester at monoharmonic loads. Earlier in [5] the resonant oscillations of
piezoceramic cylinders with energy dissipation were studied. Multilayer
piezoceramic elements are considered in [7]. Fundamental theory of vibrations
is described in [4]. The most up-to-date overview of piezoelectric energy
harvesting is found in [9]. Works describing the use of cantilever energy
harvesters in bridge structures [1], in pavements [12], in sound energy
harvesting [3] should be noted.

Formulation of the problem. For collaboration work of element with the
structure, the natural frequencies of the element must be coordinated with the
operating frequency of the structure. This is done by varying the mass and its
position at the end of the rod. For the most efficient operation of the converter,
a piezoelectric material with a high coefficient of electromechanical
conversion is used. The console consists of a metal rod (steel or brass) of
rectangular cross-section with relatively low rigidity in the direction of
oscillation (fig. 1).

Piezoelectric rectangular thickness-polarized element is attached as pad to
the part of the beam that undergoes maximum deformation. At the end, an
additional mass is attached in the form of a steel cylinder, which reduces the
operating frequency of the element.
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Clamped side

Cantilever beam

Tip mass

Piezoelement

Fig. 1. Cantilever piezoelectric harvester

The calculation is performed in several stages: determination of natural
frequencies for different design options; analysis of oscillation forms to
determine operating frequencies; studying of harmonic oscillations of the
console at operating frequencies; determination of the potential difference
generated at the electrodes of the piezoelectric element; determining the power
of the energy harvester.

Natural oscillations of the cantilever beam. We consider the transverse
oscillations of the rod, which stiffness in vertical direction is much lower than in
horizontal. This allows to most effectively use the influence of gravity and cause
significant deflections in the rod. The section width is several times less than the
length to provide torsional rigidity, so as torsional modes are undesirable.

a) Cantilever beam loaded with its own weight. Given: length /, density
p, Young's modulus E, cross-sectional area 4, moment of inertia /. Differential
equation of transverse oscillations of the rod

ydtw  d*w
7 > =0, (1)
dx dt

EI . .
where a” = e We use the procedure of separating variables
p

w(x,t) = X (x)-T(¢). 2)
Substitute (2) into (1) and obtain two differential equations with
corresponding solutions:

v ®’ 4
X =a—2X=k X, 3)
X =G sinkx+ C, coskx + Cysh kx + Cych kx, 4)
T"+0*T =0, T = Asinot + Bcos ot , &)

where o is the natural circular frequency of the body oscillations, & is the wave
number. The coefficients in (4) and (5) are determined from the boundary and
initial conditions.
For clamping in x = 0 we have BC
X(0)=0, X'(0)=¢(0)=0. (6)
At the free end
M()=X"()=0,0()=X"(1)=0. (7
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General solution

X = C (sinoc— sh oo - SKAESAKL 0o ch o)) 8)
coskl+chkl
Characteristic equation can be got as determinant of algebraic system (6), (7):
1+cosrchr=0. 9)
Roots ; of equation (9) [4] (k> 2 ) don’t depend from beam size:
1 ={1,8751; 4,6941; Zk_ln...}. (10)

Wave numbers can be got ask; =7 //, natural circular frequencies are

o, =k a. Corresponding oscillation frequencies f; = ;)—l The amplitude
T

function X; (8) is constructed for each k; . The general solution of equation (1)

has the form

w(x,1) =D X;(x)(4; sinw;t + B, cos 7). (11)
i=1
b) The natural oscillations of the mass at the end of a cantilever rod. If
the ratio of the mass of the beam to the attached mass is small, the mass of the
beam can be neglected. The oscillations of the mass at the end of the cantilever
rod are described by a differential equation

d*w

m
dr?

= —kw. (12)

3EI .
Here k = 1—3 is the stiffness factor. Natural frequency

21\ mi?
¢) Natural oscillations of the cantilever beam with mass at the end,
taking into account the mass of the beam. The deflection for all values of x,
except the points of application of the load, satisfies equation (3) with the
solution in the form (4) [4]. At attaching the mass at the end of the beam we
have a boundary condition

d*w d*w
O)=EI"—=m
dx’ dr?
or
3
X +ﬂ(o2X=0
dx> EI
or
3
TX __ap’X at x=1. (14)

dx’
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2 2
Here azi; B? == 20 Apl
pAl a’ EI

We supplement (6), (7) with condition (14), write the determinant and
obtain the characteristic equation (r =kl) :

1+cosrchr— ar(sinrch r—shrcosr) =0. (15)

Roots of equation (15) at a =0,14:

r,=1{1,67; 4,33; 7,38; 10,46; 13,56; 16,67; 19,78; 22,91...}.

Fig. 2 shows the dependence of the g
roots of equation (15) from the \
coefficient a. At a=0 (m=0) (15) is
reduced to (9). With increasing a, the 6
values of the roots change little and at

o=5we have A

r, ={0,8807; 3,9512; 7,0833}. A larger —rl

mass ratio is physically improbable. ) ---12
2. Forced oscillations of the —

converter during oscillations of the

base. Consider the oscillations of the 00 5 d

base with amplitude 4 and frequency w.
The general solution of the problem is Fig. 2. Roots of equation (15) from the
w(x,t) = X (x)cos ot , where coefficient
X(x)=C,sinkx +C, coskx+ Cysh kx+Cych kx .
For function X we have boundary conditions:
X(0)=4, X'(0)=0; X"(1)=0; X"+ap>X =0. (16)
The coefficients C;in general solution are got from (16) and are equal to:
C, = A/ 2[ ch K[ ch klsinkl +2akich kil coskl + sh kl coskl]/
/(1+cos kich kI — o, kI(sin kich ki — sh kI cos kl));
=—C](sinkl+shkl)+Achkl; C=—C3 Cy = A—C, . (17
coskl +ch ki

3. Characteristics of the unimorph. We consider a two-layer cantilever
beam of length /, consisting of a metal layer with a Young's modulus E,,

G,

density p; and cross section b, x4 and a piezoceramic layer with a Young's
modulus E,, density p, and cross section b, xh,. We will average the

material characteristics:
B E A +E,4, o= P4 +py4, .
4+ A4, A+ 4,
EyAizo1 + Ey Ayzg .

EA +E)A4,

(18)

The coordinate of the neutral layer is z,. =
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. EA A" v Exdy A
Reduced areas 4, = —=1 b =" 4, =22 p =2
I E I
. bh e bl . b7
Moments of inertia 7, b] i L =2, =2_h2’ L, =2_h2’
12 12 7 12 12
I =1 4z A+ 1) + 2504y, 1 =1, +1,,) (19)

Equations (18), (19) are a set of characteristics required for the application
of the above formulas.

4. Determination of electromotive force and power of a harvester.
Electrical boundary conditions are applied to the electrodes located on the
upper and lower surfaces of the piezoceramic element. For thin plates, we
believe [5] that the electric potential inside the body varies linearly:

g --%__Yro (20)
dz h
Here V(¢)is the required electromotive force of the transducer (potential

difference at the electrodes). We can use the hypothesis of flat sections and
assume that the deformations in the cross-sectional plane are small. Linear
2

deformation in the direction of the axis of the rod is €, =—

Ox
*w Vv *w Vv
., =—Cz—5—€e3—; D, =—eyz —€33—. 21
x nEo oA y NE 2O y @1
Total charge on the lower electrode
d Vib
JD dA=—e3b)Z 0 —— lid £33 —=. (22)
dx x=I h2
Generated current can be written through Ohm’s law
14
I=00=—. 23
0=> (23)

We substitute (22) into (23) and find the generated potential difference:
e3lh2 ZmaxX'(l)

y = 3172 Tmax® /o 24
gyl +hy /(b RO) 4)
Unimorph power as an electric current generator
2
P=1V=— 25
7 (25)
For an AC electrical circuit the time average output power
27:/m 2
1 Vi vV
=—\V(®)I(t)dt =— VIsin?(of)dt =—VI | sin®(t)dt= —=—.
j (O1(0) j (on)dt = j f(dr==

Now we can calculate stresses and electrical mductlon by (21), using second
derivative from w:



ISSN2410-2547

343
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

2
% = X" = k*(~C; sinkx — Cy cos kx + Cysh kv + Cych k).
x
5. Analysis of the results. A brass cantilever rod with a Young's modulus
E =95GPa and density p:8730kg/ m® is considered. The piezoceramic
plate is made of PZTS5A piezoceramics, for
p=7800kg/m*, e;=-52, g5, =663 ¢, .

All analytical formulas were duplicated using finite-difference
approximations of the second order of accuracy. The deviation between the
results was 1% at n =200 breakpoints along the length of the rod.

Figure 3 shows the dependence of the resonant frequencies of the rod with a
cross section of the brass base 10xImm and the piezoelectric element
10 x 0,3 mm with attached mass m = 6,2¢g, which corresponds to the mass of
the steel cylinder in size10 x 10 mm , from the length of the rod. We see that
the first resonance is in the range from 2,5kHz at L=4mm to 57 Hz at

L =60 mm . With increasing length coefficient a varies from 13,9 to 0,88. At

which E =52GPa,

L<15mm the second and third resonances lie in the ultrasonic range.

Increasing the length leads to decreasing in the resonant frequency along the
curve close to the quadratic hyperbola, what corresponds to the physical laws.

f, kHz f, kHz
10 T v -
\ \ ~
\ i ! =< N e A R
\ \
8 \\ ‘\' 4
Y b —fi
\ & -——12
6 \ % 3 - 3
\ %
\ S
- \\ \,\_‘- 5
2 i e = 1
0 "
001 002 003 004 005 Lm 00

5 10 m§g

Fig. 4. Natural frequencies of a rod of constant
lengthfrom the tip mass

Fig. 3. Natural frequencies of the rod with the
attached mass from the length

Figure 4 illustrates the dependence of the resonant frequencies of the rod
with a cross section 10 x Imm of the brass base and the piezoelectric element
with section 10x0,3mm and length L=40mm from the value of the
attached mass. In this case coefficient a varies from 0 to 2,66. The first
resonance varies from 307 Hz at m=0 to 89 Hz at m =12 g . The second and
third resonances lie in the sound range. Therefore, the presence of the attached

mass can reduce the first resonant frequency on 70%, the second and third on
30%.
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Let us analyze the forms of oscillations for the above-described element
when the base oscillates with an amplitude 4 = 1 mm. Graphs of amplitude
functions are shown in Fig. 5. Relevant natural frequencies

f; ={153; 1812; 5724; 11860; 20227} Hz .

The number of extremum points corresponds to the mode of oscillations +
1. Frequencies after the third are ultrasonic. Considering that the oscillations of
building structures and mechanisms are mostly low-frequency, we conclude
that harvesting of energy from the construction is possible only on the first
resonance.

o
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- - --moda2 . - P \,
-—---modad i e oy
) ——moda5 1 I 1 | | 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 X,m

Fig. 5. Forms of oscillations for the first five modes
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Fig. 6. Deflection, potential difference, power and maximum stress in the element
depending on the perturbation frequency

Let us analyze the forced oscillations of the described above element at
electrical resistance R =1Ohm. Fig. 6 shows the deflection curves of the rod
end, corresponding generated potential difference on electrodes and the power
of the element. At f =0 the deflections are equal to 1 mm, which corresponds

to the perturbation of the base. From 0 to 300 Hz we have an increase in
displacement with changing of vibrations phase, which corresponds to the first
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resonance. From 500 to 1500 Hz displacement are near 0,15 mm. Maximum
stresses in a piezoelement occur on the bottom fibers near fixed end.

Let's analyze the dependence of the generated voltage and power of the
element from the electrical resistance R, which varies from 0 to 10 Ohms at
f =160 Hz (Fig. 7). It is almost linear, what allows us to say that at higher

resistance we get higher generated voltage and power of the element. But at
the same time losses increase in a circle, and a considerable part of energy
turns to thermal. Therefore, the optimal parameters for the electrical circuit
require special research.

R —— '|| —w(L), 0.0Im |
---P,0.1W i == NN
] o 5t = P.0.1W
0.15 i |-S, 0.001MPa
0.1
0.05}
() L== e | :
0 5 R, Ohm 140 150 160 170 £, Hz
Fig. 7. Generated potential difference and Fig. 8. Deflection, potential difference, power
power depending from external resistance and stress near the first resonance

We can analyze real electromechanical state of the element at electrical
resistance R =50 Ohms near the first resonance with Fig. 8. To get real

parameters of harvester on resonance frequency we take into account
dissipation of energy in the body through losses tangents. Consider all material
characteristic complex with small imaginary part: ¢; =c; (1+c"i) and so on,

where we for example will take ¢” =tano =1%=0.01. In nonrezonance
range the potential difference and deflections are not zero, but the power is

small. At f=115Hz we have P=0,5mW and o,, =22MPa, and they

increase near the resonance.

