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This work complements the general classification of seismic protection systems of buildings
and structures. The principles of ensuring a seismic resistance of each of the considered seismic
protection systems are briefly characterized.
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classification of seismic protection systems.

Introduction

The issues of ensuring the seismic resistance of buildings and structures
hold a leading position despite significant achievements in this area. This is
confirmed by the significant loss of human life and destructioncaused by
strong earthquakesin Indonesia (December 26, 2004;March 28, 2005; August2,
2019), China (May 12, 2008), Haiti (January 12, 2010), Chile (February 27,
2010), Mexico (April 4, 2010), Japan (March 11, 2011; November 22, 2016),
Italy (August 24, 2016; October 30, 2016), Iran (November 8, 2019).

In contrast to commonly applied measures, mainly related to increasing the
bearing capacity of structures,any seismic protection system associated with a
significant decrease in the level of inertial forces is called active seismic
protection measures [1] (1989). And it still raises some misconceptions [2] —
[4]. Although in 1993 Professor A.M. Uzdin proposed a seismic protection
classification scheme [5]. Then he supplemented this classification in 2012 [6].
But it is also incomplete.Since then, not only a lot of time has passed, but new
methods of external reduction of seismic effects and protective devices
(screen) have appeared, including insensitive structures, trenches, spatial
foundation platforms [7], [8].

According to the principle of operation (properties of ensuring seismic
resistance), all seismic protection systems can be conditionally divided into
three groups (see fig. 1).

Let us consider each of the groups in more detail.

Traditional methods of seismic protection of buildings and structures are
mainly associated with reducing the mass of structures, increasing their
strength and stiffness characteristics, as well as with the choice of rational
planning and design solutions (fig. 2).

© Bazhenov V.A., Heraimovych Yu.D.
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SEISMIC PROTECTION SYSTEMS OF BUILDINGS AND

STRUCTURES
SPECIAL b COMBfIN]sj:D 1and
(combination of traditional an
TRADITIONAL (nontraditional) nontraditional seismic
protection systems)

Fig. 1. General classificationof seismic protection systems

TRADITIONAL SEISMIC PROTECTION OF BUILDINGS
AND STRUCTURES

Reducing the mass of Increasing the bearing Improvement of planning
structures capacity of structures and design solutions

Fig. 2. Classification of traditional seismic protection

Reducing the mass of structures, with the same stiffness characteristics,
leads to a decrease in inertial forces, calculated according to the linear-spectral
theory laid down in the vast majority of building normsin seismic regions.

An increase in the bearing capacity of structures should guarantee the
seismic resistance of structures, but the main disadvantages of this method of
seismic protection are the growth of material consumption of structures,
increase in cross-sections and mass of elements, which, of course, can be
avoided by using materials with increased strength characteristics.

Improvements in planning and design solutions, as a rule, boil down to the
fact that earthquake-resistant buildings should have simple and regular shapes
both in plan and in height. If the plan has a complex form, then this can be
realized by dividing the building with seismic seams into dynamically
independent blocks.

To this we can add that during the construction of buildings and structures,
the guaranteed quality of construction and installation work must be ensured.

The second group of seismic protection includes approaches associated
with reducing the intensity of seismic loads on buildings and structures (fig. 3).
Special seismic protection today is one of the most promising areas in the field
of earthquake-resistant construction.

SPECIAL SEISMIC PROTECTION
OF BUILDINGS AND STRUCTURES

Active Passive

Fig. 3. Classification of specialseismic protection
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Activeseismic protection uses additional energy sources and devicesthat
regulate the operation of these sources,however, its implementation requires
significant costs for arrangement and operation (fig.4). This excludes the
possibility of widespread use of active seismic protection for earthquake-
resistant construction. The advantage of this system is that it becomes possible
to control the oscillatory process not only from seismic, but also from wind
effects.

ACTIVESEISMIC PROTECTION OF BUILDINGS AND

STRUCTURES
]
l ]
With an energy source Semiactive
commensurate with the energy of (energy source is used only for
the seismic vibrations of the starting passive seismic
structure protection)

Fig. 4. Classification of active seismic protection

Passiveseismic protectionis the most numerous seismic protection
groupaimed at changing the dynamic scheme of a building or structure,which
is divided into seismic isolation and seismic suppression.

In seismic isolation, stationary and adaptive seismic isolation systems are
distinguished. In stationary seismic isolation systems, dynamic characteristics
are retained during an earthquake. And in adaptive systems, the dynamic
characteristics of a building or structure change irreversibly during
anearthquake, “adapting” to seismic impact. In seismic isolation systems, it's

PASSIVE SEISMIC PROTECTION
OF BUILDINGS AND STRUCTURES

| Seismic isolation | | Seismic suppression |
] ]
] ] ] ]
. . ith Systems with
Stationary Adaptive . Sys.tems wit Y with
vibration dampers increased damping

Fig. 5. Classification of passiveseismic protection

provided the reduction of mechanical energy received by a building or
structurefrom the subgrade by tuning out the natural frequencies of vibrations
from the prevailing frequencies of the seismic impact.

In seismic damping, systems with vibration dampers and systems with
increased damping are distinguished.In thesystems with increased damping,
reduction of mechanical energy is provided by the transition of mechanical
energy to other types of energy. In the systems with vibration dampers, the
mechanical energy of the vibrating building is converted into mechanical
energy of the damper vibration.The significant disadvantages of systems with
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vibration dampers include the impossibility of using in industrial construction
due to the need to adjust the damper in each individual case, as well as the
relative complexity of vibration dampers.

Stationary seismic isolation of buildings and structures, in turn, is divided
into internal and external. External seismic isolationaims to reduce seismic
impacts through the use of design solutions that minimize the transfer of
energy of seismic vibrations to the building “as a whole”.

Geotechnical barriers are trenches or wells, filled with vibration-absorbing
material. The advantage of geotechnical barriers is that they are invariant with
respect to the frequency composition of the earthquake.

Spatial foundation platforms on a sliding layer, due to their high rigidity,
have a large distribution capacity and exert little pressure on the base.

Internal seismic isolation is divided into two groups — with and without
restoring force.

An example of internal seismic isolation that does not provide restoring
forceisa foundationwith seismic-isolating sliding belt (seismic belt).

STATIONARY SEISMIC ISOLATION OF BUILDINGS AND
STRUCTURES
]
| ]

Internal | | External |

|

Without restoring

force (seismic belt) Withrestoringforce

Gravitational (on

Onelasticelements kinematic elements)

—

Geotechnical barriers (screens)
Spatial foundation platforms
on a sliding layer

Wedged

Buildings with flexible
lower floor
Buildings with flexible
upper floor
Rubber-steelbearings
Suspended support
systems
Support systems

Free —

With positive
stiffness
With negative
stiffness

Fig. 6. Classification of stationary seismic isolation
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In turn, systems of internal seismic isolation with a restoring force are
subdivided into elastic (elastic force) and gravitational (force of gravity).

Seismic-isolating foundations on elastic supports include buildings with a
flexible lower floor, buildings with a flexible upper floor, as well as buildings
with rubber-steelbearings.

Gravitational seismic-isolatingfoundations can be divided into suspended
support systems and support systems.

In suspended support systems, the building is installed on an upper
foundation slabwhich is suspended on rods from the frame structure, rigidly
connected to the bottom foundation slab.

In support systems, the upper foundation slab rests on kinematic supports.
According to the behavior of the supports near the rest position, the kinematic
supports are subdivided into free and wedged.

Free supports react to any horizontal load on a building or structure, that is
not always desirable.

Kinematic supports which include platforms or recesses in the central part
of the rolling surface are called wedged. Platforms or recesses prevent the
support from rolling out at low loads, and this design change led to
fundamental differences in the operation of free and wedged supports.

Wedged supports can have both positive and negative stiffness.

Adaptiveseismicisolationsystemsaresystemswithswitched on and switched
off connections. The features of these systems were studied in KucherenkoTs
NIISK under the leadership of Ya.M. Aisenberg [9, 10].

ADAPTIVE SEISMIC ISOLATION OF BUILDINGS AND
STRUCTURES

Systems with switched on connections | | Systems with switched off connections

Fig. 7. Classification of adaptiveseismic isolation

Systemswithswitched on connections belong to the class of nonlinear
dynamic systems with a rigid characteristic. In systemswithswitched on
connections, there is no destruction of links and it is not required to restore
them after an earthquake.

Systems with switched off connections belong to the class of nonstationary
dynamical systems.Changes in the dynamic characteristics of such systems
occur due to the destruction of switched off connections when a certain level
of amplitudes is reached. After the destruction of the switched off connections
during an earthquake, their immediate restoration is necessary.

Systems with vibration dampers by the nature of interaction with the protected
structure are divided into dynamic and shock. Dynamic vibration dampers are
divided into three groups depending on the design of the elastic connection:
spring, pendularandcombineddampers [1]. The shock vibration damper is
based on a massive body colliding with a special element of the protected
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structure. Floating dampers during one period of vibration of the protected
structure make two successive impacts on each limiter. Spring and pendulum
shock dampers differ in type of suspension and one impact per one period of
vibration of the protected structure.

| SYSTEMS WITH VIBRATION DAMPERS |

| Dynamic vibration dampers | | Shock vibration dampers |
- = -
& = 2 & &n 5
=] E] = 3= =] E]
= =] = < = o
& 5 g 2 & 5
o S = o

Fig. 8. Seismic suppressionsystems with vibration dampers

SYSTEMS WITH INCREASED DAMPING

| ]
Elements of increased
plastic deformation

Viscous dampers Dry friction dampers

Fig. 9. Seismic suppressionsystems with increased damping

Damping devices used in the practice of earthquake-resistant construction
can be conditionally divided into three groups: viscous dampers, dry friction
dampers,andelements of increased plastic deformation.

Energy dissipation in viscous dampers occurs due to viscous resistance
forcesthat prevent fluid flowing from one part of the damper to another.Mainly
two types of viscous dampers are used: liquid and leaden.

Dry friction dampers use rubbing pairs made of different materials: metal
to metal, concrete to concrete, polymer pads of various types to metal or to
each other. For dry friction dampers to be effective, either a high dry friction
coefficient or significant compression of rubbing pairs must be ensured.

Elements of increased plastic deformation are able to absorb the energy of
seismic impactsdue to the development of inelastic deformations in the
material of the energy absorber.

The massive use of seismic protection systems by design engineers is
constrained by the lack of practical calculation methods. This is due to the fact
that most seismic protection systems are characterized by a nonlinear
deformation diagram, which does not allow the use of the standard linear-
spectral methodology for the calculation.

In the new edition of building codes of Ukraine [11],the section 12 “Design
of building seismic isolation systems” appeared,in which passive systems for
seismic isolation of buildings are considered and the main provisions for the
dynamic analysis of buildings with a seismic isolation system are given. Due
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to the norms, the structures of rubber-steel seismic blocks were used for
vibration and seismic protection of residential buildingsin Kyiv (10-section 10-
storeybuilding onKikvidze Str. and two 27-storey buildings on Obolonsky
Avenue, located on the deep and shallow undergroundlines). This made it
possible to achieve a decrease in vibration levels in residential premises by 7-
12 dB (2-4 times) [12].

Conclusions

This article clarifies the general classification of seismic protection systems
of buildings and structures.The use of seismic protection systems during strong
earthquakes can significantly reduce the amplitude of vibrations,provide less
damage to buildings and structures. Seismic protection systems are one of the
most effective ways to increase the level of seismic resistance of buildings and
structures, although the share of seismic-protected buildings in construction in
relation to traditional ones is still very small.
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baocenos B. A., I'epaiimosuu FO. /1.
3ATAJIBHA KJIACU®IKALIS CACTEM CEMCMO3AXUCTY BYAIBEJb I CIIOPY/Q

IMutanus 3abe3medeHHs ceficMocTiiikocTi OyaiBenb 1 cropya 3ailMaroTh HPOBiAHE Miclle,
HE3BAXKAIOUHM Ha 3HAYHI JOCSATHEHHS B LIl ramysi. [lifTBEep/OKEHHSIM LBOTO € YHCENbHI JIFOACHKI
JKEPTBH Ta 3HAYHI HOIIKOKEHHS 1 pyHHYBaHH, 1[0 MAIOTh MiCLI€ IICIIS CHIIBHUX 3E€MJIICTPYCIB.

3a npuHUMIOM po0GoTH (BJACTHBOCTAMH 3a0e3MEUeHHs CeiicMOCTiKoCTi) BCi cHUCTEMH
celicM03axXHCTy MOXKHA YMOBHO PO3MITINTH Ha TPU IPYIH: TpaguLliliHa, crieniaibHa i KoMOiHOBaHa.

Tpaauuiiini Meromu celicMO3axuCTy OynmiBenb 1 CHOPYZ B OCHOBHOMY IOB'si3aHi 3i
3MEHIUCHHSIM MacH KOHCTPYKIH, MIIBHINEHHAM IX MIIHOCTI 1 XapaKTEPHCTHUK XOPCTKOCTI, a
TaKoX 3 BUOOPOM paLiOHAIBHUX [IAHYBAJIBHHUX 1 KOHCTPYKTHBHHX PillIeHb.

Jlo gapyroi Tpymud CEHCMO3aXHMCTy BiJHOCATBHCSA MIAXOAM, TMOB'SA3aHi 31 3HMKCHHSIM
IHTEHCHBHOCTI CEHCMIYHMX HaBaHTaXEHb Ha OyxiBii i copyau. CrelianbHUiCeCMO3aXKCT Ha
CHOTOJHIIIHIN J€Hb € OJHUM 3 HaWOUIbLI MEPCIEKTHBHUX HANpPSMKIB B rajy3i ceficMOCTiHKOro
OyniBHuuTBa. HaifumcienHima miarpyna bOroceiicMo3aXucTy - Ii¢ HMacHBHHHCEHCMO3aXHuCT,
CIpsSMOBaHMII Ha 3MiHY JUHAaMiYHOI cXemH poboTn OyaiBmi abo cmopynH, sSKHiH, B CBOIO 4epry,
JIIMTBCS Ha CeMCMOI30JIALLIIO 1 ceficMoraciHus.

Komb6iHoBaHa cucTeMa Mae Ha yBa3i HOEAHAHHSA TpaguLiiHOl 1 HeTpaaMLiliHOI cHcTeM
ceiicMOo3axucCTy.

MacoBe  3aCTOCYBaHHS  CHCTEM  CEHCMO3axXHCTy  IHXKEGHEpaMH-IPOCKTyBaJbHHKAMU
CTPUMYETHCS BIJCYTHICTIO IPAKTUYHUX METOAUK po3paxyHKy. Lle moB's13aHo 3 THM, 1110 O1IBbLIICTH
CHCTEM CelCMO3axXKMCTy XapaKTepH3YIOThCS HENiHIHHOW JiarpaMoro JedopMyBaHHs, 110 HE
JI03BOJISIE BUKOPUCTOBYBATH [l PO3PaXyHKY HOPMATHBHY JIHIHHO-CIIEKTPaIbHY METOUKY.

VY crarri yrouHeHa 3arambHa Kiacudikamii cHCTeM celicMo3axHcTy Oy[iBenb 1 CHOpPYA.
3acTOCYBaHHSI CHCTEM CEHCMO3aXHCTYHNPH CHJIBHHX 3eMJIeTpycaxX 34aTHE 3HAYHO 3MEHIINTH
aMIUTITyy KONMBaHb, 3a0€3MEYHTH MEHINY MOLIKOKYBaHICTh OyxiBenb i crmopyd. Cucremu
CeliCMO3aXHCTy € OAHMM 3 e(pEeKTUBHHUX CIIOCOOIB MiABUILEHHS PIBHA ceificMocCTilikocTi OyaiBens i
CIOpyJ, XOoYa 4YacTka B OymiBHHLTBI ceificMo3allillleHHUX Oy[aiBelb [0 BiJHOIICHHIO [0
TPAAULIIHHKX LIE [yXKE Maja.

KirouoBi cooBa: ceiicMiuHi BIUIMBHM, CHCTEMH ceiicMo3axucTy OyaiBenb 1 cHoOpyx:,
Knacudikaiis CHCTEM CeificMO3axuCTy.

Bazhenov V. A.,Heraimovych Yu. D.
GENERAL CLASSIFICATION OF SEISMIC PROTECTION SYSTEMS OF BUILDINGS
AND STRUCTURES

The issues of ensuring the seismic resistance of buildings and structures hold a leading
position despite significant achievements in this area. This is confirmed by the significant loss of
human life and destruction caused by strong earthquakes.

According to the principle of operation (properties of ensuring seismic resistance), all seismic
protection systems can be conditionally divided into three groups: traditional, special and
combined.

Traditional methods of seismic protection of buildings and structures are mainly associated
with reducing the mass of structures, increasing their strength and stiffness characteristics, as well
as with the choice of rational planning and design solutions.

The second group of seismic protection includes approaches associated with reducing the
intensity of seismic loads on buildings and structures. Special seismic protection today is one of
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the most promising areas in the field of earthquake-resistant construction. The largest subgroup of
this seismic protection — this is a passive seismic protection aimed at changing the dynamic
scheme of a buildings or structures, which, in turn, is divided into seismic isolation and seismic
suppression.

The combined system implies a combination of traditional and nontraditional seismic
protection systems.

The massive use of seismic protection systems by design engineers is constrained by the lack
of practical calculation methods. This is due to the fact that most seismic protection systems are
characterized by a nonlinear deformation diagram, which does not allow the use of the standard
linear-spectral methodology for the calculation.

This article clarifies the general classification of seismic protection systems of buildings and
structures. The use of seismic protection systems during strong earthquakes can significantly
reduce the amplitude of vibrations, provide less damage to buildings and structures. Seismic
protection systems are one of the most effective ways to increase the level of seismic resistance of
buildings and structures, although the share of seismic-protected buildings in construction in
relation to traditional ones is still very small.

Keywords: seismic action, seismic protection systems of buildings and structures,
classification of seismic protection systems.
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Based on the results of the study of the parameters of the air flow inside of the brass screw-
shaped tube of the heat exchanger, the determination of their optimal geometric characteristics and
further modeling of the stress-strain state was performed. Verification of simulation results is
carried out on the basis of comparison with the test problem.
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1. Introduction

One of the ways to increase the efficiency of the gas transmission system is
the use of air heaters (regenerators) to utilize the heat of the exhaust gases in
the turbine. The creation of new highly efficient and reliable gas transmission
units (GTU), as well as the modernization of existing ones, is impossible
without the use of reliable and efficient elements of heat exchange in their
designs. Screw-shaped pipes with an evenly developed surface meet such
requirements

The proposed screw-shaped heat exchange tubes with an evenly developed
surface have been comprehensively studied by the authors of publications
[1-3]. Their design allows us to increase significantly (in 1.15-1.4 times) both
external and internal heat transfer surface. Due to the screw-shaped
protrusions-depressions with a given height-depth, which alternate sequentially
with a some step, they provide additional turbulence of the air’s boundary
layer [3]. Due to the twisting of internal and external flows and a sharp change
in flow rate when washing the surface there is a simultaneous increase in the
intensity of internal and external heat transfer by 1.5-2.5 and 1.1-1.3 times,
respectively, depending on the geometric characteristics of the tubes and the
steps between them. Due to this, the heat transfer coefficient increases by 25-
70% compared to smooth cylindrical tubes.

The technology of obtaining of screw-shaped profiles of tubes, based on
the joint use of three-roller and single-roller running heads, was developed at
the Mechanical Engineering Institute of Igor Sikorsky KPI [4].

© Pyskunov S., Trubachev S., Baranyuk O.



14 ISSN 2410-2547
Omip MatepianiB i Teopis copyx/Strength of Materials and Theory of Structures. 2020. Ne 105

The screw-shaped tubes, studied by the authors [1-3], had an outer
diameter of 36 mm and small steps between depressions and protrusions (8-
12 mm) at the heights of depressions or protrusions of a 4-5 mm. Increasing
the use of screw-shaped tubes with a uniform surface in the industry requires
expanding the range of their geometric characteristics. It is possible due to a
new technology [5], which allows to obtain brass tubes with a diameter of 16
mm.

Fig. 1. Long dimensional screw-shaped tube (diameter 16 mm, step 8 mm), made in one pass

It is necessary to conduct studies of air flow and to determine on this basis
a stress-strain state of these tubes under the influence of the appropriate
internal pressure for further wide use of it. This will contribute to the
expansion of the use of a new technologies for mass production of screw-
shaped profile tubes with an uniform surface, which is currently absent in
Ukraine.

The goal of the work is to determine the optimal geometric characteristics
of screw-shaped tubes, the surface of which is created on a single-west helical
line, and to determine their stress-strain state under non-isothermal conditions.
The main geometric parameters that affect the configuration of the outer
surface of the tube are the pitch and the height of the protrusions-depressions
of the helix. The analysis was performed at a variable pitch values, which was
taken of 8, 12 and 20 mm. The height of the protrusions-depressions of the
helical line remained unchanged and was 2.5 mm for all three studied pitch
value. The values of the parameters, taken for analysis, are determined by
technological difficulties associated with the capabilities of the three-roller
rolling technology, which is used in the manufacture of tubes. Therefore,
determining of the optimal geometric characteristics of screw-shaped tubes is
reduced to finding the optimal pitch of the helical line, which is determined by
the achievement of the maximum thermal power that can be dissipated by the
screw-shaped tube under all other conditions.

The following tasks were solved to achieve of this goal:

- development of CFD-model of screw-shaped tube with uniform surface;

- carrying out of test calculations and calculation of thermoaerodynamic
characteristics of the investigated screw-shaped tubes;

- implementation of stress-strain state analysis of screw-shaped tubes.

2. Methods for studying of the flow structure inside the screw-shaped

tubes

The following analysis was performed using the developed finite-element
CFD-models of screw-shaped tubes using of the software package ANSYS-
Fluent. The problem was solved in a stationary setting in compliance with the
requirement to achieve no dependence of the solution from the calculation
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mesh density (convergence of results). During modeling, the following
boundary conditions were chosen to be constant for all tube sizes:

- flow temperature at the entrance to the screw-shaped tube ., = 26°C;

- temperature of tube wall £, = 100°C;

- air flow through the tube, which was chosen equal to 9:10*, 9:107,
3-107 kg/s.

The appearance of the fragment of finite-element mesh of the investigated
tube of standard sizes is given in Fig. 2.

(@) (b) ©
Fig. 2. Finite element mesh of a screw-shaped tube model with a pitch of a helix of 8 mm (a), 12
mm (b) and 20 mm (c)

The equations system for describing the processes of momentum and heat
transfer inside the studied tube includes the equations of continuity, motion
and energy in the Reynolds form of the following view:
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Assuming the complex nature of the flow in this object, which combines
features characteristic of both near-wall and free shear flows, in order to close
the basic system of equations (1) - (3) RSM model of Reynolds’ stresses was
used. The turbulent Prandtl’s number for the considered conditions was
assumed to be equal to 0.9.

The numerical solution of the system of basic and model equations was
based on an implicit ordinary-volume approach using the COUPED pressure
correction procedure. The calculation area was covered with a non regular
tetrahedral mesh, which was thickened to the walls of the channel. The
minimum size of the mesh step was chosen according to the recommendations
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[6], the maximum number of finite elements, required for the calculation area
sampling was about 4 million. For all system equations the criterion of
accuracy of the solution was 10~

3. The results of study of the flow structure inside the screw-shaped

tube

3.1 Verification of the CFD model was provided using of the CFD-model
of a smooth cylindrical tube with an inner diameter and length (16 mm and
500 mm, respectively), which coincide with the studied models of the screw-
shaped tube. The study was conducted under the boundary conditions, using of
turbulence model and at the same density of finite element mesh, which was
were specified in section 2.

To compare the obtained results of numerical simulation - the heat transfer
intensity and aerodynamic resistance in the turbulent flow regime a calculated
dependences, given in [7, 8], were used:

Nuy;, =0.021 Reﬁf Prl?(’]43 (Pr“q / Prwl)o’25 € 4
Lpw (5)
Ap=E—E2
p=c
where
0,31464 (6)
5= Reg’25 '

The correction for the initial section A;, was chosen according to the

recommendations [7].

According to the estimates being made using of the above dependences, the
calculated data error of heat transfer parameter is 1.2%, and the aerodynamic
resistance — 5.8%. Thus, we can conclude that the developed CFD model can
be used to calculate heat transfer and hydrodynamics of screw-shaped tubes.

Thermal power is determined by means of ANSYS-Fluent (Fig. 2) by
determining the enthalpy of flow at the inlet-outlet of the tube. Based on the
obtained data, dimensionless characteristics of heat transfer intensity and
aerodynamic resistance for different pitch value ¢ of the helical line of the tube
were calculated (Figs. 3, 4).

Analysis of Fig. 3 shows that when the air flow in the studied tubes both
turbulent and transient flow regime was observed, as evidenced by the

characteristic break of the curves at Rey, =(8—12)-103 . In its turn this

confirms the increase in the intensity of heat transfer in turbulent flow. These
results also show that in the case of the use of screw-shaped tubes, the intensity
of heat transfer increases by almost 50% compared to a smooth cylindrical one
of the same length and outer diameter. It can also be stated that among the
studied standard sizes of screw-shaped tubes, the largest heat flux (19 W) can
be dissipated by a tube with a helical line pitch of 8 mm. This tube is also
characterized by a larger heat transfer surface (3%) than all other ones.
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Fig. 3. Analysis of the thermal characteristics of screw-shaped tube (1 - =8 mm,
2 -t=12 mm; 3 - 1= 20 mm, 4 - smooth cylindrical tube)

The increase of heat transfer intensity is inextricably linked with the
increase in aecrodynamic resistance. Thus, for a screw-shaped tube with a pitch
of 8 mm, the increase in heat transfer intensity by 50% is accompanied by an
increase in aerodynamic resistance by 9...10 times. It should be noted that the
screw-shaped tubes of helical line pitch of 20 mm, is able to increase the
intensity of heat transfer by 30% while increasing the aerodynamic resistance
in5...6times.

Eu

0.1 : A :
1000 10000 Reg

Fig. 4. Aerodynamic resistance of screw-shaped tubes: (1 -#=8 mm, 2 - = 12 mm;
3 -¢t=20 mm, 4 - smooth cylindrical tube)

This value of aerodynamic resistance is due to an increase in local
resistances, i.e. more helix turns at a given length. Therefore, the depth of the
protrusions-depressions of 2.5 mm on the helical surface is too large, it would
be desirable to reduce it to 1 ... 1.5 mm, as recommended by the authors [9].

The results of the flow structure analysis in the middle of the screw-shaped
tubes are shown below. The set of velocities distribution, temperatures, vectors
of average and tangential velocity, as well as current lines in the middle of the
studied helical pipes are given. This analysis allowed us to investigate more
fully the picture of hydrodynamic flow in the investigated screw-shaped tubes
and will allow explaining which the processes lead to an increase of heat
transfer.
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When constructing the shape of screw-shaped tubes, the assumption was
applied that the heat transfer intensity will increase due to vortex formation in
the protrusions-depressions of the tube surface. So that the results of numerical
study of the flow structure obtained for a fixed Reynolds number

Re, =3,5-103 which corresponds to the average flow velocity of 4 m/s,

represented in the plane that intersects the generating coil (Fig. 5).

As it shown in Fig. 5, the temperature field is quite homogeneous — there
are no significant areas of low temperature that would occur due to the formed
stagnant zones. The flow current lines are twisted together to create a
geometric shape like a spiral. In the protrusions-depressions of the helical tube,
the interaction of the vortex harness and the non-twisted core of the flow lead
to the creation of a three-dimensional vortex, which rotates counterclockwise
and moves along the axis of the tube. The local flow rates near the wall of the
tube are large, which promote the access of the cold coolant to the heated wall
of the heat exchange surface than to increase the heat transfer characteristics of
the screw-shape tube as a whole.

(b)

Fig. 5 Distribution of temperatures (a) and average velocities (b) in the central cross section of the
screw-shape tube, and vectors of average speed in the corners of the protrusions-depressions of the
tube with a pitch of the helical line £ = 8 mm

The above conclusions about the flow development in the volume of a
screw-shape tube (pitch of the helical line + = 8 mm) are valid for tubes of
helical pitch is 12 and 20 mm (Fig. 6 and 7) also. The differences begin in the
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scale and location of the vortex harness in the protrusions-depressions of the
helical surface of the tube. Thus, in a case of line pitch # = 12 mm, the vortex
formed in the depressions-protrusions is shifted to their top and has a scale
close to the radius of curvature at the top of the protrusion-depression of the
helical surface. The flow enters freely to the space of the depression and comes
into contact with the heated wall. For a screw-shape tube with a pitch of the
helical line £ = 20 mm, the vortex in question is not formed, and the increase in
heat transfer intensity (compared to a cylindrical tube) is associated with the
creation of process, preventing to the development and future closure of
developing boundary layers on the walls of the screw-shape tube. This reduces
the thermal resistance of heat transfer and improves the tube thermal
characteristics as a whole.

The above circumstance, regarding the transformation of the flow structure
due to the increase in the helical line pitch, which forms the shape of the tube,
indicates a decrease in aerodynamic resistance. Indeed, for screw-shape tube
with helix steps of 8, 12 and 20 mm to achieve a speed of 4 m/s it is necessary
to provide a pressure drop of 124, 78 and 54 Pa respectively. Looking ahead, it
must be stated that a smooth cylindrical tube with the same inner diameter has
an aerodynamic resistance of 14 Pa.

The resulting situation is quite ambiguous: on the one hand, screw-shape
tubes are able to dissipate significantly more heat than smooth cylindrical
ones, on the other hand they have high aerodynamic resistance. This result has
a simple explanation - the flow in such pipes of the specified length of 500 mm
is typical for the initial section. According to the known literature data for a
cylindrical tube, the length of the hydrodynamic stabilization section is
determined from the condition L = 50d, where d is the inner diameter of the
tube. In the case of the cylindrical tube studied in this work, we have a
stabilized flow, which explains the value of its aerodynamic resistance.

Summarizing the above, it can be stated that the shape of the screw-shape
tube allows to organize the movement of the coolant along the helical line,
while mixing both the wall layers and the flow core, which generally leads to a
significant increase in heat transfer intensity compared to a smooth cylindrical
tube of the same diameter. Screw-shape tubes are able to dissipate almost
twice the heat flow than a smooth ones, but have aerodynamic resistance in
6... 10 times greater. In this case, the increase in the intensity of heat transfer
is affected only by the possibility of organizing the movement along the helical
line, and the change of pitch does not cause a significant increase in heat
dissipation.

4. Stress-strain state analysis

Using the determined characteristics of heat flow and temperature
distribution the stress-strain state of screw-shape tube under the action of
internal pressure and the temperature load of the flow on their walls was
modeled. The results of calculating of the stress and strain distribution of the
model of a screw-shape tube with a helical line pitch of 12 mm are presented
in Fig. 6. The values of deformation intensity (Total deformation) and stresses
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intensity factor (Equivalent von-Mises stress) were chosen for the analysis. For
all other studied forms of the surface of screw-shape tube (the helical line pitch
of 8 and 20 mm) the level of stresses and strains is almost the same.

591507
0 Min

0000 0,050 0,100 ¢m
0,025 0,075

Fig. 6. Distribution of stresses and strains of the screw-shape tube (# = 12 mm)

0,000 0,100 0,200 (m)

.
0,050 0,150

Fig. 7. Distribution of stresses and strains of a smooth cylindrical tube
(inlet temperature 333.15 K = 60°C)
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Analysis of this results indicates that for a pressure drop of 74 Pa at an
average wall temperature of 48 © C, the largest displacement values of the tube
walls are 5-10° mm. This corresponds to a stress intensity of 1300 Pa. It
should be note that the stress due to the excess internal pressure in a smooth
cylindrical tube (Fig. 7) is 480 Pa.

5. Conclusions

1. Under conditions of ensuring a constant flow rate, the optimal helical
line pitch is 8 mm. In this case, while maintaining other constant parameters,
the screw-shape tube is able to dissipate almost twice much of heat.

2. For the investigated standard sizes of screw-shape tube (helical line pitch
of 8 and 12 mm) growth of heat exchange intensity on 44 ... 50% is followed
by growth of aerodynamic resistance in 9 ... 10 times, and for a pitch value of
20 mm heat exchange intensity increases by 30% at simultaneous increase in
aerodynamic resistance in 5 ... 6 times.

3. Based on numerical simulation data, it is shown that the largest values of
displacements are 5-10° mm. In screw-shape tube, this corresponds to a stress
of 1300 Pa, which is 2.5 times more than for a cylindrical tube.

It should be noted that obtained results are approximate, as they do not take
into account heat transfer from the outer surface and do not reveal all the
possibilities of using a uniformly helical surface as an industrial element of
heat exchangers, but their efficiency compared to cylindrical tubes is obvious.
Study the industrial use of screw-shape tube with a uniform surface needs
additional experiments. In addition, due to the complexity of the helical
surface configuration, the stress state of such tubes is significantly
heterogeneous, and the stress values significantly exceed those that occur
under the same conditions in cylindrical tubes. Therefore, the solution of the
question of safe operation of the proposed tubes with a helical surface requires
numerical analysis of the stress-strained state at different modes of heat load.
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Ha ocHOBe pe3ysibTaTOB HCCIICJOBAHHS MapaMeTPOB TEYCHHUs BO3AYLIHOTO IIOTOKA BHYTPU
JIATYHHOH BUHTOOOpa3sHOW TPyObl TEIUIOOOMEHHOro armmapaTa IPOBEICHO OIpPEJeIeHne HX
ONTUMAJIBHBIX T'€OMETPUYCCKUX XaPAKTCPUCTUK H ﬂaﬂbHeﬁmee MOICIIMPOBAHUEC HAINPSXKCHHO-
nehOPMHUPOBAHHOTO COCTOSHMSA. Bepudukaius pe3ynbTaToB MOJACIMPOBAHUS OCYLIECTBICHA Ha
OCHOBE COIIOCTaBJIEHUS C TECTOBOMH 3anayeil.

KiroueBble cioBa: TerooOMeH, BHHTOOOpasHas TpyOa, paBHOpa3BHTas [OBEPXHOCTD,
BBIHY)XKICHHAs ~ KOHBEKLHs, ympyroe aeopMHpOBaHHE, HampsDKEHHO-AE(OPMUPOBAHHOE
COCTOSIHUE.

YK 539.3

Iuckynos  C.O., Tpybaues C.I, bapaniox O.B. JloCHailKeHHs] HANPYKEHOr0 CTaHy
TBHHTONOAIOHUX TPY6 Temaoo0MiHHMX amapariB / Omnip MaTepiaiiB i Teopis CIOPYI: HayK.-
Tex. 30ipH. — Kuis: KHYBA, 2020. — Bumn. 105. — C. 13-23.—Engl.

Ha ocnoei pezynbmamie amanizy napamempie meuyii nogimpsHo20 NOMOKY 6U3HAYEHO
ONMUMATBHI 2e0MeMPUYHI XAPAKMEPUCMUKY 26UHMONOOIOHUX MPY6 ma nodansule MOOeno8anHs
ix Hanpyaceno-oepopmosano2o cmany.

Tabun. 0. L. 7. Bi6miorp. 9 Hass.
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Pyskunov S., Trubachev S., Baranyuk O.

Investigation of a stress-strained state of a screw-shape tubes of heat exchangers // Strength of
Materials and Theory of Structures: Scientific-and-technical collected articles. — K.: KNUBA,
2020. — Issue 105. — P. 13-23.

Based on the results of the analysis of the parameters of the air flow, the optimal geometric
characteristics of the helical pipes and further modeling of their stress-strain state are
determined..

Table 0. Fig. 7. Ref. 9
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Tucxynos C.O., Tpybaues C.H., bapaniox A.B..

HccienoBanne  HANpsikeHO-1e(OPMHPOBAHHOIO  COCTOSIHMSI ~ BHHTONOJOOHBIX  TPYo
Tem1000MeHHbIX anmapaToB // Omip MarepianiB i Teopist copyx: Hayk.-Tex. 30ipH. — Kuis:
KHVYEA, 2020. — Bumn. 105. — C. 13-23.—Engl.

Ha ocHOBe pe3yJbTaToOB aHAIM3a MapaMeTpPOB TEYCHHS BO3AYLIHOIO ITOTOKA ONPENE/ICHBI
ONTUMAJIBHBIC TCOMETPHUCCKHUE XapAKTCPUCTUKH BHUHTOBBIX pr6 154 ):laaneﬁmee MOZJECJIMPOBAHUEC
UX HaNpsHKCHHO-1e()OPMHUPOBAHHOT O COCTOSIHHSL.