Conclusion. The proposed approach makes it possible to calculate
cantileverunimorphic energy harvesters, for which 4/5<0,2, b/L<0,2,
since such dimensions can be assumed to fulfill the hypothesis of flat sections,
the linearity of the potential difference in the thickness of the element and use
the long eamsbending relations. The generated voltage is proportional to the
angle of rotation of the beamend and the most remoted fiber from neutral axis.
In the denominator we have two terms, one of which is responsible for the
electrical conductivity of the element and is proportional to length, other is
inversely proportional to the resistance and frequency. At low resistance and
frequency, the second term is much larger than the first, and the voltage value
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is not high. If resistance increases, the voltage and power of the element
increase proportionally to R. At f=115Hz we have power of the energy

harvester P =0,5 mW , and in the vicinity of resonances it increases. Between

the first and second resonance the power is approximately 3,7mW. At
transition to the ultrasonic zone, the power of the energy collector increases
significantly. So cantilever harvester is resonant device and works at defined
frequensies. Detailed analysis of oscillations in the resonant mode should
include damping of oscillations in the material.
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I'pueop ‘esa J1.0., lsanenxo I1.0., Kopbaxos O.®D.
TEHEPALISI EHEPITi B KOHCOJIbHOMY 3BIPHUKY EHEPTII

36ip eHeprii MeXaHIYHUX KOJIHMBAHb Ta NIEPETBOPEHHS X B €JIEKTPUYHY CHEPriio 3a JOIIOMOI 00
HPHUCTPOIB, 10 MPAlOIOTh HAOCHOBI 1’€30edexty, HaOyB wmmpokoro mnomupenHs. Lle crano
MOXJIMBHM 3aBISKH CTBOPCHHIO II'€30CJCKTPUYHHMX MarepianiB 3 BHCOKUM Koe(ilieHTOM
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HEPETBOPEHHSI CHEPril Ta MOLIMPEHHIO MIHIATIOPHUX MPUCTPOIB, IS JKUBJICHHS SKHX HOCTATHHO
HOTY)XHOCTI B KiJIbKa MiJtiBaT.

B uiii po6oTi JOCHIKYIOTECS KOJMBAHHS CTEPIKHEBOIO KOHCOJIBHOIO YHIMOP(HOro 306ipHuKa
eHeprii HpH TapMOHIYHMX HABAHTAXKEHHSX. PO3MLIIAETbCS BOIIAPOBUI CTEPXKEHb, IO
CKJIAJAEThCS 3 JIATYHHOI OCHOBH Ta IPSMOKYTHOTO II'€30€JEKTPUYHOTO C€JIEMEHTa 3
CJIICKTPOJOBAHUMHU IJIOCKUMHU IOBEPXHAMHU 663 Macu Ta 3 NPUEIHAHOK MacCoro. TOBLL[I/IHa mapiB
3HAYHO MEHIIA 32 LIMPHHY, a IIMPHHA 3HAYHO MEHINA 32 [OBXKHHY, L0 [a€ 3MOry
BHKOPUCTOBYBATH TilOTE3Y IUIOCKHX IEPEPi3iB Ta MPHITYIIEHHs PO JiHIHHICTD PO3MOALY Pi3HHII
HOTCHIIIJIB 110 TOBIIHHI €IEMEHTY, @ TAaKO)X BHKOPUCTOBYBATH CIIBBIAHOIICHHS 3IMHY JOBIUX
CTEpIKHIB.

B po0oTi BUBOAWTBHCS XapaKTEPUCTHYHE PIBHSHHS AJS CTEPXKHS IPH 3THHI, BH3HAYAIOTHCS
XBHJIbOBI YHMCJIa, KPYrOBi YaCTOTH Ta BJACHI YaCTOTH JJIsI KOHCOJI. IIpOBOAMTHCS yCEepeaHECHHS
MaTepiaJbHUX XapaKTepUCTHUK M0 Iutomi mepepisy. Byamyrorscs BnacHi ¢opMu KONMBaHb,
HPOBOJHUTHCS AHANI3 3aISKHOCTI BIIACHUX YAaCTOT BiJ PO3MIpIB Tijla Ta HPHETHAHOI MACH.

JlocaiKkyIoThCsl BUMYILIECHI KONMBAaHHS 30ipHMKA €Heprii 3 Macol Ha KiHII NpU 3aJaHuX
KOJIMBaHHAX 0a3u. DOpMyeThCs PIBHSHHS HPY)XHOI JIHII KOHCOJI, BU3HAYAIOTHCS MaKCHMalbHi
IPOTHHH Ta KyTH NOBOPOTY. BU3Ha4yaeThCs 3reHepoBaHa Ha OOKIagKax I’ €30eeMEeHTa Halpyra 3
BpaxyBaHHsIM OIOPY 30BHILIHBOrO Koma. Yepe3 Hampyry Ta omip HpOBigHOI JIiHII 3HAXOOUTHCS
HOTY)XHICT 30ipHHKa eHeprii. ByqyloThCsl KpHBI 3aJI€)KHOCTI HANIPYTH Ta MOTY)KHOCTI Bil 4aCTOTH
HAaBaHTAXXEHHS Ta 30BHIMIHBOrO ONMOPY. BCTaHOBICHO, 110 Hampyra i IOTYXHICTh €JIEMEHTa
3MIHIOIOTBCS IPOIOPLIHHO 10 R. MakcuMaibHa MOTYXKHICTh 30ipHHKA eHeprii BUHHKAE B OKOJI
PE30HAHCIB, @ 70 HEPLIOro PEe30HAHCY HMOTY)XHICTh NPAKTHYHO HY/Ib0BA. MiXK HepLUM i ApyruM
PE30HAHCOM MOTYXHICTh CKiafgae npubiamszHo 1,5 mW. Ilpu nepexoai B yiabTPa3ByKOBY 30HY
HOTY)XHICTh 30ipHHMKa eHeprii 3Ha4HO 3pocTae. AHaNI3 pOOOTH HEPETBOPIOBaYa Ha PE3OHAHCHUX
YacTOTaxX BUMArae BpaxyBaHHs AeMII(pyBaHHS KOJIMBAaHb B MaTepiai.

Karo4oBi cjioBa: KOHCOJIbHUI 30ipHUK €Heprii, MacHMBHHUI Iuap, I’€30KepaMiuHa HakIajKa,
BUMYILCHI KOJMBAaHHs, I'eHepallist eHeprii, 30ip eHeprii, pi3HMII HOTCHLialiB Ha OOKIAIKAX,
HOTY)XHICTBb 30ipHHKa eHepril.

Grigoryeva L.O., Ivanenko O.P., Korbakov O.F.
GENERATION OF ENERGY IN CONSOLE PIEZOELECTRIC ENERGY HARVESTERS

Energy harvesting of mechanical vibrations and their conversion into electrical energy using
piezoelectric devices has become widespread. This has been made possible by the creation of high-
energy piezoelectric materials and the proliferation of miniature devices with a few milliwatts of
power.

In this work, the oscillations of the rod cantilever bimorph energy harvester under harmonic
loads are investigated. A two-layer rod consisting of a brass base and a rectangular piezoelectric
element with electroded flat surfaces without and with tip mass is considered. The thickness of the
layers is much less than the width and the width is much less than the length, which allows us to
use the hypothesis of flat sections and assumptions of the potential difference linearity by
thickness of the element, as well as beams bending relations.

There is derived the characteristic equation for beam bending oscillations, the wave numbers,
circular frequencies and natural frequencies are determined. There is carried out The averaging of
material characteristics over the cross-sectional area. Eigenforms of oscillations are constructed,
the dependence of natural frequencies from body size and tip mass is analyzed.

The next step is to study the forced oscillations of the energy harvesters with tip mass at the
end at given oscillations of the base. The equation of the elastic line of the console is formed, the
maximum deflections and angles of rotation are determined. The voltage generated on the piezo
element plates is determined taking into account the electrical resistance. Due to the voltage and
resistance of the conduct line the power of the energy harvester is determined. Curves of voltage
and power dependence from load frequency and external resistance are constructed. It is
established that the voltage and power of the element change in proportion to R. The maximum
power of the energy collector occurs in the vicinity of resonances, and before the first resonance
the power is almost zero. Between the first and second resonance, the power is approximately 1,5
mW. During the transition to the ultrasonic zone, the power of the energy collector increases
significantly. Analysis of the harvester operation at resonant frequencies requires consideration of
the damping of oscillations in the material.

Keywords: cantilever energy harvester, passive layer, piezoceramic overlay, characteristic
equation, amplitude function, forced oscillations, energy generation, energy harvesting, potential
difference on the plates, power of the energy collector.
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Abstract. Establishing the influence of changes in the temporary properties of rubber on the stress
state of the rubber traction body with a damaged cable. The method of research consists in the analytical
solution of the model of the humorous traction body taking into account the rupture of the cable
continuity and the change in the properties of the rubber. The dependences of the change of the stress
state of the traction body of the humotross with the broken structure due to the rheology of the rubber
shell are established. An algorithm for determining the stress state of a rubber traction body in case of its
failure is formulated. It is shown that the loads on the ropes caused by the rupture of one of them lead to a
local redistribution of forces almost only between two cables - damaged and adjacent; when damaged,
non-extreme cable forces change in almost only three cables - damaged and two related. There are no
extreme values of the internal load forces of the cables, which depend on the change of the shear
modulus of the rubber material over time.

Construction of a method for determining the influence of impulses of individual cables of a cable
rubber rope on its stress state.

Development and solution of the model of stress-strain state of the cable rubber rope with breaks in
the continuity of the cables.

Methods of determining the stress state of a cable rope with a damaged cable.

The mechanism and nature of the influence of the impulses of the continuity of the cable of the cable
rubber rope on its stress-strain state.

The developed method allows to take into account the influence of cable bursts on the stress state of
the humorous cable rope of arbitrary design. Its application will allow to reasonably determine the
minimum reserves of strength under the condition of safe use of the rubber rope, including in case of
rupture of individual cables.

The mechanism of influence of change of properties of rubber on pressure is established by a
condition of a traction body taking into account a rupture of continuity of a cable and change of
properties of rubber. Taking into account the dependence of the stress-strain state of the rope with local
violations of the cable base on changes in mechanical properties of rubber provides the ability to predict
the stress state of the rope to improve safety and reliability of rubber traction with a long service life.

Key words: rubber, cable rupture, stress state, cable rope.

1. Introduction
One of the directions of construction development is to reduce the cost of
construction and timing of construction, such as cable-stayed bridges. Less

© Belmas 1.V, Tantsura A I, Bilous O.1., Shvachka A.V., Gupalo U.Yu.
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noticeable technical solutions such as reinforced concrete structures are being
introduced. They, with a large size in the plan, have a small mass [1]. In such
constructions reinforced concrete slabs are connected by cables. One of the
problems of implementation of such structures is to ensure their reliability
throughout the life of the structure.

Cable rubber rope consists of parallel cables located in parallel layers and
connected into a single product by an elastic shell. It protects the rope ropes
from the aggressive effects of the environment. Cables, as elements of the
system with parallel connection of elements and incomplete redundancy,
significantly increase the reliability of the system - cable rope.

A factor affecting the reliability of the rope is the rupture of the integrity of
one of the ropes. Reduction of rope reliability in case of cable rupture should
be taken into account in the rope design process provided that the specified
level of incomplete redundancy is ensured. The rupture of the cable locally
changes the stress-strain state (VAT) of the rope. Locally, the internal load
forces of the cables increase. The method of determining the stress state of the
rope with a comprehensive account of its mechanical characteristics, design,
rupture of an arbitrary cable is absent. The development of a method for
determining the stress-strain state of a cable rope will allow to solve the
current scientific and technical problem of improving the safety of operation of
capital facilities in which cables are used.

The rubber cable rope is composite in its construction. The influence of
ruptures of reinforcement elements of composite flat rubber ropes (tapes) is
considered in a number of works [2-7]. Issues of restoring the traction capacity
of humorous traction bodies with damaged ones are considered in [8, 9]. The
ends of the conveyor belts are connected. In [10] the stress state of the joints
was investigated.

The rope, according to the operating conditions, consists of an arbitrary pair
of ropes. Cables, in order to minimize the weight of the rope, are laid
regularly, with a technically determined step. The distribution of loads
between the cables depends on the design of the rope and the properties of the
elastic shell, the nature of the load.

2. Calculation of effective perforated welded beams

Based on the peculiarities of the design of the cable rope, the conditions of
its operation, we take a number of simplifications. The cable rope is loaded
only by tensile forces. We will consider only such forces. The tensile stiffness
of the ropes exceeds the stiffness of the elastic shell located between the ropes.
Assume that the elastic shell between the cables transmits only the shear stress.
Rope ropes are loaded with forces within their linear deformation. We will
solve the problem of force distribution between the cables as a linear one.

The number of layers of cables in the rope is denoted by N. The number of
cables in layers M. We determine the location of cables by their numbers j
(1</<N) and i (1<i<M). Take the rope to the x-axis parallel to it.