Tabun. 0. Puc. 7. bubaunorp. 9 Ha3B.
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In [4,5,6], the solving 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. This paper presents the results of the effectiveness of
the semi-analytical finite element method for the consideration of curvilinear prismatic objects in
elastic and elastic-plastic formulation in comparison with the classical finite element method.

Keywords: finite element method, semi-analytical finite element method, block iteration
method, linear and nonlinear equations, elastic and elastic-plastic deformation, Michlin
polynomials, curvilinear prismatic bodies.

Introduction. The choice of the optimal in terms of machine time and speed
of convergence of the iterative process algorithm for solving systems of linear
and nonlinear equations by semi-analytical finite element method [1, 2, 3] is an
important factor influencing the efficiency of the method as a whole. Numerous
studies have shown that the use of the block iteration method to solve systems of
equations of the semi-analytical finite element method for prismatic bodies with
variable parameters has a number of important advantages over the solution of
systems of the traditional version of the finite element method.

The organization of the computational process and its software
implementation takes into account the basic requirements for software for
calculating strength on modern software packages. The modular structure of the
developed system of programs provides its non-closedness concerning new
classes of tasks.

The purpose of this work is to show the effectiveness of the finite element
method semianalitic consideration curvilinear prismatic objects in elastic and
elastic-plastic formulation compared to the classical method of finite elements.

© Bazhenov V.A., Shkril” A.A.,Maksimyuk Yu.V., Martyniuk I.Yu., Maksimyuk O.V.
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Effectiveness of SAFEM application to the consideration of curvilinear
prismatic objects in elastic and elastic-plastic formulation.

A rational choice of the system of coordinate functions q)l significantly

affects on the main criteria for the effectiveness of the semi-analytical method,
such as the convergence of the iterative process of solving systems of
equations and the accuracy of the solutions depending on the number of
retained members of the schedule.

The easiest way to model various variants of fastenings is allowed by
systems of basic functions that take zero values at the butt-end and are
supplemented by Lagrange polynomials of zero and first order. It is proposed
to use Michlin polynomials as such a system. There are other types of
expansions that provide for the equation to zero displacements at the butt-end
of the body, such as decomposition in a series along the sines.
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Fig. 1. Calculation of a prismatic beam considered in a flat statement

Let us compare these functions on the example of a prismatic beam rigidly
fixed at the ends, which is considered in a flat formulation (Fig. 1), the
reference solution of which is obtained by the finite element method. In

solving of SAFEM task for both q)l the 5 members of the row were abstain.

The calculations take the unit values of the modulus of elasticity of the
material and the intensity of the uniformly distributed surface of the load body.

Analysis of stress distribution 6> along Z*', obtained on the basis of both
systems of coordinate functions showed, that Michlin polynomials provide a
more accurate approximation of the parameters of the stress-strain state along
the entire length of the body.

A comparison of the rate of convergence of the iterative process also
shows, that using of Michlin polynomials is more acceptable than sinuses, as
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to obtain solutions with the same accuracy in the first case required 4
iterations, in the second - 5.

Evaluation of the effectiveness of SAFEM when calculating objects with
variables Z° physical and geometric parameters will be carried out by
comparison with the traditional version of FEM.

The various modifications of the Gauss method are most widely used to
solve systems of equations of the finite element method. At a constant width of
the tape matrix of the system allowing the equations, the estimation of the
volume of the required calculations can be conducted by comparing the
required number of arithmetic operations to solve systems of linear equations
of FEM and SAFEM.

The models with a regular structure of the grid area are considered.
Assuming that in all coordinates the dimensions of the grid area are the same
and equal to 5, determine that the row width of FEM matrix tape is equal to

N™ = (n* +n+2)-3and SAFEM - N,*™ = (n+2)-3, the total number

of unknowns for both methods is equal to n° .

For a system M of equations with a tape width of the matrix N performing
a direct course of the Gauss method requires M-N-(N-1) multiplication and
M-N addition. When performing reverse required M-N multiplication and M'N
subtraction. It is assumed that the operations of addition and subtraction take
the same amount of time. Since the ratio of the width of the row of the matrix

of FEM and SAFEM:

N;‘EM

SAFEM =1 M

P
to perform the direct course of the Gauss method requires n° more
multiplication and addition operations than for the SAFEM matrix, and to
reverse n times more multiplications and additions. Using the method of block
iterations the convergence of the solution of the systems of linear equations of
SAFEM is achieved, on average, by n iterations (at ® close to ®op).
Considering, that the time of formation of the right part with equal parameters
of the grid area the same for SAFEM and FEM, then numerical solution of the
system of equations SAFEM using the algorithm investigated, requires 2
operations less than the solution of FEM equations by the Gauss method.

The efficiency of solving systems of equations by the method of block
iterations is determined by several factors, such as convergence of the iterative
process, determination of the optimal value of the relaxation parameter o, at
the minimum computational costs and the effect of increasing the number of
unknowns on the convergence rate.

A quantitative research is carried out on an example of elastic and elastic-
plastic deformation of an infinite strip with a rectangular cutout considered in
the conditions of plane deformation (Fig. 2). At the butt-end of the boundary
conditions are adopted, appropriate reliance on absolutely rigid in the cross-
sectional plane and the flexible diaphragm from it:
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Fig. 2. Elastic and elastic-plastic deformation of an infinite strip with a rectangular cutout

On the upper surface of the body is applied uniformly distributed load
intensity of which gradually increases from 0,37, (elastic task) till 0,5t The
modulus of elasticity of the material is taken equal to 1, the Poisson's ratio 0,3.

A necessary condition for the correctness of the results of SAFEM and
FEM ratio is the same number of unknowns and the number of blocks in the
matrices of systems of permitting equations. The calculations took the number
of nodes of the grid region in the direction Z° at a finite element approximation
equal to 9, respectively, kept the first 9 members of the decomposition. Along
Z" in both cases 13 nodes of the grid area were used.

The results of the study of the convergence rate of the block iterations
method on the elastic deformation task at different values of the parameter ©
for FEM and SAFEM are presented in Fig. 2. The allowable inaccuracy in
calculating the maximum relative displacements was calculated as a
percentage of the reference result obtained by the FEM using 289 grid nodes.
The optimal values of the relaxation parameter were determined in accordance
for FEM - 0,,=1,9, for SAFEM - ©,,=1,6.

Analysis of the curves shows that the rate of convergence of the iterative
process in solving systems of linear equations of SAFEM s 5 times higher than
for FEM.

Determine o, is a time-consuming process and to carry it out rationally on
the basis of a more liquid finite element grid, so as not to repeatedly solve the
problem with a large number of finite elements. In this regard, studies of the
change in the rate of convergence of the iterative process with increasing
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number of blocks in the matrix at a fixed value of ® on the example of elastic
deformation of the strip with a cutout.
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Fig 3. Permissible inaccuracy in determining the maximum displacements
from the number of iterations

At optimal values of ®, the convergence of the block iteration method was
studied for the given grid area with an increase of 1,5 times respectively the
number of finite elements along Z° or retained basis functions. The results are
shown in Fig. 3 in the form of graphs that show the permissible inaccuracy in
determining the maximum displacements from the number of iterations. The
number 1 indicates the graphs obtained for the reference grid area, 2 - for the
specified. The figure shows that the increase in the number of blocks in a
matrix SAFEM does not affect the rate of convergence of the iterative process.
The figure shows that the increase in the number of blocks in a matrix SAFEM
does not affect the rate of convergence of the iterative process, while for
FEM matrix it leads to a significant (2,2 times) increase in the number of
iterations.

The curves characterizing the dependence of the number of iterations on the
value of the relaxation parameter for the elastic-plastic calculation are shown in
Fig. 4. Analysis of the data indicates a significant advantage of SAFEM for a
class of the tasks considered. Thus, at the maximum level of development of
plastic deformations, the iterative process for SAFEM converges 5 times faster
than for FEM. However, the actual reduction in the amount of calculations is
much greater due to a significant reduction in additional research to determine
the optimal value of the relaxation parameter ®,.

Analysis of the nature of the graphs for the finite element method shows
that the relaxation parameter should be chosen from the narrow neighborhood
®,p, because failure the condition w=wm,, leads to a significant deterioration in
the convergence of the computational process. With increasing level of plastic
deformation there is a shift of the optimal value of @ in the direction of
increase, but the convergence of the iterative process in solving the problem of
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plasticity by semi-analytical method at w,,=1,70 - determined at the last step
load is only 5% better than at w,,=1,6, found in the first step of the load, while

for FEM the use of the value of w,,=1,9, the optimal at srax =0% gives an

increase in the number of iterations by 40% compared to ®,,=1,95, determined
in the last step of the load.
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Fig. 4. The dependence of the number of iterations on the value of the relaxation parameter
for the elastic-plastic calculation

Consequently, solving the FEM problem requires more time-consuming
preliminary studies at maximum levels of plastic deformation to determine the
optimal value of the relaxation parameter which is not required when using the
semi-analytical variant, because ®,,, which was found in the first load step,
provides good convergence and next steps.

Conclusion. On this basis, it is advisable to determine the optimal value of
the relaxation parameter for the semi-analytical method on a liquid grid and in
the elastic stress region, because the same value is optimal on dense grids, and
the shift in plasticity problems does not lead to a significant reduction in
computational volume with the required costs at the relaxation parameter
optimal for the elastic problem. Using the finite element method to search for
®,p, it is necessary to repeatedly solve a physically nonlinear problem without
reducing the size of the grid area, which requires significant quantitative
research.

Using block of iterations to solving systems of nonlinear equations
SAFEM about an order of magnitude performance dominates the traditional
finite element method.
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bascenos B.A., [Llxpune A.A., Makcumiok FO.B., Mapmuniok 1.FO., Makcumiox O.B.
HAMIBAHAJTITAYHOI'O METOJ CKIHYEHHUX EJJEMEHTIB ¥V ITPYKHIM I
MPYKHOIIJTACTUYHBIA MOCTAHOBIII 151 KPUBOJIHIMHUX
NPU3MATUYHUX OB'EKTIB

B crarti HaBeneHi pe3ynbTaTH e(EKTHBHOCTI 3aCTOCYBaHHS HAMiBAaHAITHYHOIO METOIY
CKIHYEHHX €JEMCHTIB 10 pO3MSAY KPUBONIHIHHMX HPH3MATHYHUX OO0 €KTIB y NpPYXKHIiH Ta
HPY)KHO-TUIACTHYHIH ITOCTAHOBLI B IOPIBHSHHI 3 KIIACHYHUM METOAOM CKIHYCHHX SJIEMEHTIB.

KurrouoBi cioBa: Meron ckinueHHux enementiB (MCE), HamiBaHaIiTHYHOTO METOJ KiHI[EBHX
enemenTiB (IIMKEY), meton 6sioxoBux itepauiit (MBI), niniitHi 1 HeniHIHI PiBHAHHS, IPYKHE 1
HPYXKHO-TUIACTHYHE AeOpMyBaHHsI, TOJiIHOMH MUXJINHA, KPHBOJIIHIHHI IpHU3MaTHYHI Tisa.

Bazhenov V. A., Shkril’ A.A.,Maksimyuk Yu.V., Martyniuk I.Yu., Maksimyuk O.V.
SEMI-ANALYTICAL METHOD OF FINISHED ELEMENTS IN ELASTIC AND
ELASTIC-PLASTIC POSITION FOR CURVILINE PRISMATIC OBJECTS

In [4, 5, 6] 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 is realized. This paper presents the results of the effectiveness of the semi-analytical finite
element method for the consideration of curvilinear prismatic objects in elastic and elastic-plastic
formulation.

The choice of the optimal in terms of machine time and speed of convergence of the iterative
process algorithm for solving systems of linear and nonlinear equations by the semivanalytic finite
element method [1, 2, 3] is an important factor influencing the efficiency of the method as a
whole. Numerous studies have shown that using the block iteration method to solve systems of
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equations of the semivanalytic finite element method for prismatic bodies with variable parameters
has a number of important advantages over solving systems of the traditional variant of the finite
element method.

The organization of the computational process and its software implementation takes into
account the basic requirements for software for calculating strength on modern software packages.
The modular structure of the developed system of programs provides its non-closedness
concerning new classes of tasks.

The use of the block iteration method to solve systems of nonlinear equations of SAFEM is
approximately an order of magnitude superior to the traditional finite element method.

Keywords: finite element method, semi-analytical finite element method, block iteration
method, linear and nonlinear equations, elastic and elastic-plastic deformation, Michlin
polynomials, curvilinear prismatic bodies.

baoicenos B.A., Lxpvinw A.A., Makcumiox FO.B., Mapmuniox U.FO., Makcumiok O.B.
MOJYAHAJIMTHYECKHAA METOJ KOHEYHBIX QJIEMEHTOB B YIIPYTOM U
VIIPYTOIUTACTUYECKOM MOCTAHOBKE JIJISI KPUBOJIMHEMHBIX
MNPUBMATUYECKHUX OBBEKTOB

B pmanmHoii  pabore  mpuBeneHbl  pe3yabTaTthl  9(P(EKTHBHOCTH IPUMEHEHUS
[OJyaHAJIUTUYECKOrO METOAa KOHEUYHBIX JJIEMEHTOB K PACCMOTPCHHIO KPHBOJMHEHHBIX
HPU3MATHYCCKUX OOBEKTOB B YNPYrod M YNpPYyro-INIACTUYECKOI IOCTAaHOBKE IO CPAaBHEHHIO C
KJIACCHYECKHUM METOJ0OM KOHCUYHBIX 3JICMCHTOB.

KaroueBble ci10Ba: MeTOJ KOHEUHbIX 3jieMeHTOB (MKD), mosyaHalMTHYECKOro MeETox
KoHeuHbIX 3neMeHToB (IIMKD), meron Gmounbix urepauuii (MBU), nuHelHble U HelTHHEHHBIC
ypaBHEHHs, YIpPyroe MW yIPYro-miactudeckoe AeOpMHUpOBaHUE, IOJMHOMBI MHUXIIMHA,
KPUBOJIMHEHHbIE IIPU3MAaTHYECKHUE TENIA.

YK 539.375

baoxcenos B.A., Uxkpuns O.0., Makcum’ox FO.B., Mapmuniok LFO., Makcum’ox O.B.
HaniBananiTuyHuii MeToJ CcKiHYeHMX eJieMeHTIB y NpYXHii Ta mNpysKHO-IMIACTUYHIM
MOCTAHOBUI /IJIsi KPUBOJIIHIIHMX NPU3MATHYHUX 00’ ekTiB // Omip mMartepiaiiB i Teopist Criopy:
HayK.-TeX. 30ipH. — Kuis: KHYBA, 2020. — Bun. 105. — C. 24-32.

B cmammi nasedeni pe3ytomamu eghekmueHOCmi 3aCmocy8ants HanianaiimuiHo20 Memooy
CKIHYeHUX eneMeHmié 00 po32isidy KPUBOMIHIUHUX NPUSMAMUYHUX 00 '€Kmie y npydcHiti ma
NPYACHO-NAACMUYHIT NOCMAHOBYT 8 NOPIGHANHI 3 KIACUYHUM MEMOOOM CKIHUEHUX eleMeHmI8.
Tabu. 0. L. 4. Bibmiorp. 6 Ha3B.
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Bazhenov V.A., Shkril’ A.A.,Maksimyuk Yu.V., Martyniuk 1.Yu., Maksimyuk O.V. Semi-analytical
method of finished elements in elastic and elastic-plastic position for curviline prismatic
objects // Strength of Materials and Theory of Structures: Scientific-&-Technical collected articles
— Kyiv: KNUBA, 2020. — Issue 105. — P. 24-32.

This paper presents the results of the effectiveness of the semi-analytical finite element method
for the consideration of curvilinear prismatic objects in elastic and elastic-plastic formulation in
comparison with the classical finite element method.

Tabl. 0. Fig. 4. Ref. 6.
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ESTABLISHING THE CORRELATION OF THE VERTICAL AND
HORIZONTAL PASSIVE FAILURE PRESSURE IN FRONT OF
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The paper aims to investigate the relationship between factors which have the impacts on the
tunnel and the ground and establish formulas to calculate the correlation of the passive failure
pressure in front of tunnel face in the vertical and horizontal directions by using the Finite Element
Method (FEM).

Keywords: TBM tunnel, FEM, passive failure pressure, tunnel face, sand.

1. Introduction

The Finite Element Method (FEM) was formed from the 40s of the
twentieth century and is widely used up to now to find solutions to the problem
of elasticity, elasticity - plasticity, ductility - plasticity. Its advantage is taking
into account the discontinuity and heterogeneity of stratigraphic structures,
which can solve complex boundary problems and calculate the values of
stresses - their deformation and distribution. Thanks to these distribution rules,
it helps analyze the mechanism of underground construction.

At the beginning of development, numerical analysis was known as a
design tool, which was strongly criticized. However, the development of
information technology has made a revolution in the field of underground
construction. Tunnel construction are calculated with full numerical analysis.

Currently, numerical analysis methods have been simplified and tunnel
design is mainly based on experience, intuition and solutions. The
underdevelopment of information technology makes the great amount of data
be difficult to input and analyze. The difficulty now is solved by powerful
computers, user-friendly interface. It also saves time to analyze data from
weekly to daily or even hours.

The convenience of numerical analysis methods has been proven. Both the
behavior of the materials and boundary conditions have been included in the
calculations, and the study of parameters to improve the design of tunnel
construction can be done more easily.

2. Literature review

In order to avoid ground loss which can trigger collapse of tunnel face due
to instability of surrounding soil, EPB-TBM machine is designed with a closed

© Nguyen Anh Tuan, Tran Van Dung
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boring chamber creating an effective surface stabilization, this makes pressure
balance of soils between inside and outside boring machine. Working principle
of EPB-TBM is that the excavated soils will be mixed with water, clayey
slurry or additives such as foam or polymer. This mixture will form a layer
pasting on the boring chamber and creates a balancing pressure versus
overburden pressure of ground, and this mixture shall be removed out through
conveyors upon completion of construction.

This face pressure shall be kept stably during tunneling process. It is,
however that, due to the overburden and water pressures increase from the top
to bottom of the tunnel face so the supporting pressure at the bottom must be
higher to ensure the balancing condition.

Backfill injection points
pressiite gange

Soil and groundwater = Bulk chamber counter-pressure
face pressibe

7
/!

Soil pressure gauges Scale Kunown volume muck cars count

Fig. 1. Schematic representation of the tunnel face pressure control [11]

Broms & Bennermark (1967) evaluated tunnel face stability by using the

ratio N which is defined as: [4]
D
v =% =Or _ Gs—Or +Y(C+§)‘ O

Lo 4%y S S

Where o, is the overburden pressure. And
os, o7, C, D are defined as Fig. 2.
c In the undrained case, all parameters in
Equation (1) shall be assumed to be constant,
S excepting for face pressure 7. Hence, N value

depends on o7 If this supporting pressure reach

D ultimate value oy, then tunnel face is completely
l stable which corresponds to value of N = 0.
Davis et. al. (1980) has found four upper
Fig. 2. Cross section of shield bound failure modes which are dependent on

tunnelling [7] tunnel structure as indicated in Fig. 3. [7]
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Fig.3. Upper bound failure mechanism [7]

Failure modes (1) and (2) are simple mechanisms, “tunnel roof” and “roof
effect and two sides”. Mode (3) is a particular case, covering both (1) and
(2). Type (4) is a mechanism with 03 variable angles, saying “tunnel roof side

and bottom”.

And lower bound and upper
bound stability coefficients with
respect to circular tunnel in plane
strain condition shall be determined
following Fig. 4.

In case of layered soils or soil
properties changing over depth,
stability coefficient is followed
underneath formula:

_Os=0rty(CHD) o,
Cuo[1+P(C+(D/2)]

If assuming stress closed to
tunnel crown to be larger than
calculated wvalue, then stability
coefficient will be:

y(C+(D/2))

2r il ———= = Lower bound
Upper bound

" s 4
1 2 3 4 5

Fig. 4. Upper and lower bound limitation [20]

€)

Nground = Cao [1+p(C+(D/2))] .
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According to Davis et al. (1984),
with C/D = 1.5, lower bound and
upper bound limits of N vary from
2.9 to 3.4, while Ngoung = 1.67.

These authors also proposed a
upper bound failure mechanism of
ground in front of tunnel face based
on angles as 6, 6 and 6;.

= Where:
Fig. 5. Upper bound failure mechanism by tan 91 = tan 92 =2NC/D+1/4, (4)
Davis and partners (1980) [7] 0 = /2. %)
Table 1
Summary of tunnel face supporting pressure [9]
Tunnel
diameter, Soil type Applicable supporting pressure
m
Earth Pressure Balance (EPB)
7.45 Soft mud Earth pressure
8.21 Sand, cohesive soil Earth pressure + water pressure + 20kPa
554 Fine sand Efg;}slu?;essure + water pressure + surplus
4.93 Sand, cohesive soil Earth pressure + 30 to 50 kPa
2.48 Gravel, bed rock, cohesive soil Earth pressure + water pressure
7.78 Gravel, Cohesive soil, soft soil/mud Passive earth pressure + water pressure
7.35 Soft soil/mud Earth pressure +10kPa
5.86 Soft cohesive soil Earth pressure +20kPa
Slurry Pressure Balance
6.63 Gravel Water pressure + 10 to 20kPa
7.04 Cobhesive soil Earth pressure
6.84 Soft cohesive soil, sandy diluvium soil E;?)Sli\l;z carth pressure + water pressure
7.45 Sandy soil, cohesive soil, gravel Water pressure +30kPa
10.00 Sandy soil, cohesive soil, gravel Water pressure +40 to 80kPa
745 Sandy soil I:stlsll:srz;);l;srtesoil + water pressure +
10.58 Sandy soil, cohesive soil E;?)Sli\l;z carth pressure + water pressure
7.25 Sand, gravel, soft soil Water pressure + 30kPa

Kanayasu (1995) [9] has summarized many tunneling projects using
various methods of creating different supporting pressure of tunnel face. When
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EPB shield is used, supporting pressure of tunnel face will depend on
geological condition, water pressure and surplus pressure. Mortar EPB shield
will be controlled by water pressure to act on active earth pressure and excess
pressure. This additional pressure is to prevent unfavorable change of pressure
during tunneling works. From Table 1, it can be seen that this additional
pressure will be 20 kPa.

Mair (1981) [12] has presented and defined Load Factor (LF) as a ratio of
stability coefficient in working condition (service state) over failure state. This
factor essentially correlates to stability coefficient against failure:
(0y0—0})

(010=0%)

In which o;, is value of o; at failure moment.

Using this coefficient LF is convenient to define safety level of tunnel face
[18].

Pavlos Vardoulakis et al. (2009) [24] also implemented scaled-down
models to investigate failure mechanism of front soil mass. There were 9
experiments with respect to C/D ratios of 0.5; 1 and 2 in dry sand. These
experiments models a half of circular-shaped tunnel which is originally 7 m
diameter. During experiment process, piston moves backward with constant
speed and failure mechanism of ground in front of tunnel face is illustrated in
Fig. 6. All failure modes have cylindrical-shaped and runs up to ground
surface.

LF= (6)

Fig. 6. Test result of C/D =2 [24]

Chambon and Corte (1994) [6] studied failure mechanism and failure
active pressure for tunnels embedded at various depth ratio C/D ranging from
0.5 - 4.0 by centrifuge tests. Tested dry unit weight of sand was 15.3-
16.1 kN/m3, equivalent to void ratios of 0.65-0.92. Prototype diameter of
tunnel corresponding to 5m, 10m and 13m were modeled by changing
spinning speed of centrifuge machine. Fig. 7. shows the active failure
mechanism of tunnels with C/D ratios of 0.5; 1.0 and 2.0. With respect to C/D
of 0.5, failure mechanism climbs up to ground surface. Fig. 8. shows failure
mechanism of 13m-diameter tunnel with C/D of 4.0. The observed internal
collapse actually caused ground subsidence. It was found that tunnel diameter
has a close relationship with failure pressure.
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L=01D L L=04D

Fig. 8. Failure mechanisms of tunnel face with D=13m at
C/D =4.0, various length of tunnel face [6]

Fig. 7. Failure mechanisms of
tunnel C/D =0.5; 1.0 and 2.0 [6]

However, surveys on soil around the tunnel are limited. Their
disadvantages are not to focus on the soil failure pressure in front of the tunnel
face and provide the relationship between factors which have the impacts on
the tunnel and the ground. Therefore, the paper helps establish formulas to
calculate the correlation of the passive failure pressure in front of tunnel face
in the vertical and horizontal directions.

2. Numerical simulation

2.1. Material parameters

Soil parameters for sand and clay and TBM is shown as Table 2.

Table 2
Geological parameters

Soil parameters Sand Clay
Saturated unit weight, ysa (KN/m’) 20.3 21.1
Unsaturated unit weight, Yunea (KN/m®) 19.5 20
Cohesion intercept, ¢’(kPa) 1.0 300
Angle of friction, ¢’ (degree) 30° 1
Angle of dilation, y (degree) 0 0
Young modulus, Eso (MPa) 27 100
Unloading and reloading modulus, E,, MPa) 81 300
Oedometer modulus, Eeoq (MPa) 27 100
Poisson’s ratio, v 0.3 0.3
m 0.5 1.0
Ry 0.9

2.2. Analysis

The tunnel with the 5m diameter is stimulated for cases with C/D ratio of
1.5; 2.0; 2.5; 3.3 and 4.0 respectively by using PLAXIS 3D TUNNEL
software.
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Due to symmetry, only a half of the tunnel
was stimulated in this model. The model
extended 20m in the z-direction, with the
width and depth of 30m and 50.5m
respectively. This model is large enough to
allow any collapse mechanism to evolve and
avoid significantly influence on the boundary
of the model.

The interaction between the TBM and soil
is defined by the boundary. During
excavation, the tunnel pressure is put in the z-
direction.

2.3. Establishing the correlation of passive
failure pressure between vertical and
horizontal stress in front of the tunnel face

The calculated figures are shown in Table 2.

Fig. 9. Finite element mesh
adopted for three-dimensional
numerical modelling

Table 2
0../0,, 1atio
C/D=1.5 C/D=2 C/D=2.5 C/D=3.3 C/D=4
Gy [ Gy [ Gy [ Gy [ Gy G
14.7 11.0 45.5 33.1 51.8 37.1 33.4 22.6 30.7 19.1
71.0 49.0 34.6 22.8 31.4 20.9 66.1 43.7 69.5 41.5
60.2 41.5 92.4 62.2 99.0 67.5 98.3 654 | 1173 71.0
65.3 44.4 94.8 63.0 | 120.8 82.5 | 1534 | 1024 | 213.6 | 129.5
153.3 105.6 | 1582 | 1079 | 169.2 | 117.1 | 2083 | 1423 | 296.7 | 175.7
152.6 108.5 | 1854 | 1283 | 218.6 | 150.0 | 278.1 | 183.0 | 3382 | 198.6
0/ Oy 0:/Oyy 0:/Oyy 0/ Oy 0/ Oy
0.749006 0.728074 0.717220 0.675334 0.622753
0.690680 0.660592 0.664892 0.661056 0.597708
0.688416 0.672616 0.681638 0.665371 0.605556
0.679980 0.664796 0.683047 0.667535 0.606562
0.689154 0.682144 0.692097 0.683163 0.592043
0.711103 0.691804 0.686197 0.658096 0.587409

Let K be a variable depending on the depth of tunnel C and diameter of
tunnel D, the relationship of stresses in two directions is shown through K as
follows:

or=K.c,. (7N

To determine the relationship between K and C/D, K, K>, K3, K4, Ks and K
is seen as the sections at 8.38406 m, 9.97974 m, 11.38978m 13.64642m,
15.64052 m, 18.83188 m respectively in front of the tunnel face in Z axis.

Based on the data in Table 3, the charts between the parameters are shown
in Fig. (10-15).
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Table 3
Coefficients K], Kz, K3, K4, K5 and K6
C/D K] Kz Kz K4 KS K6
4 0.622753 0.597708 0.605556 0.606562 0.592043 0.587409
33 0.675334 0.661056 0.665371 0.667535 0.683163 0.658096
2.5 0.71722 0.664892 0.681638 0.683047 0.692097 0.686197
2 0.728074 0.660592 0.672616 0.664796 0.682144 0.691804
1.5 0.749006 0.69068 0.688416 0.67998 0.689154 0.711103
K1
0.8
0.75 ©
it K1 =-0.0492C/D + 0.8294 * q
0.65
06 ¥
0.55
0.5
0 0.5 1 15 2 25 3 35 4 45
c/D
© K1 ——Linear (K1)
Fig. 10. Relationship chart between K; and C/D
K2
0.75
0.7
0.65
K2 =-0.0298C/D +0.7343
0.6
0.55
0.5
0 0.5 1 15 2 25 3 35 4 45
c/D
o K2 Linear (K2)
Fig. 11. Relationship chart between K, and C/D
K3
0.75
0.7
K3 =-0.0285C/D +0.7385
0.65
0.6
0.55
0.5
0 05 1 15 2 25 3 35 4 45
C/D
K3 Linear (K3)

Fig. 12. Relationship chart between K3 and C/D
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K4
0.7
K4 =-0.0241C/D+ 0.7246
0.65
0.6
0.55
0.5
0 0.5 i 1.5 2 25 3 35 4 45
c/ib
K4 Linear (K4)
Fig. 13. Relationship chart between K4 and C/D
K5
0.75
0.7 ° © %
K5 =-0.0324C/D +0.7538
0.65
0.6 ®
0.55
0.5
0 0.5 1 15 2 25 3 35 4 45
cD
© K5 ——Linear (K5)
Fig. 14. Relationship chart between Ks and C/D
K6
0.75
07 o e -
K6 =-0.0456C/D + 0.7882 $
065 °
06 3
°
0.55
0.5
0 0.5 1 15 2 25 3 35 4 45
c/D
© K6 —— Linear (K6)

Fig.15. Relationship chart between Ks and C/D

Let the general formula K be:
C
K:AI'B+A2' (8)
K will change with each cross-sectional area in front of the tunnel face with
the coefficients 4 and B in the graphs in Fig. 10 to Fig. 15, we sum them up
into Table 4.
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Table 4
Coefficients 4, A, and K;-K;
Coefficient Ay As Z,m
K, -0.0492 0.8294 8.38406
K, -0.0298 0.7343 9.97974
K; -0.0285 0.7385 11.38978
K, -0.0241 0.7246 13.64642
Ks -0.0324 0.7538 15.64052
K -0.0456 0.7882 18.83188

Based on the data in Table 4, we use the chart to show the relationship
between the coefficient 4;, 4, and the sections in front of the tunnel face. The
charts are shown in Fig. 16 and Fig. 17.

A1 Poly. (A1)

-0.01

002 A1=-0.0008x2 +0.0214x - 0.1697

-0.03
-0.04
-0.05

-0.06
X(mm)

Fig. 16. Chart of 4, along the vertical axis

o A2 Poly. (A2)
0.84
082 ® A2 =0.0029x2 - 0.0795x + 1.2719
08
078
076
074 ..
072
07

X(mm)
Fig. 17. Chart of 4, along the vertical axis
The relationship beween K and C/D:
K =(~0.0008x>+0.0214x—0.1 697)%-#—0.0029x2 —-0.0795x+1.2719.  (9)

After changing the numbers, we have a table of K coefficient
corresponding to the different depths of tunnels as in Table 5.
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Table 5
Coefficients K1'5, Kz, K2'5, K3'3 and K4
Z,m Kis K> K»s K K4

8.38406 0.739443 0.716185 0.692928 0.655716 0.623155
9.97974 0.713622 0.695717 0.677812 0.649165 0.624098
11.38978 0.69801 0.68314 0.66827 0.644478 0.62366
13.64642 0.687092 0.673769 0.660445 0.639128 0.620476
15.64052 0.691853 0.676507 0.66116 0.636605 0.615119
18.83188 0.727606 0.702402 0.677197 0.636869 0.601583

The formula shows the relationship of stress in vertical and horizontal
directions:

O'Z=[(—0.0008x2+0.0214x—0.1697)%+0.OO29x2—O.O795x+1.2719]0'y. (10)

Table 6

Values o, in FEM

2

om O'y kN/m

C/D=1.5 C/D=2 C/D=2.5 C/D=3.3 C/D=4

8.38406 14.70697 45.48453 51.75698 33.42773 30.72395
9.97974 70.99307 34.55252 31.36562 66.1367 69.47639
11.38978 60.24304 92.43649 99.00351 98.25886 117.2908
13.64642 65.28522 94.81899 120.7609 153.3606 213.5641
15.64052 153.2471 158.2327 169.1545 208.3287 296.7107
18.83188 152.6218 185.3962 218.5622 278.1142 338.1551

Based on Table 6 and combined with Equation (10), we find o, as Table 7.

Table 7
Stress in horizontal direction o, calculated by Equation (10)
2
om O'y kN/m
C/D=1.5 C/D=2 C/D=2.5 C/D=3.3 C/D=4

8.38406 10.87496 32.57535 35.86385 21.91909 19.14578
9.97974 50.66223 24.03879 21.26 42.93361 43.36007
11.38978 42.05027 63.14709 66.16108 63.32565 73.14954
13.64642 44.85694 63.88606 79.75595 98.01708 132.5113
15.64052 106.0245 107.0455 111.8382 132.6231 182.5125
18.83188 111.0486 130.2226 148.0096 177.1224 203.4282

After having results from Equation (10), we compare the figures with the

results from FEM. The comparison are shown in Fig. 18 to Fig. 22.
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Fig. 18. Deviation o by FEM and Equation (10) at C/D=1.5
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Fig. 19. Deviation o, by FEM and Equation (10) at C/D=2.0
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Fig. 22. Deviation o by FEM and Equation (10) at C/D=4.0
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It can be seen that the calculated results of stress in vertical and horizontal
direction in front of tunnel face from Formula (10) and results from FEM are
approximately the same. Thus, under similar geological conditions, we can use
the proposed formula by the author to calculate the passive failure pressures in
front of the tunnel face.

3. Conclusion

From the results of the calculation, the following conclusions can be
drawn:

- It is important to determine the tunnel pressure during the construction
process, the greater the depth of tunnel is, the greater the stress in front of
tunnel face is. Therefore, it is necessary to calculate the minimum amount of
bentonite to avoid the instability of tunnel face.

- For the small errors, it can refer to the given formula to determine the
stress in front of tunnel face in the vertical and horizontal directions. However,
it is also necessary to refer to results from other methods to obtain the most
accurate data because this study only consider a certain geological form, which
can result in some mistakes. In addition, the paper has not mentioned changes
in groundwater level, rainfall and the existing load on the ground.

REFERENCES

1. Anagnostou, G., & Kovari, K. (1994), The face stability of slurry-shield-driven
tunnels. Tunnelling and Underground Space Technology incorporating Trenchless, 9(2), 165-
174.

2. Anagnostou, G., & Kovari, K. (1996), Face Stability Conditions with Earth-PressureBalanced
Shields. Tunnelling and Underground Space Technology, 11(2), 165-173.

3. Atkinson, J. H., Brown, E. T. and Potts, D. M. (1975), Collapse of shallow unlined tunnels in
dense sand. Tunnels and Tunnelling, Vol. 3, pp. 81-87.

4. Broms, B. B. and Bennermark, H. (1967), Stability of clay at vertical openings. ASCE Journal
of Soil Mechanics and Foundation Engineering Division SM1, Vol. 93, pp. 71-94.

5. Brinkgreve R. B. J. and Vermeer P. A. (2001), PLAXIS Finite Element Code for Soil and
Rock Analyses. A. A. Balkema, Rotterdam.

6. Chambon, P., Corte, J. F. (1994), Shallow tunnels in cohesionless soil: stability of tunnel face.
Journal of Geotechnical Engineering - ASCE, 120(7), pp.1148-1165.

7. Davis, E. H., Gunn, M. J., Mair, R. J., Seneviratne, H. N. (1980), The stability of shallow
tunnels and underground openings in cohesive material. Geotechnique, 30(4), pp. 397- 416.



46 ISSN 2410-2547
Omip MatepianiB i Teopis copyx/Strength of Materials and Theory of Structures. 2020. Ne 105

8. Dias, D., Janin, J. P., Soubra, A. H., & Kastner, R. (2008), Three-dimensional face stability
analysis of circular tunnels by numerical simulations. In Geotechnical Special Publication,
(eds), pp. 886-893.

9. Kanayasu S, Kubota I, Shikibu N (1995), Stability of face during shield tunneling-A survey of
Japanese shield tunneling. In: Fujita K, Kusakabe O (eds) Proceedings Underground
Construction in Soft Ground. New Delhi, pp 337-343.

10. Leca, E., & Dormieux, L. (1990), Upper and lower bound solutions for the face stability of
shallow circular tunnels in frictional material. Geotechnique, 40(4), 581-606.