We formulate the equilibrium condition of a rope of short length dx cut
from a rope
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dPi,j+(Tl,i,j71 Tyt —Tz,i.j)bdx =0, (1)

where 7 — the average values of the shear stress in the material of the elastic
shell located between the cables; b — step of arrangement of layers of cables
and cables in layers

Gk,

Tiij =ﬁ(ui,j —“i,j—l)a (2)
k

D2,j = _S_Z (“i,j - ”i—l,j) > A3)

where G — the shear modulus of the elastic sheath material of the cable rope; kg —
coefficient taking into account the influence of the shape of the elastic shell
located between the cables on its stiffness shear; d is the diameter of the rope

ropes.
Substitute (2), (3) into (1). We will receive
db; Gk
dlxj +—<b (ui,jfl —du; ;g g Ut ui+l,j) =0. “)
Hooke's law for longitudinal deformation of a cable
du; ;
R =EF—:L, ()

where E is the modulus of elasticity and the cross-sectional area of the cable.
Consider (5). We write (4) in the following form

dzui,j N Gbkg
dx*  EF(b-d)

A system of homogeneous equations is compiled for an arbitrary cable. The
equilibrium condition of the extreme cables is excellent

2
dm; ,  Gbhg

(“i,j—l —Au; g U +ui+1,j) =0. (6)

dx>  EF(b-d) (01 =300 10,51 +1035) =0, (7
dz[z:zl’f + EFC';(bbk_Gd) (“M,j—l =3upy iy gt uM—l,j) -0, )
d;:;,l - ;?(I;kad) (=Bt + 5+t gy +ty4y,) =0, ©)
dj;iN ! Eg(l;)k—c d) (31 =3ty + 41+t ) =0, (10)

Expressions (6) - (10) are N - M of homogeneous systems of equations. We
will look for their solution with respect to displacements in the form of
products of functions depending on the location of the cables in the rope
crossing and the functions of the x coordinate

W = eBx-H/—_]}J.i-H/—_]Xj. (1 1)

1]
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The values of the characteristic indicators with an imaginary factor are
taken from the condition of satisfying the systems of homogeneous equations
(7) - (10)

M =500 T =2 (12)

Substitute the values of the accepted components of the characteristic
indicators in (6). Let's define other characteristic indicators

Bonn =+\/ th))V (2=cos(n,,)—cos(x,)),

Bmm=i\/ th (1-cos(n,,)),

Bnn—i\/ hGEb (1-cos(y,)), 1<m<M, 1<n<N. (13)

Wanted movement of cables

M1 N-1 8 - . .
w; ;= z z (Am,ne mn +Bm,ne m.n )Bm,n COS(Hm (z—O,S))COS(Xn (]—0,5))+

m—1 n=1

M-
+y (Ammeﬁmmx +Bmm,ke‘l3mmx)[3mm cos(p,, (i-0,5))+
m—1

N-I P
£y (Anneﬁ"ﬂx + B”n,ke_B”ﬂx)Bn,, cos(x, (/—0,5)) +E_;C7+ 5, (14)
n=l
where o are unknown constants.

We use Hooke's law (5). We obtain the expression for determining the
internal load forces of the rope ropes

M-IN-1 B
Pij =EF[ > (Am,neB’”’”x —B,, e B’”’”X)Bm,n cos(p,, (i—0,5))cos(x,, (j—0,5))+

m—1 n=l1

M-l
+y (AmmeBm'"x —Bmm,ke_Bmmx)Bmm cos(u,, (i—0,5))+

m—1

N-
+> (AnneB"”x —Bnne_B””x)Bnn cos (x ( j—0,5))J+P. (15)
n=1

The formulated regularities of distribution of displacements and internal
forces of loading of ropes of a rope (14), (15), at known values of unknown
constants, sizes allow to define the VAT of a cable-stayed rubber rope. The
values of unknown constants should be determined from the condition and
load of the rope.

Consider the problem of determining the VAT of a rope with a damaged
cable. Let the length of the rope L. The rope ends are attached to the structure.
The beginning of the coordinate axis is compatible with one end of the rope. In
the section x = 1 the /, J-th cable is damaged. In cross section, it violates the
design of the rope, in our case, the condition of the continuity of its cables.
Solutions (14) and (15) are constructed for a rope without cable breaks so they
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are not acceptable for such a case. In order to solve this problem, we will
conditionally cut the rope into two parts with a cross section of the cable break.
In each part the cables are solid. Solutions (14) and (15) are acceptable for
them. We will give numbers one and two to the parts. We will write down
numbers in indexes of the sizes concerning them. In sections (x=0) and (x=L)
the rope is rigidly attached to the structure. In accordance

Al,m,n =_Bl,m,n’ Aml,m =_Bm1,m’ Anl,n = _Bnl,n 9

2B, L —2Bm,, L —2n, L
A yn="Byppe """, Amy,, =—Bm, e By, , Any , =—Bn, e """ (16)

The internal forces of loading the cables and their movement will take the
following forms

M-I N
Pij [z 2 Binn (eﬁm " 43mnr)Bmﬂ 05(1,(1=0.5)) c0s(x, (/=0.5))+

m-1 n=1

M-1
42 B[+ B s (1, (1—0,5))+

m-1

N-1
+ By gk (eB""x + e_B""x)Bnn cos(x, (j -0, 5))} +P, (17)
n=1

M=IN-1

w; ;= Z_‘{ Z_%Blmn(eﬁ”’”x e P )OOS(Mm( —0,5))cos(x,, (—0,5))+
+MZ:‘; By (eﬁm'"x —e_ﬁm"’x)oos(um (i-0,5)+

N-l
+> Bny 1 (eB”"x —e_B”"x)cos (x,, (j-0, 5))+ﬁx+81, (18)

n=l

e B nx an X 2
P j=—EF| 2. ZBZ,m,n(e | Bm,,cos(;,tm(l 0,5))cos(x, (j—0,5))+
m-1 n=l
M- 6 2
+ z Bmy i (efﬁmmx 4Pl )Bm cos(p,, (i—0,5))+
m-1
& —Bn,x Bn X— 2L
+Z Bn, , « (e o )Bn cos(xn(] 0, 5)) (19)
n=1
M-1N-1 B, Y . .
;=2 2. Brmn (6’ P _ Pmal ))cos(Mm(l—O,S))cos(xn (j-0,5))+
m—1 n=1
M —Bm,,x __Pmy,(x-2L) .
+ Z Bmy i (6’ nt—er )cos(um(l—O,S))+
m—-1

N-I
3 By (e =M Neos (1, (/- 0.5) +Lox 5y, (20)
n=l w EF
Consider the compatibility of deformation of parts in the cross section x = 1.
We introduce the condition of equality of forces of loading of cables
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Diij = P2 j- (21)
From condition (21) we find the ratio of unknown constants

— l [-2L
Bl _ 32 e Bm,n,k + eBm,n,k( )
,m,n,k ,m,n,k e_B"’ il Boonil P

e_Bmm,kl +eBmm,k(1_2L)

e_Bmm,kl + eBmm,kl

Bmy ,, o = Bmy i (22)

Displacement taking into account the relations (22)

M—-1N-1 Bl | Bual-2L) _ .
Uyj= Z B i € —B + B ( Pne —e B"”"")cos(um (1—0,5))><
m-1 n=1 m.n mal

Bm (I-2L) -
XCOS(X” j-0 5)) z Bm2m —Bm l Prml (eBm m— BmmX)X

-l Bl PBn,(1-2L)
P e " te " Bn,x _ —Pn,x
X COS (;,Lm (i-0, 5)) + 2:1 Bn, , B, ] (e e ) X

xcos (1, (j—0,5)) + ;{m], (23)
K M-1N-1
Uy, ) = > Cp cos(ockt){ > > By (eB"”””‘x - e_B’"’””‘x)cos (;,Lm (i —0,5)) X
k=0

m—1 n=

<cos(i, (1-0.9)+

m—

N-
+ By, (eB""”‘x —e_B"””‘x)cos (% (j—O,S))} +P;—I;:pl+82. (24)
As a result of the rupture of the cable, a gap of unknown size is formed
between its ends. We formulate the condition of the difference in the
movements of the cables in the cross section x = 1, taking into account the
formation of a gap between the ends of the damaged cable

K Li=IAnj=J

U, i —uy,;  =U C; cos(ot .

Li,j 2,i,j 0];) k ( k ){0’ itIvj#J

The difference of displacements in expression (25) is decomposed into a

Fourier series. Determine the values of constants with an unknown gap
between the ends of the damaged cable

4é"" cos (w,, (1-0,5))cos (x, (/ —0,5))
MN[_M L i) _ 1}

Bm, i (eﬁm"”kx g P ) cos(,, (i—0,5))+

n=1

(25)

BZ,m,n = UO (26)

th(By,.nl)
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2cos(u,, (1-0,5))

Bmz’ = UO s (27)
" MN _M 4 2Prmm(-L) _q
th(Bm,,l)
Buy =0, 2cos(p,, (1-0,5)) 28)
P B T B N v W
th(Bn,l)
U
8y =8 ——2. 29
270 (29)

The first parts of the rope, under the accepted conditions, are fixed. Therefore
5, =0. The ends of the damaged cable in the cross section x = I are not loaded.

From this condition, taking into account the unknown constants found and their
ratio, the magnitude of the gap in the cross section of the cable rupture

M1N=1cos (,, (1 =0,5))cos” (4, (S =0,5)) B,
Uy(t)=PM N/ 2EF|2) >, B P 03D Bl Pl
m_] n:l e m,n —e m,n e m,n —e m,n

+
e_Bm,nl +eBm,n(1_2L) eBm,nl +e_Bm,nl

M-l cos? (1, (1 —0,5))Bm,,

+2
| 2 _
= Bl _ By (120) Bm,d _ Pm,l

e—Bmml +eBmm(l—2L) eBmml +e—[3mml
N-l cos? J=0,5)Bn
+ z —Bn, ! Bn()((lrigL) [321)1[3 - —Bn,,,l (30)
n:] e nt __ e n e nt _ e nm

e_Bnnl + eBnn (I_ZL) eBnnl + e_Bnnl

The found values allow to determine the VAT of the cable edge with
damage to any cable. The sequence of their application is the desired algorithm
for calculating the VAT of a rope with a damaged cable.

Consider a cable rope based on cables with a diameter of 8.25 mm. Rope
length Sm. The step of laying cables b = 1,2d. The ropes are arranged in four
rows of five ropes. The shear modulus of the elastic shell material G = SMPa.
The modulus of elasticity of cables is 105 MPa. The coefficient of shape of the
elastic shell material kG = 1. The corner cable in section x = 1m is damaged. The
average load on the rope rope is SkPA. Here are the results of the calculation.

3. Calculation of effective welded crane girders considering fatigue

strength

According to the figure, the difference in displacements of the ends of the
cables (the gap between the ends of the cable) in the cross section of the gap
reaches 2 mm. The movement of the end of the cable of the second part exceeds
the corresponding figure for the first, which is due to the greater distance of the
cross section of the rupture from the point of attachment of the second part of the



356 ISSN2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2022. Ne 108

rope. The main factor influencing the impulse on the reliability of the rope is the
deviation of the load of individual cables from the average (Fig. 2).

Fig. 1. Movement of cables with numbers 7, in Fig. 2. Distributions of internal forces
layers j in section x =1 between cables with numbers i, in layers j in
(1 - first part, 2- second part) section x =1

According to the obtained distribution of internal forces, the rupture of the
cable leads to an increase in the internal tensile forces of only the cables
adjacent to the damaged one. Their value, as a result of the surge, increased by
29%, which should be taken into account when determining the level of
reservation of cables as part of the system - cable rope. In general, the nature
of the stress-strained cable distorted by the gust is local. It is localized in
length and width and thickness. The interaction of cables occurs due to
tangential stresses arising in the elastic shell in the case of mutual
displacement of adjacent cables.

Conclusions

The study conducted and found: The change in the shape of the cross
section of the ropes of the rubber rope is caused by the rupture of the cable.

The obtained analytical expressions allow to determine the internal load
forces of the rope ropes, the maximum values of the stress concentration
coefficients in the rope ropes, which is under the influence of external factors.

The model and algorithm of calculation of a condition of a cable rope taking
into account a design of a rope and mechanical properties of its components
with impulse of an arbitrary cable are created.

It is established that the rupture of the cable leads to an increase in the loads
of adjacent cables. The developed algorithm allows to determine the VAT
indicators of a rope with a damaged cable.

Analytical regularities are constructed on the basis of classical methods of
linear theory of calculation of stress-strain state of composite materials.

Based on the study, the dependences obtained to determine the stress-strain
state of the rope in the conditions of operation of the cable rubber rope are
obtained.
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Thus, the results can be considered reliable, they are obtained by analytical

solution of the rope model, built on the basis of linear theory of elasticity,
mechanics of composite materials using generally accepted assumptions.
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benvmac 1.B., Tanyypa I' 1., BinoycO.I., [llsauka A.B.
JOCJIUKEHHS CTATUYHOI'O KAHATA 3 OBPUBOM TPOCA

BCTaHOBJ’leHHﬂ BILIMBY 3MiHl/l THMYaCOBHX BJ'laCTPlBOCTeﬁ rymm Ha Harlpyncem/lﬁ CTaH
I'yMOTSFOBOIO OpraHa 3 IOMIKOPKEHUM TpocoM. CHoci® NOCHIDKEHHS MOJSrae B aHATITUIHOMY
PO3B’sI3aHHI MOJENI I'yMOPUCTHYHOIO TATOBOIO OPraHy 3 ypaxyBaHHSM PO3PHBY CYLLIBHOCTI Tpoca
Ta 3MiHHM BJIACTUBOCTEH T'yMH. BCTaHOBJICHO 3aJI&KHOCTI 3MiHHM HAIPY>KEHOTrO CTaHy TAOBOrO Tija
ryMOTpOCa 3 MOPYIICHOI CTPYKTYPOIO 33 PaXyHOK peosiorii rymoBoi o6ononku. Cdopmyas0BaHO
AITOPUTM BHU3HAYCHHS HAMpPYXKEHOrO CTaHy T'yMOBOrO TAOBOIO Tia y pasi HOro MHOJOMKH.
HOKa3aHO, 10 HaBaHTAa)XCHHA Ha KaHaTH, Bl/lKJ'Il/lKaHi PO3pUBOM OOHOIO 3 HHUX, NPU3BOIAATH 10
JIOKAJIBHOT'O MIEPEPO3IIO/ILTY 3yCHIIb MAKE JIMIIE MiXK [BOMA KaOeJIsIMH - TIOLIKODKESHUM 1 CYCiTHIM;
IPH IOLIKO/KCHHI HEeKCTPEeMalbHI TPOCOBI CHJIM 3MIHIOIOTBCS Maike JIMIIE y TPhOX TPOCIB -
HOLIKO/KEHHX 1 IBOX IOB'I3aHUX 3 HUM. IIpH LbOMY BiICYTHI eKcTpeMabHi 3HAYCHHS BHYTPIIIHIX
3yCHIJIb HABAHTAXKEHHSI KaOEJiB, 110 3aJIeKaTh Bi/l 3MIHU MOJLYJIsl 3CyBY 'yMOBOI'O Matepiaiy 3 4aCoM.