11. Luca Borio (2008), Characterization of soil conditioning for mechanized tunnelling.
UNITRACC.

12. Mair, R. J., Gunn, M. J. and O'Reilly, M. P. (1981), Centrifugal testing of model tunnels in
soft clay. Presented at the 10th International Conference on Soil Mechanics and Foundation
Engineering, Vol.1, pp. 323-328.

13. Mollon, G., Dias, D., Soubra, A. H., (2010), Face Stability Analysis of Circular Tunnels
Driven by a Pressurized Shield. Journal of Geotechnical and GeoEnvironmental Engineering,
136(1), 215-229.

14. O’Reilly, M. P. and New, B. M. (1982), Settlements above tunnels in the United Kingdom -
their magnitude and prediction. Tunnelling '82, Papers Presented at the 3 International
Symposium, Institute of Mining and Metallurgy, London, England, pp. 173-181.

15. 15. O'Reilly, M. and New, B. (1998), Evaluating and predicting ground settlements caused by
tunneling in London clay. Proceedings of Tunneling Symposium.

16. Oblozinsky, P., & Kuwano, J. (2004), Centrifuge experiments on stability of tunnel face.
Slovak Journal of Civil Engineering (3), 23-29.

17. Sagaseta. C. (1987), Analysis of undrained soil deformation due to ground loss. Géotechnique,
Vol.37, No.3, pp. 301-320.

18. Sang-Hwan Kim (1996), Model testing and analysis of interactions between tunnels in clay.
DPhil Thesis, Oxford University.

19. Sang-Hwan Kim (1996), Evaluation of Shield Tunnel Face Stability in Soft Ground.
International Symposium on Underground Excavation and Tunnelling, pp 213-220.

20. Shirlaw, J. N., (1995), Observed and calculated pore pressures and deformation induced by an
earth balace shield: Discussion. Canada Geotech, J. 32, pp. 181-189.

21. Soubra, A. H. (2002), Kinematical approach to the face stability analysis of shallow circular
tunnels. Proceedings of the Eight International Symposium on Plasticity, 443-445.

22. Soubra, A. H., Dias, D., Emeriault, F., & Kastner, R. (2008), Three-dimensional face stability
analysis of circular tunnels by a kinematical approach. Geotechnical Special Publication, 894-
901.

23. Talebinejad, A. et al (2011), Numerical and empirical analysis of face pressure effect on
surface subsidence at a tunnel excavated by EPB method. First Asian and 9th Iranian
Tunnelling Symposium.

24. Vardoulakis, P., Maria Stavropoulou, George Exadaktylos (2009), Sandbox modeling of the
shallow tunnel face collapse. Rivista Italiana Di Geotenica 1/2009, pp. 9-22.

25. Vermeer, P. A., Nico Ruse and Thomas Marcher (2002), Tunnel Heading Stability in Drained
Ground. FELSBAU 20, pp. 8-18.

26. Verruijt, A. and Booker, J. R. (1996), Surface settlements due to deformation of a tunnel in an
elastic half plane. Géotechnique, Vol. 46, No. 4, pp. 753-756.

27. WONG Kwong Soon (2012), Passive failure and deformation mechanisms due to tunnelling
in sand and clay. PhD. Thesis, The Hong Kong University of Science and Technology.

Cmamms naodiiwna 0o pedaxyii 03.05.2020



ISSN 2410-2547 47
Omip MatepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2020. Ne 105

Heyen Anuv Tyan, Yan Ban 3yne
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TYHEJIIO
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TYHEII0 Y BEPTHKAIBHOMY Ta FOPU30HTAJIBHOMY HampsIMKax 3a JOIMOMOIOK METOIy KiHLIEBHX
enemenTiB (MCE).
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Nguyen Anh Tuan, Tran Van Dung
ESTABLISHING THE CORRELATION OF THE VERTICAL AND HORIZONTAL
PASSIVE FAILURE PRESSURE IN FRONT OF CONSTRUCTED TBM TUNNELS FACE
IN SAND

The paper aims to investigate the relationship between factors which have the impacts on the
tunnel and the ground and establish formulas to calculate the correlation of the passive failure
pressure in front of tunnel face in the vertical and horizontal directions by using the Finite Element
Method (FEM).
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On the basis of modern numerical implementations of the finite element method the article
presents the theoretical foundations of the analysis of deformation processes of machines and
structures in their contact interaction with the elastic-plastic nonlinear soil medium within the
three-dimensional spatial problem taking into account the previous stress state and load history.
The methodology of construction of computational models of joint deformation and mutual
influence of rigid structures and essentially plastic external medium is developed, new special
heterogeneous finite elements of SAFEM of general form with variable geometrical and physical-
mechanical parameters and arbitrary boundary conditions for approximation of arrays of hardly
connected reinforced soils are developed.

Keywords: elastic-plastic medium, reinforced soils model, semi-analytical finite element
method, moment scheme of finite element.

Introduction. Development of new and improvement of existing
production technologies, application of new materials, effective constructive
schemes is explained by constant complication of operating conditions. Acute
shortage of territories, especially in large cities with dense buildings and limited
land space, solving the transport collapse problem due to underground
transport, laying pipelines and construction of ground and underground tanks
for storage of fuel, water, chemical and food industries components,
underground protective structures for military purposes - a small list of
challenges that practicing engineers and scientists face today and encourage the
continuous improvement of tools for comprehensive analysis of the model
behavior that describe the interaction of structures with the environment.

The use of numerical methods in the calculation of machines and structures,
taking into account their interaction with the elastic-plastic medium is largely
determined by the complexity or even impossibility of analytical calculation
due to the complexity of structural schemes, heterogeneity of material features,
uneven soil layers, implementation of step-by-step work execution technologies
and so on. The development of computer technologies has opened wide
opportunities and encouraged researchers to use more complex models, the
construction of which is accompanied by various issues: the choice of boundary
conditions, load schemes, soil base models, taking into account the history of

© Solodei LI, Petrenko E.Yu., Zatyliuk Gh.A.



ISSN 2410-2547 49
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

the structure final state. Therefore, the development on the basis of modern
numerical implementations of the finite element method of new effective
methods of computational mechanics for the analysis of nonlinear processes of
deformation of structures and buildings in their contact with the elastic-plastic
medium is certainly an actual problem of structural mechanics.

Compatible calculations of structures and nonlinear basis, which are
described by modern mechanical and soil models in one problem is a significant
technical problem. And neither the existing “problem-oriented” software
packages, nor the “universal” ones - do not fully contain such models. In
designing practice, the simplest Mohr-Coulomb Soil Model is often used for
engineering calculations. The model is a logical continuation of the linear-
elastic model and is based on the Hooke’s Law and the Coulomb’s strength
condition. Despite the model defects (ignoring the nonlinear dependences
between deformations and stresses, constant modulus of deformation), it has a
number of significant advantages (traditional parameters, the definition of
which is clearly regulated by the norms) and continues to interest domestic and
foreign scientists, researches on its improvement continue [31, 1]. The
achievements of modern soil mechanics are a large number of mathematical soil
models: Hardening Soil Model and its derivatives (Hardening Soil Small-
strain), Soft Soil and its derivatives, Cam-Clay etc. Noteworthy are the works
that compare different models [11, 4], outline the possible limits of their use
[12] and describe the application experience [21]. The Hardening Soil model is
attracting more and more attention, which takes into account the soil hardening
upon increasing stress levels. The biggest problems when using the model arise
due to the large number of parameters, the definition of which is not regulated
by the norms. Early publications contained a number of inaccuracies and errors,
although they made an invaluable contribution to the model expansion, and
recent publications have clarified a number of problematic issues [12]. Research
on improving the model continues [20, §8].

The tasks solution is possible only within the framework of numerical
methods, the most common of which is the finite element method (FEM) [24].
The construction of the calculated finite element model raises many complex
questions that require additional detailed study. In addition, the compliance with
the state building norms and regulations is an important factor for further
practical use.

The combination of the latest achievements in the field of structural
mechanics and soil mechanics is a promising direction for the development of
effective approaches for building discrete models of spatial systems “structure-
nonlinear base” for solving applied problems.

1. Problem statement. Let’s consider in some arbitrary coordinate system

z" spatial rotation bodies or prismatic bodies formed by the motion of some
generating surface along a closed or open arbitrary guide without breaks and

which are under the action of nonstationary load, in the time interval T € [to,t] ] .
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The coordinate system Z" will be further called basic and used to describe
the geometric and mechanical characteristics, initial and ultimate kinematic
conditions, external loads. To represent the stress-strain state of the body, we
introduce the local curvilinear coordinate system x', which is related to the
body geometry. The coordinate lines x' and x* are placed in the generating
surface area, and x° is oriented along the guide.

It is considered that at any point of the body there is a clear relationship
between the basic and local coordinate systems, which is determined by the
forward and inverse tensors of the coordinate transformation:

, 7 y
o =9 =0 (1)
S D Y Al

Hereinafter, the indices denoted by Latin letters take the values 1, 2, 3, and
by Greek - 1, 2, comma before the index shows the operation of differentiation.

The covariant components of the metric tensor of the local coordinate system
can be represented through the covariant components of the basic system:

gl] = Z,’? Z,r} gm'n' . (2)
The contravariant components are located under known covariants:
P Algy) , 3)
g

where A(g;)is the algebraic addition to the element g,, g = det[ gi/} is the
matrix determinant.

Geometric Cauchy relationships in curvilinear coordinate systems. In the
general case, the strain tensor components in the local coordinate system are
determined by the ratio:

&; :%(ui’j+uj’i)—uk1"g., 4)

ou; . . .
where u; ; :a—’j, Ff; are the Christoffel symbols of the second kind, u, is
: -
the movement in the local coordinate system.

For convenience, let’s present the movements and the Christoffel symbols
by their values in the basic coordinate system:

u, = Z'Zum , 5)
rk=xkz"| 2"1” +—Z’rj (6)
[/ X2 Jom'n’ aZm, ’
where z’sklx’k,, = 55: ).
After substitution (5) — (7) in (4) we obtain the formula for representing the

strain tensor components in the local coordinate system through the
movements components in the basic [6]:
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1 I% 1% %
& :E(Mk',iz,j tuy Z; )—uk,z’l- erm'n' . 8)
Geometric Cauchy relationships in the Cartesian and the orthogonal
cylindrical coordinate systems. The description of prismatic bodies and
rotation bodies with variable geometrical and physical-mechanical parameters
is most naturally carried out in the orthogonal cylindrical:

7V 3 1
grr =8y =1, &y = (Z ) s Tyy == 1"3 oy =y z? )
and the Cartesian coordinate systems:
grr =8yy =8yy =1, '—0 (10)

In this case, the metric tensor components in the local coordinate system
are presented through the components in the basic by the formula:

v
8;=12,2; +Z Z +Z ng33,. (11)
The relationship between movements and deformations (8) can be written as:
_ ] k/ k/ 3/ 3/ 2/ 2/ 3/ 3/ 3/ 2/ 3/
& = i(uk',iz,j Tl 2 ) —uy 2y 255y —uy 25 2Ty —uy 2 25Ty - (12)

Geometric Cauchy relationships for rotation bodies and rectilinear prismatic
bodies. An important partial case of independent practical significance are
objects with a canonical guide, for which the geometric equations (12) are
greatly simplified. These are primarily heterogeneous circular rotation bodies
and prismatic rectilinear bodies with a variable cross-sectional area.

Due to the convergence x° and Z°, and their orthogonality to the cross-
sectional area in the cylindrical coordinate system (0 < x’ <27):

=25 =0, z3 =1 (13)
in the Cartesian (0 < x* <2):
2’30’( = 2’03(’ = O’ 2733/ =a, (14)

where g is a half the body length.
Taking into account (13) and (14), the correlations (12) take the form in the
orthogonal cylindrical coordinate system:

€ :l(zy'u, +2%u., )
of H\ e VBT A re)

1 v 22,2(1“3'
80{3 = E +Z u}, 3 ZZ, s

£33 =Uyz+ Zziuzv (15)
in the Cartesian:

€ :l(zy'u, +2%u., )
of 5\ % VBT A e)

1 ,
- v
€3 = 2 (au3',a + Z,a”y',?s) ’
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&3 =auy ;. (16)
The stress tensor components in the local coordinate system are expressed
through the strain tensor components based on the generalized Hooke’s Law [6]:
o’ =aMeg,. (17)
In isotropic body, the elastic constant tensor components d”* are related

to the Lame coefficients A and u ratios [23]:

d™M = 2g7g" + (g g™ +g"g ™), (18)
Ev = E
(1-2v)(1+v)° 2(1+v)’
of the elastic modulus and the Poisson’s ratio at the body point under
consideration.

Within the framework of the accepted dilatancy model for the soil in the
boundary state, the deformation increment consists of two parts:

de=de +de’. (19)
The upper indexes e and p in the values notation indicate their elastic and

where A= E= E(Z"'), v=v(Z"') is the value

plastic nature, respectively. The stress increment do is associated with the
elastic deformation increment by the ratio:

do=C-de°, 20)
where C is the elastic constant tensor, the components of which are
determined by the formula:

= L[Lqﬁq"’ +0.5(¢"q" +4"¢" )} : @1
I+v[l-v
The parameters E and v denote, respectively, the medium elasticity
modulus and the Poisson’s ratio, and ¢’ are the metric tensor components.
The plastic deformation increment de” is determined based on the

unassociated law of plastic flow:
F
der = ar 2L , (22)
teled
where F is the plastic potential function, dA is the small scalar factor that
determines the absolute value de” .
With it:
F+f, (23)
where f is the function that determines the plasticity condition ( f =0).

The modified Mises-Schleicher-Botkin condition is used as the boundary
state criterion:
f=T+o,tgy—1, .if O, < Dys (24)
f=T+ptgy—-7, if o0,>p,,

o, isthe average (hydrostatic) pressure:
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L
=37, (25)

T is the intensity of tangent stresses (the second invariant of the stress

T— _S']S ; =0, ——0 q 26

TS
gy
resistance to uniform tension, p, is the soil medium parameter. The condition

v - the friction angle on the octahedral site, Hj = is the ultimate

(24) in the space of principal stresses corresponds to the combined boundary
surface, which is a combination of a cone and a cylinder (Fig. 1).

The need to accept the
condition (24) is due to the fact
that with a large all-round
compression, soils behave like
solid bodies, in which it is not
possible to achieve loosening
even with significant shearings,
i.e. there is no dilatancy, and in
addition, the ultimate shear
load is no longer dependent on
the compression level. This
corresponds to the acceptance
of the conditions for the
medium plastic incompressibility and the independence of the limiting shear
load from the uniform pressure level — the cylindrical part of the modified
condition (24). The value of the parameter p, of the conical part transition

O,

Fig. 1. Loading surface.
General view in space of principal stresses

(24) to the cylindrical one was taken equal to p, =-2,0 MPa in accordance
with the experimental data of Sidorov and Sipidin [26].

The modified criterion (24) has another distinctive feature. The Mises-
Schleicher-Botkin condition in it is consistent with the Coulomb-Mohr
condition in such a way that for all kinds of stress states the discrepancy (in the
limiting value T) is minimal. In addition, the expressions 7, and tgy were
obtained as functions of the norming parameters ¢ (adhesion) and ¢ (angle of

internal friction).
. 6+/3Ccos gy = 6/3sing
9—sin’@ 9—sin’¢p
The procedure for obtaining (27) is described in detail in the work [7].
It can be shown that upon the direct differentiation of the plastic potential

27)

function, the expression

dFU, is similar to that obtained by A.K. Bugrov [9]:
o
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F=T+0,A(x)+const. (28)
It should be noted that the need to accept the potential in the form (28) was
pointed out by A.S. Stroganov [30], but all his constructions were made within
the framework of the deformation theory of soil plasticity. A.S. Stroganov
emphasized [30] that the actual value of the dilatancy coefficient A is always
less than the value tgy , i.e. the condition of association A=tgy is not met.
A similar form of the potential surface was proposed in the works [32].
V.N. Nikolaevskiy [15] showed that the nature of the plastic potential
function corresponding to the dilatancy model depends on the sign of the
dilatancy coefficient A and is represented by the expression:

F=T*-Jigy(o, +H,) . (29)

For A <0, the surface corresponding to the function F has the form of an
ellipse arc, for A =0, a straight line segment, and for A >0, a hyperbola arc.

In the closing correlations A = /l(x) in the works of V.N. Nikolaevskiy,

the volumetric plastic deformation [16] and the density [14] are used as the
hardening parameter. In the work [14], the following formula is proposed to
determine the dilatancy coefficient:

2 2
A=— 1—[LJ for p<p™, A= 1_[;) J for p>p*, (30)
pcr p

Cr

where p is the current density, p~ is the critical density at a given

hydrostatic pressure p® =p“(0,,). The angle of internal friction is also
variable.

@ =@, +arcsin (€28
where ¢, is the angle of internal friction of the soil when it reaches the critical
density.

The variable value of the angle of internal friction ¢ determines the nature
of the dilatancy elastic-plastic model hardening, and the loading surfaces
represent a family of straight lines on the plane (Fig. 2).

In the formula (30), the density p is taken as the hardening parameter. In
this case, the following conditions are satisfied, which follow directly from the
initial preconditions of the model:

A>0if p>p;
A<0if p<p™; (32)
A=0if p=p~.

The expressions for the angle (coefficient) of internal friction (31) contain

two components, and when the soil reaches the critical density (porosity), one

of the components becomes equal to zero. The need to separate the strength of
sandy soil was noted as early as 1950 by A. Skempton and A. Bishop [27],
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who proposed to consider i /7
separately the strength due to n \Uil-1 W)

friction and due to dilatancy.

In 1958 B. Hansen introduced

the concept of dilatancy

angle. The variable nature of

the angle of internal friction

of the soil was emphasized by

K. Roscoe [5, 2] and A. On |/
Bishop [5]. The strength "Ha
division into two components
in the expression of the yield
function is also used by V.N. Shirokov [25].

Of the two components of the angle of internal friction, one (namely, the
dilatancy angle), as indicated, is a variable value tending to zero at the critical
density, and the other component is a constant value over a wide pressure
range and does not depend on the initial density.

In describing the concept of critical density (porosity), it was pointed out
the need to take into account its dependence on the hydrostatic pressure level.
At low pressures, a significant change in the critical density does not occur,
however, when it reaches o, about 1.0-2.0 MPa, it can significantly increase,

Po

Fig. 2. Loading surfaces. Meridional sections

and at o, >2.0 MPa, the dilatancy loosening is practically impossible to

achieve. To describe this phenomenon, the dependence of the critical density
on the hydrostatic pressure was introduced in [5] in the form:

Per ngra if o, >0,
20" — ° m_ o )
Do = Per - Per 0.31 + 3(pcr 2pcr) +ng if o, < o, < 0’ (33)
£ £
pcr:pg’ if Om < Pos

where pg. is the critical density in the absence of hydrostatic pressure, pl; is

the maximum density of the given soil, the soil medium parameter, taken
P, =-2,0 MPa. The dependence diagram (33) is shown on Fig. 3.

One of the most common issues in modeling the “structure-soil massif”
system is the choice of the p
calculation area boundaries. kS
The issue of choosing the P
model lower boundary is
especially acute if the object
of study is subsidence. In this
case, the calculation model po
sizes should be chosen so that g, <5
the influence of boundary

conditions on the forces Fig. 3. Diagram of dependence of critical density
on hydrostatic pressure

Po
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distribution was minimal [18]. This approach is implemented in the works of
Berezhnyi D.V., Sagdatullin M.K., Sultanov L.U., Petrov D.N., Demenkov P.O.,
Potiomkin D.O. [3, 18]. On the other hand, while reducing the impact on the
forces distribution, this leads to an unjustified increase in subsidence
deformations. In this case, it is recommended to limit the calculation scheme to
the compressible zone depth [17, 10].

However, often, due to the peculiarities of the studied objects, it is
impossible to use the recommendation to limit the calculation scheme to the
compressible zone depth. Therefore, the issue of developing such approaches
to modeling the “structure-soil massif’ system is relevant, for which the
subsidence values in the calculation were identical regardless of the selected
lower limit of the calculation model. In order to overcome these problems in
the works [28, 29] the detailed description of the accepted correlations, as well
as the step-by-step algorithm for the correction of the elasticity mole of the
reinforced elastic-plastic medium are presented:

Em
cctgp

y- KO ref

The above ratios make it possible to model the stress-strain state of the soil
medium, to determine the pressure distribution in the soil under its own weight
and various external influences, taking into account the medium heterogeneity,
changes in the relief and physical and mechanical characteristics in the
deformation process.

2. Finite element method model. Known analytical methods for
determining the structure deformation parameters are usually based on
idealized schemes, which significantly narrows the scope of their use. There is
a large layer of experimental methods, which are traditionally considered the
most reliable basis for obtaining real data. But in practice, we often face more
complex geometric shapes and mechanical processes. In this case, numerical
methods are brought to the forefront, the most common of which is the finite
element method (FEM). FEM has become very widely used in world
engineering practice. Almost all known computational complexes rest on its
scientific basis. However, there are a number of issues within the task scope,
the effectiveness of solution of which requires further development of existing
approaches. Structure design standards require considering joint work of
structures and bases. It is known that soils show significant nonlinearity, the
nature of which varies depending on the load type: deviator or isotropic. The
dependence of the deformation characteristics on the stress state in the base,
the process development over time, etc. adds to the difficulties.

The solution of the problems of elastic-plastic deformation of spatial bodies
is based on the use of the semi-analytic finite element method (SAFEM) and
the moment scheme of finite element (MSFE) [2,19]. The underlying
hypotheses allow us to describe arbitrary circular and prismatic geometric
configurations with a variable cross-sectional area and heterogeneous material
features under arbitrary boundary conditions (Fig. 4).

(34

inc
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Fig. 4. Closed circular and prismatic finite elements of SAFEM

Based on the basic circular and prismatic finite elements of SAFEM, a new
special finite element (FE) has been developed for modeling a nonlinear
elastic-plastic soil base. The feature of the accepted FE is the stress tensor
correction obtained at the next stage under the load parameter under the
assumption of the soil linear operation on the deformation increment. For soil
that is in the borderline state, the stress differential has the form:

do" = CMdzf = €M (dey - def)) = dol —dAc™ or

i 69
(o2

where C’¥ is the deformation constant tensor; de,,def,,def, are the

differentials of complete, elastic and plastic deformations, respectively; d UZ

is the stress increment provided that def, =0.

Within one step it is considered tt the material does not strengthen and for
it the condition of a borderline state is fulfilled:

%do"f =0. (36)
(e}

Solving together (35) and (36) we get the expression for d A . :

af Cmnlk d £y

_ aamn
V" o F 7
aauv 60”
and substituting this in (35) we get:
aF %Cmnlkdgkl
io_ g i _ ijgr o

do’ =do! -C P - o (38)

ao_uv aast

Dilatancy ratios are analogous to the use of the plastic potential function in
the form of:
F=T+0,A+const. (39)

After differentiation we get:
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oF _ i+ ASju (40)
aaij 2T 30 ’

where S; and o, are the components of the deviator and layer part of the

m

stress tensor, respectively.

o

Expression 6_’J , where f'is the yield function according to (24) is written
o

similarly:
S.. towo.
S _Si, Vi (41)
do? 2T 30,
Taking into account the expressions (40) and (41) for (38) we get:
do” =dO‘éj—{9Sij+K—AGijmjdL , (42)
T (o

where K and G are the volumetric and shear elasticity modulus, respectively,
related to the traditional parameters E and v ratios:
E E
K = ;G = s (43)
3(1-2v) 2(1+v)

dL is the small scalar multiplier:

dp =L Ggu KBV ja e (44)
A\ T o,
A is the constant, which is determined:
A=G+ KAtgy . (45)

The integration of the expression (42) allows determining the stress tensor

component increment Ac? at this step. The following method is more
efficient for calculating the equations discrepancies.

In the transition in (42) from the differentials to increments in the
assumption that Ac? and Ac? are determined from the same stress state o”
determined in the previous step by the load parameter then:

sio[1-_SAL s7 (46)
T +GAL

. KAAL .

ol =|1-—=2__ |5V . 47

“ ( O'm+KAAlJ ue “7)

Therefore, it is seen that for the soil which is in the boundary state, the
deviator S and the layer O'Z components of the stress tensor o’ are

proportional to the respective components S and o” , of the stress tensor

o, determined in the assumption that on the next deformation increment

Agy, the soil operates linearly:
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Y =q]Sg, O'Z =q20'Ze (48)
By substituting (48) in (46) and (47) we get:

KA
1 —tgy O-me_Te? 7

qlzT KA s (49)
e —tgy——+1
gy G
KA KA
L\ T St g
me tgt//?ﬂ

The correlations for ¢, and ¢, can also be obtained from the geometric
constructions by considering the meridional cross section of the plasticity
surface at a given step of the load parameter in the axes (7',0,,) in Fig. 5. The
correction process consists
in drawing a straight line at T Te, ome
the angle a to the axis o, A
through the point 4 to the
intersection with the straight B E““(M)_
section of the plasticity «
surface. The cross-point C
(T,0,,) will be the desired Meridional cross section
stress state. It can be seen T U e
from the constructions that

Om
AB
tga= BD’ where 4B and Fig. 5. Geometric interpretation of ratios

. . of the stress tensor correction
BD are the invariants of the

fictitious stress tensor determined in the assumed elastic work of the soil
outside the plasticity surface.

Therefore:
P P
tgazﬂzGdY :—Gdj/ :i. (51)
BD Kdel KAdel, KA
The equation of the straight line AC takes the form:
G
T_Teza(o-m_o-me)' (52)

To find Tand o, itis necessary to solve the system of two equations:

G
T=——(c, — y
KA (o-m o-me) e’ (53)

T=-0,tgy+7,.
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By denoting T'=¢,T, and o,, =q,0,,, from the system of equations we
find the values of the coefficients ¢, and g¢,, which are analogous to (49) and

(50), which proves the correctness of these coefficients definition.
Conclusions. Therefore, on the basis of modern numerical
implementations of the finite element method, the theoretical foundations of
the analysis of nonlinear deformation processes of machines and structures in
their contact interaction with the elastic-plastic medium within the three-
dimensional spatial problem taking into account the previous stress state and
load history are presented. The methodology of construction of computational
models of joint deformation and mutual influence of rigid structures and
essentially plastic external medium is developed, new special heterogeneous
finite elements of SAFEM of general form with variable geometrical and
physical-mechanical parameters and arbitrary boundary conditions for
approximation of arrays of hardly connected reinforced soils are developed.
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Conooeil 1., [lempenko E.FO., 3amuniox I'.A.
HEJIHIAHA 3AJTAYA JE®OPMYBAHHSA KOHCTPYKIIA NMPUA B3AEMOJIL 13
NPYXXHOIIJIACTUYHUM CEPEJOBULIEM

V crarti Ha 6a3i cydacHHX YHMCEIbHUX peasli3alliii MeToa CKIHYCHHUX SJIEMEHTIB MPE/ICTaBIICH]
TEOPETHUYHI OCHOBHM aHAII3y IMpoLeciB AeGOopMyBaHHS KOHCTPYKIiH MammMH 1 crmopyx mpu ix
KOHTAKTHIH B3aeMofii 13 MPyXHOIUIACTUYHHM HENIHIHUM IPYHTOBHM CEPEIOBHIIEM B paMKax
TPUBUMIPHOI MPOCTOPOBOI 3ajavi 3 ypaxyBaHHSM IIONEPEIHBOTO HAMPYXEHOTo CTaHy Ta icTopii
HaBaHTaXeHHs. CTBOpeHA METOMKA OOYI0BH PO3PaXyHKOBHX MOJENICH CyMiCHOrO ae(opMyBaHHS
1 B3a€EMHOrO BIUIMBY JKOPCTKHX KOHCTPYKLH 1 CyTTEBO IJIACTUYHOrO 3OBHILIHBOTO CEPEJOBHUIIA,
po3pobiieHi HOBI creliaibHi HeomHopiaHi ckindenHi enementn HMCE 3aranpHOro BHIISILy i3
3MIHHAMH T€OMETPHYHUMH 1 ()i3MKO-MEXaHIYHHMMH MHapaMeTpamMyd Ta MOBUIBHUMH TPaHHYHUMH
YMOBaMH IS AIPOKCUMALil MACHBIB MaJIO3B SI3HUX 3MIL[HIOBAaHUX IPYHTIB.

Kiao4oBi cjoBa: npyXHOIUIACTHYHE CEPENOBHUILNE, MOJEIb 3MILHIOBAHUX TPYHTIB,
HaniBaHAJITHYHUI METOJ CKIHYCHHHX €JIEMEHTIB, MOMEHTHA CXeMa CKiHUEHHOI'O €JIEMEHTA.

Solodei L1, Petrenko E.Yu., Zatyliuk Gh.A.
NONLINEAR PROBLEM OF STRUCTURAL DEFORMATION IN INTERACTION
WITH ELASTOPLASTIC MEDIUM

The use of numerical methods in the calculation of machines and structures, taking into account their
interaction with the elastic-plastic medium is largely determined by the complexity or even impossibility
of analytical calculation due to the complexity of structural schemes, heterogeneity of material features,
uneven soil layers, implementation of step-by-step work execution technologies and so on.

Compatible calculations of structures and nonlinear basis, which are described by modern
mechanical and soil models in one problem is a significant technical problem. And neither the existing
“problem-oriented” software packages, nor the “universal” ones - do not fully contain such models.

The tasks solution is possible only within the framework of numerical methods, the most common of
which is the finite element method (FEM). The construction of the calculated finite element model raises
many complex questions that require additional detailed study. In addition, the compliance with the state
building norms and regulations is an important factor for further practical use.

The combination of the latest achievements in the field of structural mechanics and soil mechanics is
a promising direction for the development of effective approaches for building discrete models of spatial
systems “‘structure-nonlinear base” for solving applied problems.

On the basis of modern numerical implementations of the finite element method the article presents
the theoretical foundations of the analysis of deformation processes of machines and structures in their
contact interaction with the elastic-plastic nonlinear soil medium within the three-dimensional spatial
problem taking into account the previous stress state and load history. The methodology of construction
of computational models of joint deformation and mutual influence of rigid structures and essentially
plastic external medium is developed, new special heterogeneous finite elements of SAFEM of general
form with variable geometrical and physical-mechanical parameters and arbitrary boundary conditions
for approximation of arrays of hardly connected reinforced soils are developed.

Keywords: elastic-plastic medium, reinforced soils model, semi-analytical finite element
method, moment scheme of finite element.

Conooetit U.H., [lempenxo 2.F0., 3amvinox " A.
HEJUHENHAS 3AJJAYA TE®OPMUAPOBAHUA KOHCTPYKIUI ITPU
B3AMMOJIEMICTBUU C YIIPYTOIVIACTUYECKOM CPEJIOM

B CTaTbC Ha 6336 COBPEMCHHBIX YHCJICHHBIX peanmauuﬁ METOJa KOHCYHBIX DJJICMCHTOB
IPE/ICTABJICHBI TCOPETHUYECKUE OCHOBBI aHAIM3a MPOLIECCOB Ae(hOPMHUPOBAHIS KOHCTPYKLUH MAIIHH
U COOpYXKEHMH IpPM MX KOHTAKTHOM B3aUMOIEHCTBUM C YIPYroIUIACTUYECKON HENIUHEHHOM
I'PYHTOBOIl Cpenoi B paMKax TPEXMEPHOH HpPOCTPAHCTBEHHOHM 3aJaud C YYETOM HpEIbLIYILEro
HalpsOKCHHOIO COCTOSIHHMSA M HMCTOPHM HArpy3KH. Co3;[a1-la METOAMKA IIOCTPOCHUSA PaCHYECTHBIX
Mojeneil COBMECTHOro Je(OpMHPOBAHHS ¥ B3aUMHOTO BIMSHHS JKECTKUX KOHCTPYKLHH U
CYIIECTBEHHO IJIACTUYECKOI BHELIHEH cpejibl, pa3paboTaHbl HOBBIC CIICLUAJIbHBIC HEOAHOPOAHBIC
koHeunble d1eMeHTsl HMCE oOmero Buga ¢ HEpeMEHHBIMH I€OMETPHYECKHMH U (DH3HKO-
MEXaHUYCCKUMU TMapaMETpaMu U MPOU3BOJIBHBIMU I'PAaHUYHBIMU YCIOBHUAMU [JI alllIPOKCUMAaLIMA
MaCCHBOB MaJIOCBSA3HBIX YIPOUYHSIONIMXCSA TPYHTOB.

KaroueBble clloBa: ynpyromiacTuyeckass Cpena, MOJENb YHPOYHSAIOILIMXCS TPYHTOB,
nonyananynuqecn(uﬁ METO/I KOHCYHBIX 2JICMCHTOB, MOMCHTHAA CX€Ma KOHCYHOI'0 3JIECMECHTA.
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Solodei LI, Petrenko E.Yu., Zatyliuk Gh.A. Nonlinear problem of structural deformation in
interaction with elastoplastic medium // Strength of Materials and Theory of Structures:
Scientific-and-technical collected articles. — K.: KNUBA, 2020. — Issue 105. — P. 48-63.

The method of solving the nonlinear deformation problems of structures during their contact
interaction with the elastic-plastic medium is considered.
Fig. 5. Ref. 32.
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This research aims to the process of interaction of a bullet (fragment) with protective barriers,
which are formed by a set of hollow cylinders of a compatible type. Models for determining the
depth of penetration of the drummer into an obstacle in the form of a set of hollow cylinders of
compatible type are proposed. The results of calculations of the value of the depth of penetration
of the bullet into the protective barrier in the form of a set of compatible cylinders. Further
research is related to the improvement of the armor protection designs by developing new
technical solutions using the latest technologies.

Keywords: model, compatible cylinders, high-speed drummer, bullet, protective obstacle,
deformation, hollow cylinder.

Formulation of the problem. In connection with the ongoing hostilities in
eastern Ukraine, the issue of developing the protection of servicemen from
bullets and shrapnel remains relevant. Modern research on the interaction of
bullets and fragments with protective barriers is based on the search for new
types of structures and protective materials. The main focus is on the
development of protective structures that would increase the level of protection
of servicemen, according to NATO standards, using inexpensive available
materials with minimal costs for their production and intended use.

Despite some progress in the investigation of collisions of solids, the
known results of theoretical and experimental research do not describe a
holistic picture of the interaction of the element of damage and interference.
Therefore, in the development of protective structures take into account only
certain aspects of impact interaction, which are based on the absorption of
kinetic energy of the element of damage [1].

The scientific and technical task remains important study of the process of
interaction of bullets (fragments) with protective barriers, at the stages of
penetration, breaking and their departure, which will develop new models of

© Kovtun A.V., Tabunenko V.A., Nesterenko S.I.
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protection design for servicemen, which are relevant for the Armed Forces of
Ukraine.

Analysis of recent research and publications. The issues of interaction of
bullets (fragments) with protective obstacles have long been dealt with and
various methods and approaches to calculating the depth of penetration of
obstacles have been known. Fundamental results of the study of the phenomenon
of impact and determination of the conditions for breaking through obstacles by
drummers (bullets, fragments) were obtained in the works of Euler, Jacob de
Mar, Noble, J. Reinhart and J. Pearson, Berzin K.A. and others [1].

In modern research, methods and ways to increase the security of personnel
of military bases and units, combat vehicles and fortifications are given
considerable attention [1-7].

In [1] the parameters of the multilayer protective structure of combat
vehicles based on nonlinear mathematical models are substantiated. In [2] the
method of research of complex systems of military purpose is resulted. In [3-6]
the modeling of the dynamics of the reaction of the protective structure to the
action of the shock-wave load at the impact of a bullet or a fragment of a
projectile is considered. In [7] materials for local and individual armoring are
investigated. A study of the use of non-traditional methods of interaction of
bullets (fragments) with protective barriers is given in research [8].

The main method of studying the process of impact and punching an
obstacle with a bullet (fragment) is a combination of analytical and
experimental researches. Analytical research methods are based on
mathematical modeling of the stages of interaction of bullets (fragments) with
the elements of the protective barrier, followed by appropriate mathematical
calculations [1]. Experimental research methods are based on determining the
level of protection of protected objects and require complex research in
laboratory and landfill conditions. The combination of the results of analytical
and experimental research allows us to more fully consider the level of
protection of protected objects.

However, studies of the interaction of bullets (fragments) with protective
obstacles have not been completed, the processes occurring when hitting
bullets (fragments) on the obstacle are not fully studied, and the applied
models and methods do not fully take into account the design parameters of
protective obstacles.

The purpose of the article is to investigate the process of interaction of a
bullets with a protective obstacle in the form of a set of compatible cylinders.