IToGynoBa MeToqy BH3HAYCHHS BIUIMBY MOPHBIB OKPEMHX TPOCIB BAHTOBOI'O T'yMOTPOCOBOIO
KaHaTy Ha HOro Halpy>KeHUH CTaH.

Po3pobka Ta po3B’si3aHHs MOJIEN HAIPYXEHO-1e(OPMOBAHOrO CTaHY BAHTOBOI'O T'YMOTPOCOBOI'O
KaHATy 3 PO3PUBAMHU HEIIEPEPBHOCTI TPOCIB.

CriocoOu BH3HAYEHHsI HAMPY)KEHOrO CTaHy BAHTOBOIO T'yMOTPOCOBOIO KAHATY 3 YIIKOKCHUM
TPOCOM.

MexaHi3M Ta XapakTep BIUIMBY ITOPHBIB CYLIIBHOCTI TPOCAa BAHTOBOrOI'yMOTPOCOBOI'O KaHATY Ha
iforo HanpyxeHo-1eOpMOBaHHI CTaH.

Po3pobiieHnii METOA 103BOJSIE BPaxOBYBATH BIUIMB IMOPHBIB TPOCIB HAa HANPYXKEHUH CTaH
I'yMOTPOCOBOrOBAHTOBOTO ~KaHATy [OBUIBHOI ~KOHCTPYKLL. Horo 3aCTOCYBaHHs  JI03BOJIUTh
OOIpyHTOBaHO BH3HAYaTH MiHIMANBHI 3amacH MILHOCTI 32 YMOBH OE€3MEYHOTO BHKOPHCTaHHS
I'yMOTPOCOBOr'0 KaHaTy BKJIIOYHO 1y pa3i pO3pHBY OKPEMHX TPOCIB.

MeXaHi3M BILNIMBY 3MiHl/l BJ'laCTHBOCTel’l I'YMHU Ha TUCK BCTaHOBJIFOETHCS CTaH TATOBOI'O OpraHy 3
ypaxyBaHHSIM PO3PHUBY CYLIJIBHOCTI Tpoca Ta 3MIHM BJIACTHBOCTEH FyMH. YpaxXyBaHHs 3aJIC)KHOCTI
HaMpy»XeHO-1e(pOPMOBAHOr0 CTaHy KaHATa 3 JIOKAIBbHHMHU MOPYIIEHHSIMH TPOCOBOI OCHOBH BiJl 3MiHH
MEXaHIYHMX BJIACTUBOCTEH T'yMH 3a0e3ledye MOXKIJIMBICTb MPOTHO3YBAaHHS HAIPY)KEHOrO CTaHy
KaHaTa JUIsl MiJBUIICHHS O€3MeKH Ta HAAIHOCTI BUKOPHCTAHHS T'YMOBOI TSTH Ky30Ba, IO MaOTh
3HAYHMIT TEPMIH CITYKOH.

Kurouosi cioBa: ryma, po3puB Tpoca, Halpy>KEHHUi CTaH, BAHTOBHI KaHaT.

VK 622.673

benvmac I.B., Tanyypa I'.1, binoyc O.I, Illsauka A.B. JlocifKeHHS] CTATHYHOIO KaHATa 3
o6puBoM Tpoca // OmnipmarepianiB i Teopisciopya: Hayk.-tex. 30ipa. — K.: KHYBA, 2022. —
Bum. 108. — C. 349-359. — Auri.

Posensidacmbes 00un 3 aneopummie OYiHKU I GUSHAYEHHS Memoody NOPUGiE OKpeMux mpocie
6aHMO6020 KAHAMY.

Taba. 0. L. 2. Bi6miorp. 13Ha3B.

UDC 622.673

Belmas 1.V., Tantsura A.L, Bilous O.1., Shvachka A.V. Investigation of a static rope with a cable
break // Strength of Materials and Theory of Structures: Scientific-and-technical collected articles.
—K.: KNUBA, 2022. — Issue 108. — P. 349-359.

One of the algorithms for estimating and determining the method of gusts of individual cables of a
cable-stayed rope is considered.

Tabl. 0. Fig. 2. Ref. 13.
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IIpoaHaii30BaHO BIUIMB I'€OMETPHYHHX HEAOCKOHAJOCTEH (OPMHM Ha CTIHMKICTh LIEHTPAJbHO
CTHCHYTUX TOHKOCTIHHHMX CTEPXKHIB BIAKPUTOrO HPOQIMI0 3 pIi3HOI TOBLIMHOK CTIHKH.
3acTOCOBaHO OOYMCIIFOBAIBHI IPOLEAYPH MPOrPAMHOr0 KOMILIEKCY CKiHYEHHO-EJIEMEHTHOIO
anamizy NASTRAN. PesynpTaTn  JOCHIIKEGHHS  CTIMIKOCTI  CTEp)KHIB  IOPIBHAHO 3
eKCHEePUMEHTAIbHIMH, aHATITHYHUMH 1 YHCEIBHIMH PO3PAaXyHKaMHU {HIIHX TOCITITHHKIB.

Kuio4oBi cj10Ba: TOHKOCTIHHHH CTEpXKEHb BIAKPHTOrO IPOdiN0, HETOCKOHAIICTh (opmu,
CTaTHYHA CTIMKICTh, METOJ] CKIHUCHHHUX CJIEMEHTIB.

Beryn. 3aBasku po3BUTKY TEXHOJIOTIT BHPOOHMIITBA, MOSBH S(HEKTUBHUX
3ac00IB 3aXMCTY BiJl BOTHIO Ta KOPO3ii, JOCTYITHOCTI 1 IIBHIKOCTI MOHTaXY,
BHUKOPHUCTAHHS XOJIOMHOTHYTHX MPO(MLTIB HAOYIO IMHUPOKOTO PO3MOBCIOHKCHHS
B OymiBHMNTBL. TOHKOCTIHHI CTEpKHI BIIKPUTOro mpoQimo 3HANILIH
3aCTOCYBaHHSI Ul BUTOTOBJICHHS IIIMPOKOT'O CHEKTPY OYIiBEIbHUX HECYYHX Ta
OTOPOKYIOUHX KOHCTPYKIIiH, OCKIJIBKH MatOTh e()eKTHBHI BaroBi i eKOHOMIYHI
XapaKTePUCTUKH.

EnemenTtu OyniBebHUX KOHCTPYKIiH 3 XOIOIHOTHYTUX CTEP)KHIB MPAItOIOTh
SIK TOHKOCTIHHI CTEpKHi, a TOCII/PKEHHS TX HaIpyXeHO Ae()OPMOBAHOTO CTaHY
Ta CTIHKOCTI BUKOHYETHCS 3T1THO 3 TEOPi€I0 TOHKHUX CTEPIKHIB, sKa BIIEpIIe Oyia
ormucana C.I1. Tumomenkom [1]. BiamoBinHo no teopii B.3. Bnacosa [2] ToHki
CTEpIKHI BIJJHOCSATHCS J0 YETBEPTOrO KIACy PO3PAXYHKOBHUX CXEM OCHOBHHX
€JIEMEHTIB KOHCTPYKIIH 10 TPOCTOPOBOMY MpHU3HAKy. Teopis TOHKOCTIHHUX
eJIEeMEHTIB OYy/IBEJIbHUX KOHCTPYKIIH pO3BHHYTa Ta JIONOBHEHa B poOOTax
O.A. InptomyHa, B.B. Bomorina, ®. bneiixoma, H.C. Crpenenpkoro,
A.C. Bompmipa Ta iHmmxX pocimigHukiB [3]. Ormsg cydacHHMX METOIUK i
pe3yNbTaTiB  JIOCTIDKEHh 3 BH3HAYEHHsS HECy4oi 3/aTHOCTI CTEPKHEBHX
€JIEMEHTIB 3 XOJIOHOTHYTHX TIpodisiB HaBeneHui B kHu3i B.B. FOpuenko i A.B.
ITepensmytepa [3].

© Oxtens 1.0., Jlyk’sauenxo 0.0., Kozak A.A.
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OpHak, TpU PO3IJISl YUCTOrO KPYYEHHS B TEOpii TOHKHX CTEPXKHIB He
BpPaxOBYIOTHCS CHEIU(IUHI OCOOJMBOCTI XOJOAHOTHYTHX CTEPXKHIB, SIKUMHU €
JIOAATKOBI TIO3/IOBXKHI HOpPMaJIbHI HAalpy)KEHHs, [0 BHHHKAIOTh BHACIIJIOK
BITHOCHOI JeIUIaHamii X MOMepeyHoro mepepizy. Takok JOBEIEHO, IO
HasIBHICTh MaJIMX PEAIbHUX HEJOCKOHAIOCTEH (POPMH CTEPXKHIB MOXKE 3HAYHO
3HU3UTH 3HAUEHHS KPUTUYHOTO HABaHTaXXECHHs. TOMy BHHHMKAae HaraibHa
notpeba y BpaxyBaHHI T€OMETPHYHHUX HEIOCKOHAIOCTEW B JIOCHIIDKEHHSX
HanpyXeHO-1e(h)OPMOBAHOTO CTaHy Ta CTIHKOCTI €JIEMEHTIB KOHCTPYKIUH 3
XOJIOJITHOTHYTHX MPOiiB.

OCHOBH pO3paxyHKY CTIHKOCTI TOHKOCTIHHUX CTEPKHIB BIIKPUTOTO MPOdiiro
3 ypaxyBaHHSAM HEIOCKOHAIOCTeH (opMHu 3akiazeHi B poborax [4,6]. B
JIOCITI/DKEHHSX MIITHOCTI Ta CTIHKOCTI TaKUX CTEPIKHIB IIUPOKOTO 3aCTOCYBAHHS
HaOynu 4YHWCENbHI METOJM, SIKi [JO3BOJSIIOTH BpaxyBaTH HaBeIeHI BHIIE
ocoONMMBOCTI IX TmMOBemiHKM. B 0araTtbox CydacHHUX OOYHCITIOBATBHUX
komiuiekcax, Takux sik SCAD, JIMPA, NASTRAN [6], peanizoBaHOo MeTox
ckinueHHux enemeHTiB (MCE), sxuii mMae cBoi mepeBaru IOAO CTBOPEHHS
PO3paxyHKOBUX MOJeNel Ta TOYHOCTI PO3paxyHKIB CTATHYHHX 1 JUHAMIYHHX
XapaKTePUCTHUK Oy/IiBETbHUX KOHCTPYKITIH.

Y nmomepemHix poborax [9, 10, 11] aBTopamMu mpeAcTaBiIcHA 4YHCEIbHA
METOIMKa 1 pe3yJbTaTh JOCHI/DKEHHS CTIMKOCTI LEHTPaIbHO CTUCHYTHX
TOHKOCTIHHMX  CTEp)KHIB  BIAKPHUTOro  TpOQUII0 3  TEOMETPUYHHMHU
HEJIOCKOHAJIOCTSIMH, IO MOJENIOBAIUCH Y BHUIVISAL pi3HUX (OpPM BTpaTH
CTIMKOCTI. AHaN3 OTPUMaHHX pe3yJbTaTiB MIATBEPAMB 3HAYHHN BIUTUB
TEOMETPUYHUX HEJOCKOHAJIOCTE Ha HampyXeHo-neopMoBaHuii CTaH 1
CTIMKICTh TaKMX CTEepXHiB. B maHiii po0OOTI Ha OCHOBI METOIy CKiHYEHHHX
€JIEMEHTIB Ta OOYMCIIOBAIBHHX TMPOUEAYP IPOrPaMHOIO  KOMILIEKCY
NASTRAN BukoHaHO JOCTIDKEHHS BIUTMBY HEINOCKOHajocTeld (opMu Ha
CTIMKICTh CTEpXHIB BIJKpUTOro NpOQUII0 3 pI3HOI TOBIIMHOK CTiHKH,
pe3yibTaTd  SIKOrO TOPIBHIOBAIMCH 3  QHANITHYHUMH 1  YHCEIbHHMH
PO3paxyHKaMH Ta €KCIIEPUMEHTAIbHUMU JTAHUMH 1HILHUX JOCHi THUKIB.

1. Ilo0ynoBa cKiHYEHHO-eJIeMEHTHOI MoOJeJi CTepXKHS BiIKpUTOro
npodia 3 HeTOCKOHAJIOCTAMHE (pOopMH. PO3IIITHYTO TOHKOCTIHHI Tpodii
Bigkputoro nepepizy C 80/40/14/1,1 ta C 80/40/14/3 nomxuHoto /=1,7 M
(puc. 1). CrepxHi pO3MIANANIUACH SIK IIEHTPAJIBHO CTUCHYTI 3 YKOPCTKUM
KpIIJICHHSIM 3HU3Y Ta MAPHIPHO-PYXOMHM 3BEPXY.