The main material. The use of single cylinders and bonded structures are
only two of the possible means of increasing the strength of protective
structures [8]. Another possible way to increase the strength of protective
structures is a method that consists not of a nozzle of structures in the hot state
with tension, but by the formation between the component structures
(cylinders) of the gap into which the liquid (gas) is injected under pressure. By
placing the cylinders in each other and adjusting the pressure of the liquid
(gas) in the free zones between the cylinders, it can be achieved that at the
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same thickness in the cylinder walls, the pressure in the inner cylinder can be
greater than in a single cylinder [9].

For a single cylinder, the ultimate pressure in it can reach half the strength
limit of the material. For bonded and compatible cylinders, the maximum
pressure is twice as high as for a single cylinder. For compatible cylinders, the
limit pressure can be increased by another 25%. If autofretted cylinders are
used for compatible cylinders, the limiting pressure in the inner cylinder can be
four times higher than for a single cylinder [9].

The prop that occurs in compatible cylinders and in bonded cylinders is not
the same thing. The prop in the bonded cylinders, brought to a certain limit,
then remains constant for the entire period of operation of the bonded
cylinders. Prop in compatible cylinders can be variable.

Consider a structure consisting of two cylinders — the outer (2) and inner
(1), with the outer
diameter of the inner
cylinder, in contrast to
the bonded cylinders, is
smaller than the inner
diameter of the outer
cylinder. Fluid is injected
under pressure into the
gap between the outer
and inner  cylinders

Fig. 1. Scheme of a compatible cylinder (Fig. 1).
Using the known
formula for calculating normal stresses in the tangential direction [9,10]:

"%

Pin T = Pex*Ta . (Din = Pex) Ty *Tin
O_g — n l; 2x [ + ln2 e;( 02 n (1)
o —Vm r '(ro _’/}'n)

where p;, — is the internal pressure in the cylinder, Pa; p,, — is external pressure
on the cylinder, Pa; r;, — is the internal radius of the cylinder, m; 7, — is the
external radius of the cylinder, m; r — is the current radius of the cylinder, m.

For compatible cylinders, the following expressions can be written [9]:
when r = r;,

1+, -(1-k,)

Og = Pin* kzr ] s (2)
when r = r,
2-k%, - (1+K%,)
9 = Din~ 2 —1 > 3)
where
k=22, =L (4)
7 Pin

n
Pressure in the radial direction [9]:
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on the inner surface

2-k*-(1-k,)
— r p
O, = DPin R O]
on the outer surface
2-(1-k,)
O =P T (©)

Equating the values of stresses to the allowable stress for the cylinder
material [o], to determine the expression o, when r = r;, we obtain the
formula for determining the maximum allowable internal pressure [9]:

k. -1
> .
2:k%, -(1=k,)
If the protective structure consists of two cylinders (outer and one inner), then
for the outer cylinder:

pi =lo] ()

kyp =222 =0, ®)
Pin2
the maximum allowable pressure will be:
2
-1
- =[o] —2—. 9
pm2 [ ] 2-k2r2 ( )

For any intermediate cylinder (if the protective structure consists of several
cylinders: external and several (i) internal), the maximum allowable internal
pressure can be written as:

fo, -~ (10)
Pii =101 — 5 ———-
! 2'k2ri(1_kpi)

Maximum allowable internal pressure in the inner cylinder with n cylinders

[9]:

n—l

K, —1 k2, -1 K, -1
- =[c] - —+ o] —= +[o]- —<L . 11
Pin =[0] en g[ ] e [o] e (11)

For a compatible design consisting of two cylinders, the value of the
internal pressure in the outer cylinder is determined by the equation:
k., -1
2- k2r2 .

The value of the internal pressure in the inner cylinder is determined by the
equation:

P =[o] (12)

2 2
k ”_1+ ks -1
2-k?
The contact pressure that occurs when passing a bullet in the middle of a

cylinder of smaller diameter (than the diameter of the bullet) is determined by
the expression [10]:

pa =[o] (13)

rl
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_3E 1 -(r—13)

3 2
4.7 7,

co

c E

where p, —the contact pressure between the bullet and the cylinder, Pa; 7., —

outer radius of the cylinder, m; 7, — radius of the bullet, m; § — tension
between the bullet and the cylinder, m; £ — is the modulus of elasticity of the
cylinder material, Pa.

To determine the parameters of the process of interaction of the ball with a
protective barrier in the form of compatible cylinders, we equate p;, = p, .

Algorithm for solving the problem. Determine the depth of penetration of
the bullet from the AK-74 into the protective barrier in the form of compatible
cylinders. Output data: rye=0,00273 m; 7,1=0,0025 m; ry;=0,0035 m;
7i2=0,0036 m; 7,,=0,0057m; f = 0,9; E=2,1- 10° MIla; /=0,012 m;
[0]=3-10° MPa (Fig. 2).

The force under which the bullet will move along the inner surface of the
cylinder, determine the formula based on the equation given in [8,10]:

P=f p,-m-D-k-l, (14)

where f, — effective coefficient of friction

between the bullet and the inner surface of the
cylinder, f,=2-m- f [11]; m — the number of
pairs of contact surfaces of the bullet with the

inner surface of the cylinder; p, — contact

pressure, Pa; D — bullet caliber, m; /- length
of the bullet, m; & — the proportion of the
bullet that entered in the cylinder, 0<k <1.
The depth of penetration of the bullet into
the cylinder h is determined by the formula:

o = E
_=3
Fig. 2. The scheme of movement h= P’ (1 5)
of a bullet along the compatible .
cylinder where P — the force under which the bullet

moves along the inner surface of the cylinder,
H; Ey —kinetic energy of a bullet, J ( £y = 2019 J).

Define value k, = %ex for outer 2 and inner 1 cylinders:
r;

in
k, = T2 _ 0,0057 1,58 k, _ o1 _ 0,0035 _q
20,0036 T 0,0025
The value of the internal pressure in the outer cylinder is determined by the
formula (12):

]
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o (1,58% —1)
2.1,58°

The value of the internal pressure in the inner cylinder is determined by the
formula (13):

P =31 =0,9-10° Pa.

Q4D o (1587 -1
2 2-1,58°

We equate the value of the internal pressure in the inner cylinder and the
value of the contact pressure that occurs when the bullet passes in the middle
of the inner cylinder:

Pa =3.10° =1,65-10° Pa.

Pil = Pe>
and determine the magnitude of the force under which the bullet will move
along the inner surface of the cylinder (14):

P=f p, m-D-k-1=0,9-1,65-10° -3,14-0,00545-0,012 = 305108 H .

The depth of penetration of the bullet into the cylinder h is determined by
the formula:

h =ﬂ= 0,0066 m.
305108

Thus, the obtained value of the depth of penetration of the bullet into the
compatible cylinder is less than the depth of penetration of the bullet into the
bonded cylinder, which is given in research [8].

Conclusions

1. The process of interaction of a bullet with a protective obstacle in the
form of a set of hollow cylinders of compatible type is investigated.

2. A model for determining the depth of penetration of a high-velocity
bullet into a hollow cylinder of a compatible type is proposed.

3. Calculations performed of the depth of penetration of the bullet from a
Kalashnikov rifle (AK-74) into steel hollow cylinders of compatible type.

4. Further improvement of armor protection structures can be achieved by
developing new technical solutions using the latest technologies.
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Koemyn A.B., Tabyuenxo B.O., Hecmepenxo C.1.
MOJIEJb B3AEMO/IIi BACOKOIIBUIKICHOI'O YIAPHUKA 3 3AXUCHOIO
NEPEHIKOJOIO CYMICHOI'O TUIIY

B nmauiit po6oTi po3rasHYTO HpoLec B3aeMOIl Ky (OCKOJIKY) 3 3aXMCHUMH IEPELIKOIAMH,
SKi yTBOpeHI HabOpPOM MyCTOTIIMX LIUIHAPIB CyMICHOrO THUIly. 3ampOIIOHOBaHI MOZEi
BHU3HAUYCHHS TVIMOMHM NPOHUKHEHHS YOAapHHKA B IMEPELIKOAY Y BHIJIAAI HaGOpy IyCTOTINMX
LMIIHAPIB cyMicHOro THIy. HaBeneHi pe3ynbTaTi po3paxyHKiB BETHYMHH ITIHOMHHU TPOHUKHCHHS
KyJi B 3aXHMCHY IEpPELIKOAY Y BUIJIAI HaOopy cymicHuX wmiinapis. [Tomanbum JOCHiIKESHHS
0B sI3aHi 3 BIOCKOHAJICHHSIM KOHCTPYKLIi OpOHE3aXHCTy LUISIXOM PO3POOKH HOBHX TEXHIYHHX
pillieHb 3 BUKOPUCTAHHIM HOBITHIX TEXHOJIOTIH.

KuirouoBi ciioBa: Mozenb, BHUCOKOLIBHAKICHHH yIOapHHK, Kyjsi, 3aXHCHA IEpPELIKOIa,
nedopMarysi, TOPOKHUCTHH LIHITIHAD.

Anatoly Kovtun, Volodimir Tabunenko, Sergey Nesterenko
MODEL OF HIGH-SPEED SHOCK INTERACTION WITH COMPATIBLE TYPE

In connection with military operations, the issue of developing protection for military
personnel against bullets and splinters remains an issue. Modern studies of the interaction of
bullets and fragments with protective obstacles are based on the search for new types of structures
and materials of protection. The focus is on the development of NATO-compliant protective
structures to increase the level of protection for military personnel using low-cost, affordable
materials with minimal production and intended use.



ISSN 2410-2547 71
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

Despite some advances in the study of solid-body impact, the known results of theoretical and
experimental studies do not describe the overall picture of the interaction of the element of damage
and interference. When designing protective structures, only certain aspects of the shock
interaction are considered, based on the absorption of the kinetic energy of the element of damage.
Therefore, it remains important for the scientific and technical task - to continue the study of the
process of interaction of bullets (fragments) with protective obstacles, at the stages of penetration,
penetration and their departure, which will allow to develop new models of protection structure of
military personnel that are relevant for military use.

The main method of studying the process of striking and punching an obstacle with a bullet
(fragment) is a combination of analytical and experimental studies. Analytical methods of research
are based on mathematical modeling of stages of interaction of bullets (fragments) with elements
of a protective obstacle with the subsequent carrying out of corresponding mathematical
calculations. Experimental research methods are based on determining the level of security and
require complex research in laboratory and polygonal conditions. The combination of analytical
and experimental research results makes it possible to consider the level of security more fully.

In this work the process of interaction of a ball (fragment) with the protective obstacles
formed by a set of hollow cylinders of compatible type is considered. Models for determining the
depth of penetration of the impactor into the obstacle in the form of a set of hollow cylinders of
compatible type are proposed. The results of calculations of the depth of penetration of the ball
from Kalashnikov (AK-74) in steel hollow cylinders of compatible type are presented. Further
research is concerned with improving the design of armor by developing new technical solutions
using the latest technologies.

Keywords: model, high-speed impactor, ball, protective obstacle, deformation, hollow
cylinder.

YK 531.66

Koemyn A.B., Tabynenko B.O., Hecmepenko C.I. Mojeab B3a€MOJii BHCOKOIIBHAKICHOTIO
YIApHHKA 3 3aXHCHOIO MePelKo[00 cyMicHoro Tumy // Omip maTepiaiiB i Teopis CrOpy:
Hayk.-Tex. 30ipHuk. — K.: KHYBA, 2020. — Bumn. 105. — C. 64-72.

B oaniit po6omi posensinymo npoyec 83aEMo0ii Kyi (0CKOIKY) 3 3aXUCHUMU NEPEUUKOOAMU, SIKI
YMBOpeHi HaboPOM NYCMOMINUX YUTHOPIE CYMICHO20 muny. 3anponoHO6aHi MOOei 6U3HAYEHHS
2nUOUHY NPOHUKHENHS YOAPHUKA 8 NEPEWKOOY y U0l HA6OPY NYCMOMIIUX YUTIHOPIE CYMICHO20
muny. Haeedeni pesyibmamu po3paxyHkié GequduHu enuOuHu NpOHUKHEHHs KYIi 8 3aXUCHY
nepewxody y euensioi Habopy cymicHux yuninopie. Ilooanvuii Oocuiodcenns nog’sizani 3
600CKOHANEHHAM KOHCMPYKYIll OPOHE3aXUCMY WISAXOM PO3POOKU HOSUX MEXHIYHUX DilieHb 3
BUKOPUCMAHHAM HOGIMHIX MEXHONO02II.
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Kovtun A.V., Tabunenko V.A., Nesterenko S.I. Model of high-speed shock interaction with
compatible type // Strength of Materials and Theory of Structures: Scientific-and-technical
collected articles — Kyiv: KNUBA, 2020. — Issue 100. — P. 64-72.

In this work the process of interaction of a ball (fragment) with the protective obstacles
formed by a set of hollow cylinders of compatible type is considered. Models for determining the
depth of penetration of the impactor into the obstacle in the form of a set of hollow cylinders of
compatible type are proposed. The results of calculations of the depth of penetration of the ball
into the protective obstacle in the form of a set of compatible cylinders are presented. Further
research is concerned with improving the design of armor by developing new technical solutions

using the latest technologies.
Fig. 2. Ref. 11.
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IIpeonodcenvl modenu onpedeinenust 2iyOunbl RPOHUKHOBEHUs YOAPHUKA 6 NPEnsimcmeue 6 suoe
Habopa nycmomenvix YuluHOpog coemecmnoz2o muna. llpueedenvi pezyrbmamuvl pacyemos
GeUYUHBL 2TYOUHbL NPOHUKHOBEHUS. NYIU 6 3AWUMHYIO npespady 8 ude Habopa co8MeCmuUMbIX
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SIZE OPTIMIZATION OF SINGLE EDGE FOLDS FOR COLD-
FORMED STRUCTURAL MEMBERS
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Optimization problem for single edge fold size in cold-formed structural members has been
considered by the paper. Linear convolution of criteria, namely minimization criterion of design
area of stiffener cross-section and maximization criterion effective area of stiffener cross-section
which defines it reduced load-bearing capacity due to distortional buckling has been used as
optimization criterion.

Results of performed study can be served as design recommendations for companies-
manufacturers of cold-formed profiles as well as recommendations in scope of elaboration national
standard — assortments of effective cold-formed profiles. It will promote wider implementation of
cold-formed building structures in building practice.

Key words: load-bearing capacity, cold-formed profile, optimization problem, single edge
fold, stiffener, distortional buckling, linear convolution of criteria.

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 thin-walled cold-formed
profiles, 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.

Design and verification of thin-walled structural members made of cold-
formed profiles is fully reflected in the FEuropean design standards
implemented in Ukraine [1, 2]. The design code considers not only local and
overall buckling due to flexural, flexural-torsional or lateral-torsional buckling
of the cold-formed structural member, but also distortional buckling. The latter
is a mode of buckling in which the lip stiffener is insufficient to retard the

© Bilyk S.L, Yurchenko V.V.
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Fig. 1. Construction of the “effective” C-profile cross-
section of the cold-formed structural members
according to the design code: (a) — at the first stage; (b)
— at the second stage

compressed  flange  and
attached web from becoming
unstable. In other words,
distortional buckling occurs
in cases when flange end
stiffeners (single edge folds
or double edge folds) or
intermediate stiffeners are not
able to resist the local
displacement of the cross-
section plane elements
conjugation nodes.
Calculation the load-
bearing capacity of the cold-
formed structural members
includes two stages according
to the design code. At the first
stage calculation of the
“effective” (reduced) widths
of the compressed cross-
section plane elements is
performed taking into account
local buckling effects in these
elements (Fig. la). At the
second stage calculation of
the “effective” (reduced)
thicknesses of the compressed
cross-section plane elements
is performed taking into

account distortional buckling effects (see Fig. 1b). Then calculation the load-
bearing capacity of the cold-formed structural members is performed using the

[

©
I
|
I
|
|
7
®
Ceff

b,

/

Fig. 2. Plane section element (flange) stiffened by
the single edge fold (flange width & should not
exceed 60t , t is profile thickness)

geometrical properties calculated
based on the constructed
“effective”  (reduced)  cross-
sections.

Optimization problem
formulation. Let consider a
searching problem for optimum
sizes of single edge folds which
stiffens the flanges in steel
structural members made from
cold-formed profiles subjected to
central compression (Fig. 2).

Initial data for optimization
presented as follow: cross-
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sectional sizes of C-profile — web height 4, flange width b, profile thickness
t, internal radius for section plane elements conjunction » =1,5¢; steel basic
yield strength f,,, MPa; E — steel elastic modulus, MPa.

Let consider single edge fold size ¢ as design variable (see Fig. 3). Plane
element’s design widths for C- and Z- cold-formed profiles which are
considered as state variables of the optimization problem should be calculated
depending on the profile overall dimensions 4 and b, internal radius » =1,5¢
and profile thickness ¢ as follow:

— web plane element design width of the profile:

hp =h-2,5;
— flange plane element design width of the profile:
bp =b-2,5¢;
— single edge fold plane element design width of the profile:

c,=C— 1,25¢ .
Slenderness of the profile flange with design width b,, which is stiffened

by single edge fold, is calculated according to [1, 2] as presented below:

o bp ﬁ yb
P07 2841 Jkon on V235 56, 8t\/23

Profile flange with slenderness Ipb is subjected to local buckling effects

(post-buckling behavior) in case when Ipb >0,673 or

b /
L Sy > 0,673
56,8t 235

235
T

At the same time “effective” flange width b, is calculated according to
[1, 2] as follow:

b,
by = L1022 s g, [235( 124960 [235)
)“ )“pb fyb bp fyb

The combined action of the single edge fold and a part of the “effective”
(reduced) flange is considered when calculating the flexural buckling
verification of the stiffener. The part of the “effective” flange with width b,,

or

b, >38,2264

(see Fig.2) is included to the stiffener design section and is calculated
according to [1, 2] as presented below:
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b
by = 0,5,y = =2 1222 | og 4y (231124960 B34 g
P24, b b by \Jw

In case when the local buckling of the flange stiffened by the single edge
fold does not occur, i. €. when Ipb <0,673 or

bp <38,2264¢ ﬁ .
fyb

Then the combined action of the single edge fold and the half of the design
flange width b, is considered when calculating the flexural buckling
verification of the stiffener:

b, =0.5b,,.