J4 14
—=
g 1.1 =S 3
1
80 | 80 |

(@) (6)
Puc. 1. IToniepeuni nepepisu pociimkyBanux crepxkuis 80/40/14/1,1 (a), 80/40/14/3 (6)
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CTepiKHI BUTOTOBIICHO 3 OIMHKOBAHOI CTaji, MEXaHIuHI XapaKTepPUCTHKH
SIKOT MpecTaBieHo B Tadm. 1.

Tabmums 1
MexaHi4HI XapaKTepUCTHKH CTai
XapakTepucTHKa IozHaueHHs On. BuMipy 3HaveHHs
Mexa TeKy4oCTi R, MIla 321,2
Mexa MilHOCTI R, MIla 402,34
Monynb HpYKHOCTI E MIla 205300
Koediuienr ITyacona u - 0,29
Monyns 3cyBy G MIla 79600

l'eomeTpuyHi XapaKTepUCTHKH TOHKOCTIHHMX crepxkHiB C 80/40/14/1,1 i
C 80/40/14/3,0 Bu3HA4YEHO aHATITUYHO 1 HaBEJAEHO B Ta0I. 2.

Tabnus 2
['eoMeTpryHI XapaKTEPUCTUKH CTEPIKHIB BIIKPUTOTO Mpodito
[podins OpnH.
Hapavetp C80/40/14/1 ,1? ®cs0/40/14/3 sy

A | Ilnoma nonepeyHoro nepepizy 2,02 5,28 oM’
I, | MowmenrT iHepuii BisH. eHTp. oci Y1 4,873 11,501 e’
I, MowmeHT iHepuii BiJtH. meHTp. oci Z1 21,041 52,338 oM’
iy Paniyc inepii BizHOCHO oci Y1 1,553 1,476 cM
i, Paniyc inepuii BigHOCHO oci Z1 3,228 3,148 cM
W,+ | Makc. MmoMeHT onopy BijH. oci U 5,26 13,085 oM’
W,. | Maxkc. MOMEHT omopy BiJH. oci V 3,363 7,913 oM’
W,. | MiH. MOMeHT omopy BifH. oci V 1,91 4,516 oM’
z,, | Koopaunara nenTpa mac 1o oci Z 1,449 1,453 cM

[ToOynoBa  CKiHYEHHO-EIIEMEHTHHX MOJEJEH CTEP)KHIB  BIAKPUTOTrO
npodino BukoHaHa B mporpamMHoMy kominiekci NASTRAN [6]. Tlonku i
CTIHKM CTEp)KHIB 3MOJENBbOBAHO Y BHUIJIIII CYKYITHOCTI YOTHPbOXKYTHHX
O00OJIOHKOBUX €JIEMEHTIB 3 WIiCThbMa CTYNEHSMH BUIBHOCTI Yy BY3II.
'eoMeTpuyHiI HEOCKOHANIOCTI 3MOJEIBOBAHO Y BUIJISI TEPIIOi 3arajbHOi
¢dopMu BTpaTH CTIHKOCTI CTEpXHIB 3 iJeanbHOI0 ToBepxHeto [12], ski
OTPHMAHO 3 JIIHIHHOTO PO3paxyHKY CTIHKOCTI MeToaoM Jlaniroma (puc. 2).

(@) (6)
Puc. 2. Ilepuia (popma BTpaTu CTIKOCTI TOHKOCTIHHUX CTEPIKHIB
80/40/14/1,1 (a) 1 80/40/14/3 (6)
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2. JocaigxeHnnsi cTikocTi cTepkHIiB Biakputoro mpoginio 0e3 i 3
ypaxyBaHHAIM HeJOCKOHaJocTel (opmu. UncenbHi pO3paxyHKH CTIHKOCTI
CTEp)KHIB BiJKpUTOro Tpo(diII0 BUKOHAHO B JIHIWHIA 1 HemiHIHHIA
MOCTAaHOBKaX 3a JOIMOMOIOK OOYWCIIOBAJIBHUX MPOLEAYP KOMIUIEKCY
NASTRAN gignoBigao metonom Jlanioma ta MeroqoM Herotona-Padcona.
OTprUMaHO KpHUTHYHI 3HAuYeHHS HaBaHTAXXCHHS Ta BiINoBimHI ¢dopMmu
neopMyBaHHS CTEpXKHIB 3 1JI€aIbHOI0 ITOBEPXHEI0 Ta ypaxXyBaHHSAM
HeJlocKOoHaocTel Gopmu pizHOI amIuTiTyau. Brinmue HepockoHantocreit popmu
OIIIHEHO JUIA CTEPXKHIB 3 MAaKCHUMAJIbHUMH aMIDUITyIaMH, sKi MPHAMAJIHCh
MIPOMOPLIHHUMH IO TOBIIUHU CTiHKH ¢ cTepkHiB: 0,25¢, 0,5¢ Ta 1¢. Kputnusi
3HAYCHHS CTUCKAIOUOl CHJIM JIJIS BCIX CTEpIKHIB HaBeneHo B Tabm. 3. Ha puc. 3
npeactaBieHi ¢opmu  aeOpMYBaHHSA CTEPXKHIB IPH BTpPaATi CTIHKOCTI,
OoTprMaHuX MeToaoM HeloToHa-PadcoHa B HENiHIHHIN TOCTAHOBII.

(@) (6)
Puc. 3. ®opmu neopMyBaHHs IPH BTpaTi CTIHKOCTI TOHKOCTIHHUX cTepxHiB 80/40/14/1,1 (a)
i 80/40/14/3 (6) 3 reoMeTpHYHUMH HEIOCKOHAIOCTAMHU 17

3. IlopiBHAIBHUI aHANI3 Pe3yJIbTATIB AOCTIIKEHHS CTIHKOCTI cTep:KHIB
BiikpuToro mpodinw 3 ekcnepUMEHTAIbHUMH, AHATITHYHHUMH Ta
YHCEJILHUMH JAaHUMH iHIIMX aBTOpPiB. Pe3ynbTaTé MOCHIKEHHS CTIMKOCTI
CTEP)KHIB  BIJIKDHUTOrO MPOQUII0 3 aHAIOTIYHHUMH TEOMETPHYHUMHU 1
MeXaHIYHIMH XapakTepucTukamu (Tadm. 1 ta Tabi. 2) oTpuMaHo B j1aboparopii
OyxniBenbHOro (axynbTeTy 3arpeOchbkoro yHiBepcutery (Xopsatisi) y 2016 p.
[8]. ¥V cepii BumpoOyBaHb CTIHKOCTI CTep)KHsS OYB 3aCTOCOBAaHHMM CTATHUHHIMA
mpec. g mepemadi 30CepeKCHOTO HABAHTA)KCHHS BHKOPHCTAHI CTaJIeBi
TUIACTUHY, SKI NPUBapeHi O TOPILIB BEPTHKAILHO BCTAHOBJICHOTO CTEPIKHS Ta
3a0e3neyyBaqd JKOPCTKE KpIIUIEHHS Yy HIDKHBOMY TOpPILI  CTEP)KHS.
HaBaHTa)keHHs PUKIIANAIOCh CTYMIHYACTO B 3aJISKHOCTI BiJl TOBIIMHH CTIHKH
JIOCITIKYBAIBHUX CTEPIKHIB: IS 3pa3KiB 3 TOBIIMHOIO CTIHKH /=1,1 MM mpupicT
ckinamaB AF=10 xH, mis 3pa3ka 3 ToBumHO0 cTiHkH ¢ =3,0 MM — AF=30 xH.
Brpara crifikocti crepxHsi 3 monepeynuM nepepizom 80/40/14/1,1 BinOynachk
IpY HaBaHTaxeHHI F,,,=30 kH 4epe3 3HauHy JIOKaJIBHY Ae(opMalilo CTIHKH
crepkrs. [l crepkas 3 mepepizom 80/40/14/3 ekcriepUMEHTAIBHO BU3HAUCHE
3Ha4YEeHHSA KPUTUYHOI cuid ckiano F,,=144,5 xH, npu npomy ¢opma BTpatu
CTIMKOCTI CTepkHs1 Oyna mojiOHa 110 3arajbHOi (opMHM BTpaTH CTIHKOCTI.
Pe3ynbTaT excriepuMeHTaNbHIX BUMPOOYBaHb HABEJICHO B TalI. 3.
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Ha 6a3i OyniBenmbHOrO (hakynerery BpecTchkoro aep»aBHOTO TEXHIYHOTO
yHiBepcutety (binopyck) BUKOHaHO OPIBHAHHS PE3yJIbTATIB AOCITIDKEHHS [8] 3
AQHATITHYHUMH Ta YHCEITbHUMHU PO3PaXyHKaMH, SIKI OTPUMAHO 13 3aCTOCYBaHHSM
MPOrpaMHOr0 KOMIUIEKCY CKiHUeHHO-eneMeHTHoro ananizy ABAQUS [7] Ta
po3paxynkamu 3a Qopmynamu (1) Ta (2) Teopii TOHKOCTIHHHX CTEPIKHIB.
Pe3ynbTaT po3paxyHKiB HaBeJIeHO B Ta0II. 3.

2 2 2 3 2 2 2 2
F,=02+24-1)F +[(Fy+FZ+Fm)~r —zA~Fy—yA~FZ]~F -

—r2-(Fy-FZ+Fy~F0)+FZ~FO))-F+FyFZF(Dr2 -0. (1)
Tyr Benmuuunu F),, F, F,, BU3HAYAIOTBCS 32
2 2 2
L= EI2 F =t Elzy; Fy=L ™t G . )
2 2
() () r= L (vD)
Tabmums 3
Pe3ynbTaTi po3paxyHKiB Ta AOCIIIHKEHb
KputnuHe 3HaueHHS MakcumanbHa aMInTITyaa [lepepi3 crepxHs
CcTHCKaro4oi cunu, KH HEJIOCKOHAJIOCTEN C 80/40/14/1,1 | C 80/40/14/3
Pe3ynpraT eKClIepUMEHTAILHOIO JOCHDKeHHS [8]
Foxp 0 | 30,8 | 1443
Pe3ynpraTi aHATI THYHMAX 1 YUCEIBHUX JOCHIDKEHb [7]
Fiheory 0 42.6 145,5
Frem 0 39,38 270,08
OLiHKa BIUIMBY IOYaTKOBUX HEIOCKOHAIOCTEH
Faios 0,251 38,875 135,495
Fuios 0,5¢ 38,871 135,483
Faii 1,0 ¢ 38,869 135.412

[NopiBHsNBHUIA aHaJ3 [MOKa3aB, 110 KPUTUYHI 3HAYEHHS CTHCKAIOYUX CHIL,
SIKI OTPUMaHO B J[aHii poOOTi B po3paxyHKax CTIHKOCTI CTEPKHIB B HEJIHIHHIH
MOCTAHOBIII 32 JOIMOMOrOI0 OOYHCIIOBAIBHUX IIPOLENYpP IMPOrPaMHOrO
komiuiekcy NASTRAN, MeHmi 3a aHamiTH4HI Ta eKCIEPUMEHTAJbHI.
Kpuruuni cwim, siki OTpUMAaHO aHANIITHYHO, OLTBIIN 32 YHCEIbHI Pe3yNbTaTh
BCIX JIOCJiTHUKIB. BUsIBIIEHO CITiBIIaIiHHS YMCENbHUX 3HAUCHb KPUTHIHUX CHJI
y BUMNAJKy CTEPXKHS BIIKpUTOro npo(Diar0 3 iJea’lbHOI0 TOBEPXHEIO
topmuHOO 0,0011 M 1 HecmiBmaminas — 0,003 M. JIoChmipKeHHS CTIMKOCTI
CTEpP)KHIB 3 ypaxyBaHHAM 3MOJICJIbOBAHMX HEJOCKOHANOCTeH (opMu
MOKa3ajo, 10 301IbIIEHHS aMIUTITYIM HEIOCKOHAJIOCTEH Majo BIUIMHYJIO Ha
KPUTUYHI 3HAYECHHS CTUCKAIOUUX CHIL.

BucnoBok. Pe3ynbraTh [OCHIIDKEHHS CBIIYUTH MPO T€, IO MOJIENb
TEOMETPUYHHUX HEJIOCKOHAIOCTEH CTEp)KHIB Yy BUINIAI 3araibHOi (hopmu
BTPaTH CTIMKOCTI HE € HaifHeOEe3MEeuHINOoW ISl CTIMKOCTI CTEPXKHIB 3 TaAKUM
npodineM, KpIIUICHHAM 1 HaBaHTa)KeHHSIM. TOMY € HEOOXiTHICTh B MONATBIITHX
JIOCITI/DKEHHSX CTIHKOCTI CTEp)KHIB BHKOHATH MOJIENIIOBAHHS Te€OMETPUYHHUX
HEJIOCKOHAJIOCTEeH, HamNpHKiIaa, y BUIULAI ¢opM ix jgedopMyBaHHS B
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TpPaHUYHOMY CTaHi 1 BiJ il eKCIuTyaTallifHOro HaBaHTa)XEHHS, SIKI OTPUMaHO B
HEJHIHHIH MOCTaHOBII.
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Oxmenw 1.0., JIyx’anuenxo O.0., Kozax A.A.
AHAJII3 BTPATH CTIHKOCTI TOHKOCTIHHHAX CTEP)KHIB BIIKPUTOI'O
MPO®LITIO 3 YPAXYBAHHAM HEJOCKOHAJIOCTE ®OPMU

BukoHaHO aHami3 BIUIMBY FE€OMETPUYHHX HEIOCKOHAJOCTEil (OPMH Ha CTIKICTh LIEHTPAIBHO
CTHCHYTHX TOHKOCTIHHHMX CTEP)KHIB BIKPHUTOrO MPOQIT0 3 PI3HOI TOBLIMHOK CTiHKH. Jlis
CTBOPEHHSI KOMIT'IOTEPHUX MOJENEH CTEpP)KHIB 3aCTOCOBAHO IIPOrPAMHMI KOMIUIEKC CKiHYEGHHO-
enementHoro aHanizy NASTRAN. Ilonku i CTIHKHM CTEp)KHIB 3MOZIENIBOBAHO Y BUIISAL CyKYHHOCTI
YOTHPHOXKYTHUX OOOJIOHKOBUX EJIEMEHTIB 3 LIICTbMA CTYNCHSMH BUIBHOCTI y By3ii. I'eomerpudyHi
HEIOCKOHAJIOCTI 3MOZCIBbOBAHO Y BUIIISIIL IEpIIOi 3arajibHOi ()OPMH BTpATH CTIHKOCTI CTEP)KHIB 3
ilealbHOI0 TIOBEPXHEI0, sIKI OTPHMAaHO 3 JIHIMHOrO pO3paXyHKY CTIMKOCTI. SIKHH >KOPCTKO
3aKpIMUICHUH 3HU3Y Ta MIAPHIPHO-PYXOMHiT 3BepXy. 3a JIOMOMOIO0 ClIeLiaIbHO CTBOPEHOT MPpOrpamMu
(dhopMmyBasiach aMIUIITyJa HEIOCKOHAJIOCTEH (POPMH CTEPIKHIB MPOIMOPLIHHO O TOBIMHHU CTiHKH.
Po3paxyHKH CTIHKOCTI CTEp)KHIB BIIKPUTOro Hpodiifo BHKOHAHO B JIHIMHI OCTAaHOBILI METOAOM
Jlanmomra, B HemiHiiHiE — Meromom HbloToHa-Pagcona. OTpuMaHO 3HAYeHHS KPUTHYHOTO
HABAaHTAXKCHHA Ta BiamoBigHi Qopmu aehopMyBaHHS CTEpPXKHIB 3 iCaJIbHOIO IOBEPXHEIO Ta
ypaxyBaHHsM HEJOCKOHaJIocTell (opMu pi3HOI aMIutiTyau. PesynbraTd JOCIIIKEHHs CTIHKOCTI
CTep)XKHIB BIIKPUTOr0 NMpOGLII0 MOPIBHSHO 3 €KCIEPHMEHTAIBHIMH, sIKi oTpuMano B 2016 poui B
naboparopii OyaiBenbHOro (akyaprery 3arpe0cbkoro yHiBepcutery (XopBarisi), 1 aHaTiTHUHUMH Ta
YHCEILHUMH PO3PaxXyHKaMH, sIKi OTPUMAHO 13 3aCTOCYBaHHSM HporpamHoro komriekcy ABAQUS y
2020 poui Ha OyxiBenbHOMY (akyiabTeTi BpecTchbKOro nep)kaBHOrO TEXHIUYHOIO YHIBEPCHTETY
(Binopyce). ITopiBHsUIBHHIA aHaIII3 T0KA3aB, 0 KPUTHYHI 3HAYCHHSI CTUCKAKOYHMX CHJI, SIKI OTPMMaHO
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B JaHili po0OTi B po3paxyHKax CTIfKOCTI CTEp)KHIB B HENIHIfHIH ITOCTAHOBLI 32 JOIOMOIOIO
00YHMCITIOBAJIBHUX TpoLeayp mnporpamHoro komiuiekcy NASTRAN, Menini 3a aHaiiTHYHi Ta
eKcIriepuMeHTaNIbHI. KpUTHUHI CHITH, SIKi OTPUMAHO aHAIITHYHO, GBI 32 YHCENIbHI Pe3yJIbTaTH BCiX
JOCTIAHUKIB. BHsBIECHO CHIBHAAiHHS YHMCENBHHX 3HAYCHb KPUTHYHHMX CIJI Y BHIAIKY CTCPIKHS
BiIKpUTOro mpodinto 3 ixeansHoro noepxHeo ToBumHOK0 0,0011 M i HecmiBmaxginus — 0,003 M.
JlocmipkeHHsT CTIHKOCTI CTEpXKHIB 3 ypaxyBaHHSM 3MOJEIbOBAHUX HEIOCKOHAOCTeH (opmu
II0Ka3aJ0, 110 301IBIICHHS aMIUIITYAd HEXOCKOHAIOCTEil Maio BIUIMHYJIO HA KPUTHYHI 3HAYCHHS
cTHcKaouux cuil. lle CBIMUMTH IpO Te, IO MOJENb I'EOMETPUYHUX HEIOCKOHAIOCTEH CTEpXKHIB Y
BUIJIAAL 3arajbHOi GOpMH BTpPATH CTIMKOCTI He € HaWHEOE3MEYHIIIOW Ul CTIHKOCTI CTEpXKHIB 3
TaKUM MpoQisieM, KpIiTUICHHSIM 1 HaBaHTaXeHHIM. TOMY € HEOOXIAHICTh B MOJANIBIIMX JOCIIKSHHSIX
CTIHKOCTI CTEP)KHIB BHUKOHATH MOJCIIOBAHHS T€OMETPUYHHMX HEIOCKOHAIOCTeH, HANpPUKIAL, Y
BursiAi Gpopm ix geopMyBaHHS B rpaHUYHOMY CTaHi 1 Bijt il eKCIUTyaTalliifHOrO HABaHTAXKEHHS, SIKi
OTPUMAHO B HEJiHIHHIif TOCTaHOBLI.

Kiio4oBi cj10Ba: TOHKOCTIHHHH CTEpXKEHb BIAKPHTOrO IPOdiN0, HETOCKOHAIICTh (opmu,
CTaTHYHA CTIMKICTh, METOJ] CKIHUCHHUX CJIEMEHTIB.

Okhten 1.0., Lukianchenko O.0., Kozak A.A.
ANALYSIS OF THE LOSS OF STABILITY OF OPEN PROFILE THIN-WALLED RODS,
INTO ACCOUNT THE IMPERFECTIONS OF THE FORM

It was made the analysis of influence the geometric imperfections to form on the stability of
centrally compressed thin - walled rods of open profile with different wall thickness. The software
complex of finite element analysis NASTRAN was used to create computer models of rods. Shelves
and walls of rods are modeled as a set of quadrangular shell elements with six degrees of freedom in
the node. Geometric imperfections are modeled in the form of the first general form of loss the
stability of rods with an ideal surface, which are obtained from the linear calculation of stability
which is rigidly fixed at the bottom and articulated at the top. With the help of a specially created
program, the amplitude of imperfections in the shape of the rods was proportional to the wall
thickness. Calculations of the stability of open-profile rods were performed in a linear formulation by
the Lanzosch method, and in a nonlinear formulation by the Newton-Rafson method. Was received
the values of the critical load and the corresponding forms of deformation of the rods with an ideal
surface and taking into account the imperfections of the shape of different amplitude. The research
results of stability of open-profile rods compared to experimental, obtained in 2016 in the laboratory
of the Faculty of Civil Engineering, University in Zagreb (Croatia), and analytical and numerical
calculations obtained using the ABAQUS software in 2020 at the Faculty of Civil Engineering, Brest
State Technical University Faculty (Belarus). Comparative analysis showed that the critical values of
compressive forces obtained in this work in the calculations of the stability of the rods in a nonlinear
formulation using the computational procedures of the software package NASTRAN, was less than
analytical and experimental. The critical forces obtained analytically are bigger than the numerical
results of all researchers. The coincidence of numerical values of critical forces was detected in the
case of an open profile rod with an ideal surface thickness of 0.0011 m and a mismatch in 0.003 m.
The stability of rods research, taking into account the simulated imperfections of the form showed
that the increase in the amplitude of imperfections had little effect on the critical values of
compressive forces. This indicates that the model of geometric imperfections of the rods in the form
of a general form of loss of stability is not the most dangerous for the stability of rods with such a
profile, mounting and load. Therefore, there is need in further research of stability of the rods to
perform modeling of geometric imperfections, for example, as the forms of their deformation in the
ultimate state and from the action of operating load, which are obtained in nonlinear formulation.

Keywords: thin-walled bars, geometry imperfection, eccentricity, finite element method.
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IIpoananizoeano 6naue 2eoMempuuHux HeOOCKOHAIOCmel Gopmu Ha CMIUKICMb YeHmpPaIbHO
CIMUCHYMUX MOHKOCMIHHUX CMEPNCHIE GIOKpUMO020 npodino 3 pi3HOI0 MOSWUHOI CMIHKU.
3acmocosano o0b6uucniosarbHi  npoyeoypu NPoSPAMHO20 KOMNIEKCY CKIHYEHHO-e1eMEHMHO20
ananizy NASTRAN. Pesynomamu  00CHiOdNCeHHs — CMIUKOCMI — CMEPIICHI6  NOPIGHAHO 3
eKCnepuUMeHmManbHUMU, AHATIMUYHUMU | YUCETbHUMU PO3PAXYHKAMU THUUX OOCTIOHUKIG.
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Okhten 1.0., Lukianchenko O.O., Kozak A.A. Analysis of the loss of stability of open profile thin-
walled rods, into account the imperfections of the form // Strength of Materials and Theory of
Structures: Scientificand-technical collected articles. — K.: KNUBA, 2022. — Issue 108. — P. 360-368.
It was made the analysis of influence the geometric imperfections to form on the stability of
centrally compressed thin - walled rods of open profile with different wall thickness. The software
complex of finite element analysis NASTRAN was used to create computer models of rods. The
research results of stability of open-profile rods compared to experimental, analytical and
numerical calculations of other researchers.
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IO10 OIITUMAJIBHOI TONOJIOI'Ti NIAMNIPHOI CTIHKH

€.A. €ropos,
JI-p TEXH. HayK, npodecop

0.€. Kyuepenko,
KaHI. TEXH. HAYK

IIpuoninposceka depoicasna akademis OydisHuymsea ma apximekmypu, JHinpo

DOI: 10.32347/2410-2547.2022.108.369-376

PosrismaeTbest 3amada MOMIYKY ONTHMAJIBHOI TOMOJOTil MigmipHOI CTIHKH, HOCTIIKYETHCS
IPUHLUIIOBA MOXJIMBICTH BIOCKOHAJICHHS THUIIOBOTO DIIICHHS INpPH PO3paxyHKax MapaMerpiB
TaKoro THIy cropyz. IIpomnoHyeThest anropuTMidHa cXeMa po3B’s3yBaHHs 3a4adi 3 ypaxyBaHHIM
BapiaTuBHOI Tomosorii. Ilpu momyky Tomonorii KOHCTPYKLII BHKOPHCTOBYETHCS METO.
wirpadyBanHs 11t TBepaoro izorpornoro Tina (Solid Isotropic Material with Penalization - SIMP)
3 HOJAJIBIIMM 3aCTOCYBAHHSAM CIICLIiadbHUX (IIbTPIB A BU3HAYCHHS HAWOUIbLI MPUHHATHOTO
PO3B’s3Ky. 3anpornoHOBaHWW aBTOPAMH AJITOPHUTM UIFOCTPYE, LIO MPAKTHYHO 3aBXKIH MOXKHA
OTpHMATH OLIbII BUTiHE 32 MATEPiaJOMICTKICTIO PilLCHHS.

KarwuoBi cioBa: miamipHa cTiHKa, TOMNOJIOTIS, ONTHMI3allis, AUCKpeTu3auis, GiIbTp,
€BOJIIOLIIHA CTPYKTYpHA onTUMi3allis, MeTox SIMP.

Beryn. 3amaya BU3HaYeHHs ONTHMABHUX MapaMeTpiB KOHCTPYKIIT - ofiHa
3 HaWBaXJIMBIMMX MpoOJieM, II0 BUHUKAE NPU MPOEKTYBaHHI HaipizHOMa-
HITHINIMX cropy/d. IcHye BeiHMka KUIBKICTH TEOPETHYHUX Ta MPHUKIAJIHUX
HAyKOBHX IIpallb, IPUCBSIYCHUX LOMY MHUTAaHHIO, alleé YHiIBEpPCAIbHOTO
pelLienTa He icHye, TOMy KO)KHA HOBa 3ajiaya oTpedye okpeMoro anainisy [1].

B crarri posrisimaeThcs 3amada BU3HAUSHHS ONTHMAIIBHOI TOIMOJOTIT
nepepidy miAmipHoi cTiHKH. Taki KOHCTPYKIIi IIMPOKO 3aCTOCOBYIOTHCS B
OyIIBHMLTBI JUIsl 3aKpiIUIEHHS] IPYHTOBUX MAacCHUBIB BiJ| 3CyBY. 3a3BHYail Juisi
HUX BHUKOPUCTOBYIOTH THIOBI KOH(]irypamii, ski MiJJaroThCS MEBHUM
Moau(diKaIisaM 3 ypaxyBaHHSIM THUX YU 1HIIMX YMOB iX ¢yHkiitoBanns [2]. [Tpu
LOMY TPUHLUIIOBO KOHCTPYKIUS IAMIPHOI CTIHKM TPaKTHYHO HE
3MIHIOETBCS, 110 TTOB’S3aHO, B TOMY YHUCIHI, 1 3 TEXHOJIOTIEIO ii BUTOTOBJICHHSI.
Bapro 3a3HauMTH, 110 OCTaHHIM YacoM BHMHHKIM CYTTEBO IiHIII METOIU
3BefeHHs OyxiBenb 1 cnopyn [3]. Ili meroam akryami3yBaium 1 3HA4HO
PO3LIMPHIIA MEXI 3aCTOCYBaHHS PI3HOMaHITHHX ONTHMi3alifHUX aJTOPUTMIB
JUTSL TIOITYKY OUThIN €(peKTUBHUX KOHCTPYKTUBHUX PIllICHB.

[IpoGyiema MONIYKY ONTHMAIBHOI TOIMOJOrII 130TPOITHOTO TBEPJOro Tijia
JIOCUTH IUPOKO BHUCBITIIEHa HacaMmepel y 3apyOiKHii JitepaTypi. 3a3Buuaii
JUTst 11 pO3B’sI3aHHS 3aCTOCOBYIOTH JIBA ITiXOIH:

1) [uckpeTHHII — eBOJIOLIHHA CTPYKTypHa omnTuMizamis (evolutionary
structural optimization — ESO) ta 1i yrcnenni moaudikaii [4];

2) rpanmientHuii (solid isotropic material with penalization - SIMP), B
OCHOBi SIKOTO JIOKHTh BHM3HAYEHHS ONTHMAJIBHOI «T'YCTHHH» Martepiany B
MIEBHI# YaCTHUHI TBEPAOro Tija.

© €ropos €.A., Kyuepenxo O.€.
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EBoumoriiiHa CTpyKTypHa ONTHMI3aIlis OLIBII IPOCTa B CBOTH peaizaltii [5].
Bona 06a3yerscst Ha i€l MOCTYNOBOrO BHIAJIEHHS MaTepiaiy (puc. 1), sxii
HeroTpibeH abo Hee()eKTUBHO BUKOPHUCTOBYETHCS 3T1JHO IEBHUX KPHUTEPIiB.

Puc. 1. ITocnigoBHe BuaaieHHs MaTepiany 3a merogom ESO [6].

3a J0MOMOIOI0 TaKOrO MiIXOAY PO3B’SI3YIOThCS 3ajadi, IIOB’s3aHi 3
MiHIMI3ali€}0  HaNpyXeHb Ta TMepeMillleHb EJIEeMEHTIB  KOHCTPYKIIi,
MaKCHMIi3allii )KOPCTKOCTI PU PO3TATYBaHHI-CTUCHEHHI [4].

Meron Tomosoriunoi onrumizanii SIMP, 3ampomonoBanuii Bendsoe [7],
Mae OUIBII CKIIQJHY MaTeMaTHuHy OCHOBY. KO)KHOMY eleMeHTy TBepIoro Tijia
€ HaJaeThCsl MPOEKTHA 3MIHHA X,, SIKY MOXKHA PO3YMITH SIK TYCTUHY Matepiany
eneMeHTa. BBomuThbCs TMOHATTA BipTyanbHoro Monyns HOHra, skuit s
KOKHOT'O €JIeMeHTa allpOKCUMYEThCs Tak [8]:

- P
Ee(xe)_Emin X (EO_Emin)’ (1)
ne p — mrpad, KU 3a3BUYai JOPiBHIOE 3; E .y, — Masie 3HAYSHHS MOIYJIS, SIKE
BBOJUTBCSA 3 TUM, 1100 YHUKHYTH CHUHTYIAPHOCTI MaTpHII XKOPCTKOCTi; E, —

moxyns Onra marepiamy. Ilpu Bukonanui ymoBu 0<x! <l po3paxoBaHmuii
Moxynb E, BapiloeTbCcs MiXK IEBHUM MiHIMAIBHUM 3HaueHHAM £E_; i
3puyaiinuM moxyneM fOnra Ej .

1. ocTtanoBka 3amaui. J{ns nemoHcTpaiii poOOTH 3arpoOIOHOBAHOTO
ITOPUTMY PO3TJISIIAETHCA MAIIIPHA CTIHKA 13 CYIIIEHUM HIepepi3oM y BUIIISII
npsiMokyTHHKa. [1o Bciii cBOil BHCOTI BOHA 3HaXOAMTHCS iJl THCKOM IPYHTY.
Jlis cnpolieHHs 3amadi OyJeMo BBaXKaTH, IIO [EH THCK 3MIHIOETHCS JIIHIHHO
Bix 0 10 1, 0 B HiJIOMY BiAIIOBIJA€ TiAPOCTATUMHOMY THCKY. 3 MO3HIIT Teopil
MPY)KHOCTI Taka 3ajadya MOXKE PO3DNIAOATHCSA K IUTocka [9], 1 BU3HAUCHHS
OIITUMAJIBHOI TOMOJOTIT MiAMPHOI CTIHKH 3BOAUTHCS IO MOUIYKY ONTHMAIBHOT
KoHGirypauii i nepepisy.

Po3paxyHkoBa cxema B TakOMy BHIIaJKy OyJe MaTd BUIJIS, HAaBEACHUH Ha
puc. 2.

2. BuzHaueHHsi TomoJiOriyHOI cxeMH. 3ajaya MOLIYKY ONTHMAaJbHOI
TOMOJIOri 3 TMO3WIIH MaTeMaTHYHOTO IIPOrpaMyBaHHS (QOPMYIIOETECT Yy
TAKOMY BUTJISI:

min FTu(x),
K(x)u(x)=F, (2)
V(x)= /",
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ne F e R" — BekTop 30BHIIHIX CUII; #(X) — BEKTOp
nepeMimenb;, K(x) — MaTpuilsd JKOPCTKOCTI, sKa
OyIyeThCs 3 BUKOPHCTAHHAM BIPTYaJIbBHUX MOJIYIIB,
AKi BU3Ha4aroThes 3a popmynoto (1); ¥, — mouar-
h KOBUI 00’eM TBepmoro Tina; V(x) — KiHIEBHI
00’em; f —wdacrtka 00’eMy Marepiaiy, SKuil HeoOXi-
JTHO 30eperT; X — BEKTOp, KOKEH EJIEMEHT SKOro
3HaXOAUThC B Mexkax [0, 1], Ta BU3HaYae, sKi JHc-

KpeTHI eJIeMEeHTH TBEPIIOro Tijla HeoOXiJHO 30eper-
TH. [Ipy boMy 1IIBOBY (PYHKIIIFO MOXKHA iHTEpIIpe-

7 7z TyBaTH SAK POOOTY 30BHIIIHIX CHI 3 nedopmarrii
b cHCTeMH, TOOTO PO3B’SI3YBaHHs 33/adi IOJISITaE B
Puc. 2. Tlignipna crinka 3i TIOIIYKY MaKCUMaJIBHO JKOPCTKOrO TiJia 00’€MOM

SMIHHUM HaBaHTaKCHIGIM V(x). Y 3araibHOMY BHIIQAKy Taka 3ajada HE €

OITYKJIOKD Ta PO3B’S3YETHCS 3a JOMOMOTOK YHCEILHHX METOMIB (HANPHUKIA,
Meron HeroToHa).

[Ticnst po3B’s3yBaHHst 3a1a4i (2) BUKOHYIOTBCSI PO3PaxXyHKH KOHCTPYKIIi Ha

0e3IieKy, 110 y 3aralbHOMY BHIIQJIKy 3BOJIUTHCS 10 HACTYITHOT HEPiBHOCTI:

R-02>0, 3)
ne R — Hecyda 3IaTHICTH cucteMu, () — y3arajJbHEHHH e(EeKT BiJl 30BHIMIHIX
HaBaHTa)KEHb Ta BIUIUBIB.

3. VY3aranbHeHWii anaropuT™M po3B‘si3yBaHHA 3agadvi. (11 Bu3HaueHHs
KOHGIrypamii cucreMu po3i0’eMo 00JacTh, BH3HAYCHY T'€OMETPUYHHMH
rapamMeTpamMH CTPYKTYpH, 300pakeHol Ha puC. 2, Ha N CKiHUEHUX €JIEMEHTIB, IPH
I[bOMY Ha MOYaTKy POOOTH aNropuTMy NpOEKTHI 3MiHHI X; =1 mma i=l,..., .
[Micns posp’szanHs 3amadi (2) 3 ypaxyBaHHSAM YMOBH (3) NeBHa dacTHHa
JIUCKPETHUX eJIEMEHTIB Oyje BHIajIeHa, TOOTO MPOCKTHA 3MiHHA IMX CJICMEHTIB
nopiBHioBaTrMe 0. Y3arajbHEeHHi alnropuT™ NpeJicTaBlIeHHi Ha puc. 3.

4. OnTMMaJIBbHA TONOJIOTifA MiAMIpHOI CTIHKM Ta mpodjaeMa «IIAXOBOI
pomkmw». [t po3B s3yBaHHS onTHMi3amliiiHOi 3amaui (2) 3a ajaropuTMom,
HaBEJICHUM Ha pHC. 3, OyJI0 CTBOpEHO 3acTOCYHOK Ha MoBi Python 3.7. Ilpu
UBOMY JUIi PO3B‘SI3aHHSI CUCTEM JIIHIHHUX pIBHSAHb Ta OOpOOKM MaTpHIlb
BukopucroByBaiucs Moxnym Numpy [10] ta Scipy[11]. Hdusa dinprpamii
JIBOBUMIPHHX 300pakeHb OyII0 IOIydeHo MoIyilb Skimage.

BingHomenHs BUCOTH niepepisy / 10 Horo ocHOBH b npuiiManocst piBHUM 3:1
(puc. 2). 3arampHa IUIOmA Hepepizy posbuBasacs Ha  30%90=2700
JIBOBUMIPHHX €JIEMEHTIB 3 HOTUpMa BY3J1aMH KoxKHHH. [Ipy 11boMy BBaxanocs,
mo Eq=1, Epyn = 10'9, monayab Ilyacona v = 0.3.

[Mapamerp f — BigHOWIEHHS 00’€My, IO 3aJHIIAETHCSA, 1O 0a30BOTO
(moyatkoBOro) — Moke OyTH NOBIIBHUM. AJie Tpeba BpaxoByBaTu TOi (akr,
110 YUM MEHIIMMHU OyayTh 3HA4YEHHS f, THM OLIbIIMMHU OyIyTh MaKCUMaJlbHi
HaNpYyXEHHs B Iepepi3i, reoMeTpisi SKOr0 BU3HAYAETHCS IIMM AITOPUTMOM,
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TOOTO TUM MilfHillle TIOBUHEH OyTH MaTepial, sSKuif Tpeba Oyie 3acTOCOBYBATH
y CTiHI 3 ONTUMAJILHOIO TOMOJIOTIEN.

Vi) = Y < ,Z[,ucxpe;lmau:s! omemi| L =1
z=1li=1.n
]
Po3p’sa3anns 33734 (2)
!
DimsTpanis
!

Busig
TOMOJIOri9HOT Kinens
cxeMu

f=f+6 «—H — Tax

Puc. 3. Biok-cxema po3B’si3yBaHHs 3a/1a4i MomyKy KoHgiryparii cucteMu
y YKY y

Ha puc. 4 HaBeneHo rpadik 3aJeKHOCTI BIJHOCHOI MIITHOCTI Matepiaiy
o, / Gy, (TOOTO BIAHOIIECHHS MaKCHUMaJIBHOTO HaMpYXeHH: 3a ¢poH MizecoM y

nepepisi 3 ONTUMAJIBHOIO TOTOJOTIEI0 J0 HANpPYKEHHS B 0a30Bill CTPYKTYpi)
BiJ apamerpy f.

GV/GVO
3.0

2.5

2.0

1.0

01 02 03 04 05 06 07 1.0 f

Puc. 4. 3aneKHICTh MiXK JaCTKOIO 30€pE&KEHOro 00’ €My Ta BiJHOLIECHb HANIPYKEHb

B npuknazi, mo po3misaacTbes, mapameTp f BU3HAUaBCs, 3BaKAlOUM Ha Te,
mo0 MakCHMalbHI HalpyXeHHS B HOBOMY (ONTHMalbHOMY) TIiepepi3i He
TIEPEBHIILYBaJIH BiZIIOBI/THI HAMPY)KEHHsI 0a30BOi CTPYKTYPH.

Y pesynbraTi po3paxyHKIB 3HAWICHO TOIOJOTIKD Iepepidy CTIiHKH, SAKY
HaBeJeHO Ha puc. 5. Taka TomonoriyHa cxema cepell I1HIIOro IEMOHCTPYE
po0JIeMY «IIaXOBOI TOUIKM» - YepryBaHHS YOPHUX Ta OLIMX KITITHH: HA CXeMi
HasIBHI TaKi €IEMEHTH, LIO/I0 SKUX HE 3p03yMio, HEOOXiHO X BUAAINUTH YU
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Puc. 5. Tonosnoriuyna

CTPYKTypa mepepisy
HimipHOT CTIHKK

Oxpemuii  iHTEpec cra-
HOBJIATh «EBOJIOLIIHI» TIie-
pPETBOpEHHS Iepepisy mia- dinpTp

30epertu. Ll mpoOsiema YacTKOBO BUPINIYETHCS 3a
JIOTIOMOTOI0  OOpOOKM  JIBOBHUMIpPHHUX 300pakeHpb 13
3aCTOCYBAHHSIM TIE€BHHUX (UIBTPIB, SIK-OT «CEPEIHEN,
«MejliaHa Ta iHII.

CrocoBHO pO3B‘A3yBaHOI 3ajgadl  PO3IJISAAIUCS
cranaaptHi (GinbTpH, 3anponoHoBaHi B podorti [12] Ta
neski  iHmn.  EdextuBHiCTH  IX  3acTOCyBaHHS
BH3HAUaNIacs 3a [BOMa KpHUTEpisiMu: 1) HasIBHICTh «IlIa-
XOBOI JIOIIKW»; 2) KOPCTKICTh CTPYKTYpH 32 OTpH-
MaHOIO CXEMOI0, TOOTO 32 3HAUSHHSIM LTbOBOT (PYHKIIIT
Fu.

Y Tabmumi | HaBeneHO NaHi YUCENBHHUX EKCIIepH-
MEHTIB 3 pi3HUMH Tunamu ¢ineTpiB. Haiibinem edek-
TUBHMM B JIAaHOMY BWIIQJIKy BusiBHBCS ¢inbTp [ayca,
SIKMH JIO3BOJISIE YHUKHYTH €(EeKTy «IIaxOBOi JIOIIKK
NpY HaWMEHNIOMY 3Ha4eHHI HinboBOI (yHKHII. Tomy
KOH(pIryparito, sika BU3HAYAETHCA TAKUM YUHOM, JOITi-
JIHO BBYKaTH HANOLIBII TPHUHHITHOLO.

TaGmuns 1

Tomo- | «IllaxoBa | L{imroBa
Jiorist | jomka» | QyHKmis

MipHOI CTIHKK NpU 3MiHEHHI
mapamMeTpa f, 1o iX HaBeIeHO
Ha puc. 6. Sk  Oauymmo,
KoH(piryparss mepepizy, 10
ONTHUMI3Y€ETBCS,  MMOCTYIIOBO
3MIHIOETBCSL BiJl CYIIUIBHOT'O
JIO HACKPi3HOTO.

6. AnHagiz onTUMAaJbHOL
CcTpYKTYpH B Ansys. s
MTOIAJTBIIIOTO aHaJizy
OTpUMAaHOL Mozei it
nmapaMeTpy OIMKMCAHO Ha MOBI
APDL Ta excmoproBaHo Yy
cucreMy CKiHYEHHOT0-
€IIEMEHTHOI'0 aHaji3y Ansys
Mechanical.

Busnaueno, 1m0  mpu
BHKOPUCTaHHI Marepiany 3
OHAKOBOIO  MIIHICTIO B
mepepizi 3  ONTHUMAJBHOIO
TOIIOJIOTIEI0 MaKCHUMaJIbHI
HAMpPY)KEHHS HE
MIEPEBUILYIOTh BIIIOBiAHI
Hampy)KeHHd B 0a30Bii
MOJIENTI MPH fiin=0.6, 110 came

Convolve

Tax

15536

Median

15902

Gabor

15942

Gaussian

15658

Coiflet

Tax

15703

Closing

Tax

15774

Erosion

Tax

16412

Opening

Tax

15652

Mean

s al A e A

Tax

15678
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i 3a0e31euye BUKOHAHHS YMOBH (3).
Ha puc. 7 nHaBeneno ¢parMeHT miAmipHOI CTIHKH Y TPUBUMIPHOMY BHI.

Puc. 6. Bapiantu TomoJorii nepepisy mpu 4actii Puc. 7. TpuBuMipHa Mozens GparMeHTy
36epexeHoro matepiainy 70%, 30%, 10% HimipHOT CTIHKK

BucHoBku. 3amporoHOBaHWH ~ aBTOpaMM  MiAXiJA 0  BU3HAYEHHS
ONTHUMAJBHOI TOMOJIOTII TMepepidy WiAMmIPHOI CTIHKM MOXe e(QEeKTUBHO
3aCTOCOBYBATHCS ISl Oy/Ib-IKUX KOHCTPYKIIH (HampuKiaa, it KoHTpdopciB
Ti€l X MAMIPHOI CTIHKW), HANPYXeHO-IepOpMOBaHUI CTaH SIKMX BiJIIOBiJIa€
IUTOCKIH 3amadi Teopii NMpYXHOCTI. BapTo 3a3HauuTH, 1m0 IeH Ke Mmiaxin
y3arajibHIOETHCS 1 1010 TPUBUMIPHHUX 3a7ad.

OnTuMaibHi Toronorii mepepiziB 3a3Buyail OyayTh 3HAYHO CKIAJHINIMMU Y
BUTOTORJICHI. AJie 3apa3 I poOJieMa MPHHITMIIOBO BUPIIIYEThCS (HATIPUKIIAL, 3a
JIOTIOMOT'OI0  TPUBHUMIPHOTO JIPYKYy 13 3acTocyBaHHsM 3D- mpuHTepiB), i TOMY
Hapasi Taki TPYIHOIII HE € TIEPEelIKOJOK JUIsi BIPOB3KEHHS B NPAKTHKY
OYIIBHHUIITBA ONTHMAJIBHUX KOHCTPYKTHBHHUX DIIICHB 1 BiIIOBITHUX METOIUK iX

TIOIIYKY.
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€zopos €.A4., Kyuepenko O.€.
IO10 ONITUMAJIBHOI TOIMOJOITi MIANIPHOI CTIHKH

Posrisimaerbes 3aaua BHU3HAYCHHS ONTHMAJIBHOI TOMOJION Mepepi3y MiAMpHOI CTiIHKH, st
PO3B’sI3aHHS SIKOI 3aCTOCOBYEThCS MeTor Tomonoridxoi omrumisauii SIMP. Ilpu mpomy i3otpomne
TBEp/E TUIO PO3OUBAETHCS HA N YOTHPUKYTHUX CKIHYCHHX CJIEMEHTIB, I KOKHOMY TAKOMY EIEMEHTY €
CTaBHUTBCS Y BIANOBIAHICTE IPOCKTHA 3MIHHA Xe, SIKYy MOXKHA PO3YMITH SIK I'yCTHHY MaTepiaiy.
BBomuThCS OHATTS BipTyaabHOro MOxyiist FOHra, skuii 1711 KOXKHOrO eJIeMEHTa alpOKCUMYEThCS TakK:
E (x,)=E_, + xf (Ey = E;,) » i p — mitpad, suit 3a3udait 10pisHIOE 3; Epin — Majie 3HaYCHHS
MOZLYJIsL, SIKE BBOILHTBCS 3 THM, 1100 YHHKHYTH CHHTYJIPHOCTI MAaTPHLY sx0pcTKocTi; £y — Moayis FOHra
marepiaiy. [1pu BukonanHi ymosu 0 <x/ < 1 E, Bapiroerbcsi MK HEBHUM MiHIMAJIBHUM 3HAYCHHSIM Eyin
i 3BryaiiHiM mMoxysieM FOura E. Jlyist jeMoHcTpalii poGoTH ajirOpuTMy pO3IJISAAEThCS IiAIMPHA CTiHKA
I3 CYLIUIBHUM TIepepi30oM y BUIIBIII HPSIMOKYTHHKA 3 BIHOLICHHSM BHCOTH 10 ocHOBH piBHMM 3:1. ITo
BCiii CBOIif BUCOTI BOHA 3HAXOUTHCS I THCKOM IPYHTY, KU 3MIHIOETHCS JiHifHO Big 0 mo 1, mo B
IIOMY BIANOBIZAE TiAPOCTATUYHOMY THCKY. 3 MO3MIL{i Teopil NMpPYKHOCTI Taka 3ajada MOXeE
PO3rIIIATHCS SIK TUI0CKa. [TpobIieMa MmoliyKy ONTHMAJIbHOI TOMOJIOTIT 3BOUTHCS 10 PO3B’sI3aHHsI 3a/1a4i

mi

T . .
MAaTeMaTHYHOro MporpamysanHs F u(x) — min, Npyu BUKOHAHHI NEBHUX yMOB (TyT F' — BeKTOp

30BHIIIHIX CHJI, #(X) — BEKTOP IEPEMILIEHb, X — BEKTOP, EIEMEHTH SIKOr0 3HaX0IsThes B Mexax [0, 17).
LliboBY (yHKLIFO MOXKHA IHTEPIPETYBATH K POOOTY 30BHILIHIX CHJI 3 Aedopmarii cucremu, To6TO
PO3B’si3yBaHHs 3a/i@4i IOJSra€ B TIOLIYKY MaKCHMAIbHO JKOPCTKOIO Tina meBHOro o6’emy. s
PO3B‘si3yBaHHs ONTHMI3alliiHOi 3amadi OyJi0 CTBOPEHO 3acTOCYHOK Ha MoBi Python 3.7 3
BHUKOpHCTaHHsM 0i6iotek Numpy Tta Scipy. i1 ycyHeHHs IpobJieMH «IIaX0BOI TOIIKM» (4epryBaHHs
YOpHHX Ta OUMX KIITHH) 3acTocoByBaBcsi GuibTp [ayca 3 makery Skimage. Ilapamerpu orpumanoi
Mojeni onrcano Ha MoBi APDL Ta eKCriopTOBaHO y CHCTEMY CKiIHYCHHOI0-eJIEMEHTHOTO aHasli3y Ansys
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Mechanical 11 nopaibLIoro aHamizy. BusHaueHo, 1o mpH Joii 30epeXeHoro 06’eMy, 10 TOPIBHIOE
60%, MaxcuMaibHI HamnpyxkeHHs 3a (GoH MizecoM B CTPYKTYpi 3 ONTHMAJIGHOIO TOIHOJOIIEI0 HE
HEPEBHUILIYIOTh [[ei MOKA3HUK B MIAMIPHIi CTIHII 3 IPIMOKYTHHM I1EPEPI3OM.

KirouoBi ciioBa: mifmipHa CTiHKa, TOMOJIOTIs, ONTHMI3aLisl, JUCKPETH3aLlisi, QLIbTp, EBOJOLIHA
CTpYKTypHa onTuMizaris, Metox SIMP.

Yegorov Y., Kucherenko O.
OPTIMAL TOPOLOGY OF RETAINING WALL

This paper intends to present an approach to the problem of the optimal cross-section topology of a
retaining wall. We use the Solid Isotropic Material with Penalization (SIMP) method to solve this
problem. An isotropic solid is divided into n quadrilateral finite elements, and each such element e is
associated with a design variable x. which might be regarded as a material density. The notion of a virtual
Young's modulus is introduced, and for each element it can be approximated as follows:
E,(x,)=E,_ +x/(E,—E,,), where p is a penalty, which is usually equal to 3; Ep; is a small

value of the modulus, which we use in order to avoid the singularity of a stiffness matrix; Ey is the
Young's modulus of the material. Thus when the condition 0 < x/ < 1 is satisfied E, varies between a
certain minimum value Eyi, and the usual Young's modulus E. We regard a retaining wall with a solid
cross-section in the form of a rectangle with a height to base ratio of 3:1 to demonstrate the proposed
approach. Along its entire height the wall is under the pressure of soil, which varies linearly from 0 to 1.
In general, this corresponds to hydrostatic pressure. From the standpoint of the theory of elasticity such a
problem can be considered as planar. The problem of the optimal topology shrinks to the mathematical

mi min

programming problem in the form of F Tu(x) — min,, under certain conditions (here F is a vector of

external forces, u(x) is a vector of displacements, x is a vector of densities). The objective function can be
interpreted as the work done by external forces to deform the system, thus we tend to find the stiffest
body of a certain volume. To solve mathematical programming problem we use Python programming
language, and Numpy and Scipy packages. To eliminate the “checkerboard problem” (alternation of
black and white cells) we apply a Gaussian filter from the Skimage package. The parameters of the
obtained model are described in ANSYS Parametric Design Language and exported to Ansys
Mechanical for further analysis. It is determined that the maximum von Mises stress in the structure with
the optimal topology and the prescribed volume fraction of 60% does not exceed this value in the
retaining wall with a base rectangular cross section.

Keywords: retaining wall, topology, optimization, discretization, filter, evolutionary structural
optimization, SIMP method.

VK 624.04:519.853:519.688

€zopos €.A., Kyuepenxko O.€. llogo onTuMajbHOI ToOmoJiorii miaxmipHoi ctinkum // Omip
MaTtepiaii i Teopis cnopya: Hayk.-Tex. 36ipH. — K: KHYBA, 2022 — Bum. 108. — C. 369-376.
Posensadaemves 3a0aua nowyky onmumanbHoi mononocii nepepizy nionipHoi cminku, sKa
PO36 SI3YEMbCSL AK 3a0A4aA MAMEMAMUYHO20 NPOSPaAMysanis i3 3acmocyeanusm SIMP memooy.
Taba. 1. . 7. Bi6miorp. 12 Ha3s.

Yegorov Y., Kucherenko O. Optimal topology of retaining wall // Strength of Materials and
Theory of Structures: Scientificand-technical collected articles. — K.: KNUBA, 2022. — Issue 108. — P.
369-376.

The problem of optimal topology of a retaining wall cross-section is considered as a mathematical
programming problem using the SIMP method.

Tab. 1. Fig. 7. Ref. 12.
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