Plane element slenderness with design width ¢, of the single edge fold

stiffened the flange is calculated according to [1, 2] as presented below:
— for short single edge folds (when ¢, <0,35b,,):

To=—2t 1/—f ) 0498—cp,/—f 2
pc B s
28,41,/0,5 1 235 ¢ V235

— for long single edge folds (when 0,356, <c, <0,6b),):

1,= ) [ S
pe )2/3 235

28,41‘\/0,5 +0,83((c, /b,) 0,35

For single edge fold with design width ¢, local buckling occurs when

P
A, >0,748 or

— for short single edge folds (when ¢, <0,35b,,):

— c ¢
A, =—1P /ﬂ —0,04085 |10 - 0,745
Pe28,41,0,5 V235 t V235

whence it follows:
2
c,> 15,02121¢ i ;
fyb

— for long single edge folds (when 0,356, <c, <0,6b),):

7. = L Lot 0748
pe )2/3 235

28,41‘\/0,5 +0,83((c, /b,) 0,35

whence it follows:
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¢, >21,2432 /—\/o 5+0.,83((c, /b,)~0 35)2/3 .

For single edge fold with post-buckhng behavior (local buckling occurs in
plane element of the stiffener), “effective” width c,; should be calculated

according to [1, 2] as presented below:
—if A, >0,748 and c, <0,35b,:

t [23 t [23
1235\ 3,7754 ; )
e =0,0498 fy,,[ fy,,]

—if 2, >0,748 and 0,35b, <c, <0,6b, :

23
Cyp = 28,41 0.5+0,83| 2035 | x
fyb 2
235 » o
C
x| 1-5.3392-1 |22 0,5+0,83[—”—0,35] .
Cp \ Ty b,

In case when the local buckling of the single edge fold plane element is not

occurred, that is when lpc <0,748, or

— for short single edge folds (when ¢, <0,35b,,):
¢, <15,02121 235 ;
vb
— for long single edge folds (when 0,356, <c, <0,6b),):

2/3
C
¢, <21,2432 235 0,5+0,83[b—”—0,35] ;

vb P
“effective” width of the single edge fold plane element c,; should be equal to
the design width:
Coff =Cp -
Slenderness of the single edge fold corresponded to the flexural buckling of
the stiffener is calculated according to [1, 2] as follow:

T | _] Syt (Cop +b2)

2 JKEI, b ’
JKEI \/\/KEtcgﬁ(;+cﬁ‘fb2j
€] e

where A4, and I, — geometrical properties of the single edge fold design

(4)

section; K — stiffness of the linear spring (using the spring partial restraint of
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the plane section element (flange) by the single edge fold is simulated)
calculated according to [1, 2] as for cold-formed central compressed cross-
sections symmetrical relating to the main axes of inertia which is perpendicular
to the web plane with flange stiffened by the single edge folds as presented
below:

E £

X
[bp 0.3(c2) j [1,5hp+bp 0.5, 2)j
Cof 22 Cop b,

The reduction factor corresponded to the flexural buckling of the stiffener
(or distortional buckling factor) should be calculated depending on slenderness

A, of the stiffener as presented below:

20 =)
where E — is the functional dependence described in [1, 2] as follow:
1,0 if 2, <0,65;
E(4,)=1{1.47-0,7231, if 0.65<1, <1,38; (5)
0,661 if 4, >1,38.

It should be noted, that when /_ld <0,65 distortional buckling of the
section does not occur.

The reduced area of the stiffener (single edge fold) design section
determined the reduced load-bearing capacity of the stiffener due to flexural
buckling is calculated depending on distortional buckling factor y, as follow:

s red — Zd (6)

The reduced load-bearing capacity of the stlffener due to flexural buckling

is taken into account by reduction of the thickness for the stiffener design
section as presented below:

A,
trgd = s, red )

s

In the paper [6] load-bearing capacity region in “axial force — bending
moment” coordinates for a doubly symmetrical cross-section of the thin-walled
cold-formed structural members has been constructed according to the
requirements of the design code [1, 2]. Performed analysis of the constructed
load-bearing capacity region has shown the non-convexity and abrupt
changing of the region boundaries occurred in cases where the section goes to
the post-buckling stage, which is characterized by the phenomenon of local
buckling of the plane section elements and/or distortional buckling of the
section. In addition, this analysis also showed an increase the load-bearing
capacity with increasing axial tensile internal force due to the increase of the
“effective” (reduced) design section.

Presented arguments lead to consider as a purpose function in cross-
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sectional sizes optimization problems formulated for cold-formed structural
members the following criterion of minimum difference between initial cross-
section area and “effective” (reduced) cross-section area:
FES, = 4, — 4, ,,, — min
or taking into account (1.6):
FESA = As - As,red = As - X(/As = As (1_ Zd) — min

or

FESA (C):t(ceff +b92)(l—ld(ld))%min, (7)
where ¢, b,, and /_ld are calculated according to (2) or (3), (1) and (4)

respectively depending on overall profile dimensions 4, b, ¢ and variable
size of the single edge fold ¢, and functional dependency yx, ()_ud) is defined
according to (5).

Proposed optimization criterion (7) for size optimization of the single edge
fold stiffened the flanges in cold-formed structural members in fact is a linear
convolution (with the same weight factors) of the following two criteria:

1) minimization of the design cross-section area of the stiffener A, which

provides minimum material consumption;
2) maximization of the “effective” (reduced) cross-sectional area of the

singe edge fold 4 ,,, determined the reduced load-bearing capacity of the

stiffener taking into account flexural buckling effects, or in other words, load-
bearing capacity maximization of the single edge fold.

Thus, cross-section size optimization problem for cold-formed structural
members has been formulated as searching problem for optimum single edge fold
size ¢ with minimization of the determined purpose function (7) taking into
account state variables calculated according to (1) — (6). The parametric
optimization problem stated by (1)—(7) has been solved using the method of
objective function gradient projection onto the active constraints surface with
simultaneous correction of the constraints violations [3, 4]. In order to realize the
formulated optimization problem, software OptCAD intended to solve parametric
optimization problems for steel structural systems has been used [5, 6].

Results and discussion. Optimization results of the single edge folds for
the cold-formed C-profiles manufactured by «Blachy Pruszynski» [8]
company are presented in Table 1, for the cold-formed C-profiles
manufactured by «BF FACTORY» company — in Table 2, for the cold-formed
C-profiles manufactured by «STEELCO» company — in Table 3.
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Table 1
Optimization results obtained for C-profiles manufactured by
«Blachy Pruszynski» company

Optimum solution by the criterion
Initial design . A
Profile sizes, ¢ A, = 4 oy = min _;}';igx
mm . y - ) y
C, Zd tred H s, red ° cmin s Zd red s,red ° c:ﬁ‘; , mm
mm mm mm mm mm mm

100x48x1.5 18 10.968 (1.452 187.66 0.5 1.0 1.5 94,31 28.4
100x48%x2,0 18 [1.0 2.0 117,0 15,7 |1.0 2,0 112,40 28.3
100x48x2,5 18 [1.0 2,5 141,56 13,3 (1.0 2.5 129,81 28.1
100x48%3.,0 18 (1.0 3.0 164,25 12,0 (1.0 3.0 146,25 28.0
150x48x1.5 18 10.921 (1.381 183.36 4.5 1.0 1.5 100.31 28.5
150x48%2,0 |18 10,996 (1,993 [116,56 18,3 |10 2,0 117,6 28.3
150x48%x2,5 18 [1.0 2,5 141,56 15,2 (1.0 2.5 134,56 28.2
150x48%3.0 18 (1.0 3.0 164,25 13,5 (1.0 3.0 150,75 28.1

00x48x1.5 N8 10.883 11.324 179.95 83 (1.0 1.5 106.01 28.5
200x48%2,0 118 10,964 (1,927 (112,73 20,7 |1,0 2,0 122.4 28.3
200x48%2,5 |18 [1,0 2,5 141,56 16,9 [1.0 2,5 138,81 28.2
200x48%x3,0 18 |1.,0 3.0 164,25 14,8 (1.0 3.0 154,65 28.1

50x48x1.5 119 10.869 11.304 [80.02 8.5 10.976 [1.464 [103.66 28.5
250x48%2,0 19 10,952 {1,904 (113,30 [22.9 1,0 2,0 126,80 28.3
250x48%2,5 |19 [1,0 2,5 144,06 184 (1.0 2.5 142,5625 28.2
250x48%3,0 |19 [1.0 3.0 167,25 15,9 (1.0 3.0 157.95 28.1

80x48x1.5 119 10.853 [1.279 [78.51 8.5 10.963 |1.444 (102.25 28.5
280x48%2,0 |19 10,938 |1,876 (111,62 24,1 1,0 2,0 129,2 28.3
280x48%2.5 119 10,996 |2.491 (143,52 [19.3 1.0 2.5 144.8125 28.2
280x48%3,0 |19 [1.0 3.0 167,25 16,6 (1.0 3.0 160,05 28.1
300x49x1.5 18 [0.813 [1.220 |74.84 9.1 10.951 [1.427 [103.32 29.1
300x49%2,0 |18 (0,903 1,805 |107.40 [J25.8 [1.0 2,0 134,60 28,9
300x49x2,5 118 10,964 |2.409 |138.83 J20.5 1.0 2,5 150,31 28.8
300x49%3.0 {18 (1.0 3.0 167,25 17,5 (1.0 3.0 165,75 28.7
100x60x1.5 119 0.880 {1.321 196.90 0.0 1.0 1.5 125.77 35.7
100x60%x2,0 19 10,960 (1,921 [137,33 21,9 |[1.0 2,0 148,80 35.5
100x60%x2,5 19 (1.0 2,5 174,06 18,1 (1.0 2.5 171,81 354
100x60%3,0 19 (1.0 3.0 203.25 15,9 [1.0 3.0 193.95 35.3
150x60x1.5 19 10.827 {1.240 190.97 5.7 979 11469 12727 35.7
150x60%x2,0 19 10,913 |1,826 [130,58 J25.9 1,0 2,0 156,80 35.5
150x60%x2,5 19 10,972 12,430 [169.20 J21.0 1.0 2,5 179,06 354
150x60%3.0 19 (1.0 3.0 203.25 J18.1 [1.0 3.0 200,55 35.3

00x60x1.5 22 10.837 |1.256 [95.92 5.7 10.947 [1.420 [123.06 35.7
200x60%2,0 |22 10,924 1,848 [137.64 29,4 1.0 2,0 163.8 35.5
200x60%2,5 |22 10,983 2,457 [178.46 23,5 [1,0 2,5 185,31 354
200%x60%3,0 |22 [1.0 3.0 212.25 20,1 [1.0 3.0 206,55 35.3

50x60x1.5 122 10.804 [1.206 92,11 5.7 10919 [1.379 [119.51 35.7
250%x60%2,0 |22 10,895 1,790 (133,33 32,8 |[1.,0 2,0 170,6 35.5
250%x60%2,5 122 10,957 12,392 [173,74 25,8 1.0 2.5 191,0625 354
250%x60%3,0 |22 [1.0 3.0 212.25 21,8 [1.0 3.0 211.65 35.3

80x60x1.5 22 10.786 11.179 190.07 5.7 10.905 [1.357 [117.61 35.7
280%60%x2,0 |22 10,879 1,759 (131,03 34,8 |[1.,0 2,0 174,60 35.5
280%60%2,5 |22 10,943 2,358 (171,22 27,2 (1,0 2,5 194,56 354
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Optimum solution by the criterion

Initial design . 4
Profile sizes, ¢ A, = 4 oy = min Gt
o c t 4 o t :
’ red > syred 2 min ? red > s red ? op!
mm Zd mm mm mm Zd mm mm cmax -
280x60%3.0 |22 10,990 [2.970 |210.14 [22.8 1.0 3.0 214.65 35.3
300x60x1.5 21 |0.757 [1.136 [85.62 5.7 10.896 [1.34 [116.42 357
300x60x2.0 21 10,854 (1,708 [125.50 135.5 (0,997 (1,99 |175.51 35.5
300x60x2.5 |21 10,920 2,299 [164.66 [28.0 |[1.0 2.5 196,56 35.4
300x60x3.0 21 10,968 [2.904 [202.58 J23.4 1.0 3.0 216,75 35.3
350x60x1.5 23 10.766 [1.150 [88.94 5.7 10.874 [1.312 [113.67 357
350%60x2,0 23 10,863 (1,725 (130,24 135.5 (0,980 [1.96 (172,43 35.5
350x60x2,5 |23 10,928 2,321 [170.86 30,2 1.0 2.5 202,06 35.4
350x60x3.0 23 10,977 [2.931 210,29 J25.1 1.0 3.0 221.55 35.3
400x60x1.5 22 10.726 [1.089 |83.19 5.7 10.855 11.283 [111.19 357
400x60%2,0 |22 0,827 1,655 |123.26 135.5 10,964 11,928 169,66 35.5
400x60%2,5 |22 0,896 2,241 (162,73 132.2 |1.0 2.5 207,06 35.4
400x60%3.0 |22 10,947 [2.842 1201.06 126.6 1.0 3.0 226.05 35.3
80x75x1.5 24 10.728 [1.092 |58.43 44.7 10.835 |1.253 [79.625 44.7
280x75%2,0 24 10,792 1,584 144,94 K4.5 10,962 1,923 211,06 44.5
280x75%2,5 124 0,864 |2.159 |193.50 138.8 |1.0 2.5 261,06 44.4
280x75%3.0 |24 0.916 [2.749 1241.22 132.0 1.0 3.0 287.25 44.3
350x75x1.5 20 |0.615 10.923 [45.68 44.7 10.803 [1.204 |76.54 44.7
350x75%x2,0 20 0,674 (1,347 [117.86 |44.5 (0,935 |1.870 |205,18 44.5
350x75%2,5 20 10,754 |1.886 [161.50 K3.4 1.0 2.5 272,56 44.4
350x75%3.0 |20 0,814 [2.441 20441 1354 (1.0 3.0 207.45 44.3
400x75%1.5 120 0.589 10.883 143.72 44.7 10.782 |1.173 [74.59 44.7
400x75%2.0 |20 0,648 11,296 |113.40 4.5 0918 |1.,836 201,46 44.5
400x75%2.5 |20 0,732 |1.829 [156,58 HM4.4 10,990 [2.475 |272.25 44.4
400x75%3.0 |20 10,792 |2.377 {199.10 137.7 1.0 3.0 304.35 44.3
Table 2

Optimization results obtained for C-profiles manufactured by
«BF FACTORY» company

Optimum solution by the criterion
Profile Initial design 4, - A, —>min A oq

sizes, mm t —> max

op
c, Zd tred > As,red > cmin b} Zd t,-w' ) As’)‘(_/d b} C:ﬁ‘tx , mm
mm mm mm |mm mm mm

100x48x2.0 120 1.0 2.0 121.0 15.7 1.0 2.0 112.40 28.3
150x48%x2.0 20 11.0 2.0 121.0 18.3 1.0 2.0 117.6 28.3
100%60x2.0 20 10,975 11,951 114144 R19[1.0 DO 114880 35,5
150x60x2.0 20 10.930 |1.859 [134.80 5.9 |1.0 2.0 156.80 35.5
150x60%2,5 20 10,988 2,469 (174,35 J21.0 |1.0 2.5 179,06 35.4
00x60x2.0 120 10.893 [1.787 [129.52 94 |1.0 2.0 163.8 35.5
200x60%2.5 120 10,955 2,387 [168.56 [23.5 |1.0 2.5 185,31 354
200x60%3.0 20 |10 3.0 206,22 120.1 [1.0 3.0 206,55 35.3
200x65%1.5 1 — - - - 8.7 10.926 [1.390 [84.30 38.7
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200x65%2.0 | — - - - 33,5 |1.0 2,0 182,0 38,5
200x65%2.5 120 10917 2,292 [173.35 [26.5 |1.0 2.5 205,31 38.4
200x65%3.0 | — — — — 22.5 |1.0 3.0 228.75 38.3
250x60%2,0 20 10,863 [1,725 [125,09 |32.8 |1,0 2,0 170,6 35.5
250x60%2,5 120 10,927 2,318 [163,69 [25.8 |1.0 2.5 191,06 354
250x60%3,0 120 10,975 2,924 201,00 [21.8 [1.0 3.0 211,65 35.3
50x65%x1.5 1 — - - - 8.7 10.899 [1.349 |81.83 38.7
250x65%2,0 20 10,820 (1,639 [127.03 37,5 |1,0 2,0 190,0 38.5
250x65%2.5 | — — — — 29.3 [1.0 2.5 212.31 38.4
250x65%3,0 | — — — — 24.6 |1.0 3.0 235,05 38.3
50x70x1.5 1 — - - - 41.7 10.875 [1.312 |81.64 41.7
250x70x2,0 | — - - - 41,5 10,995 (1,989 (206,55 41,5
250x70%x2,5 20 10,848 2,120 [17093 32,9 |1,0 2,5 233,81 41.4
250x70%3,0 20 10,901 2,701 [212.73 [27.5 |1.0 3.0 258.75 41,3
300x60x3.0 20 10,953 12.858 119647 3.4 11.0 3.0 216.75 353
300x70x1.5 | — - - - 41.7 |0.850 [1.275 [79.35 41.7
300x70x2,0 | — — — — 41,5 10,974 (1,949 (202,34 41,5
300x70%2,5 R0 10,821 2,052 (16548 35,9 |1,0 2,5 241,31 41.4
300x70%3,0 R0 10,876 2,627 [206.,85 29,7 |1.0 3.0 265,35 41,3
Table 3

Optimization results obtained for C-profiles manufactured by «<STEELCO»
company

Optimum solution by the criterion

Profile Initial design A~ 4., —min A roq
sizes, mm t — max
op
rrf;n Xa bt A‘Y"wz’ Cain )|y, Fret As’mé’ e, mm
mm | mm®* |mm mm | mm

60x60%0.8 0 10.695 10.556 117.98 5.8 10.790 [0.632 [23.51 35.8
60x60x1,0 20 0,819 10,916 31,34 35,8 (0,902 10,902 140,08 35.8
60x60x1,2 120 0,904 |1,085 47,00 35,7 10,979 1,175 159,77 357
60x60x1,.4 20 10,946 |1,325 (60,54 25,3 |1.0 1.4 71,40 35,7
80x40x0.8 0 10.894 [0.715 123.20 3.8 10.913 10.730 [24.77 23.8
80x40x1,0 20 0,982 10,982 |54,89 23.4 1.0 1,0 57,61 23.8
80x40x1,2 20 (1.0 1,2 66,6 17,5 |1,0 1,2 63,60 23.7
80x40x1,4 20 (1.0 1.4 76,65 15,0 |1,0 1.4 69,65 23,7
100x40x0.8 120 10.867 10.693 [22.51 3.8 10.887 10.710 [24.06 23.8
100x40x1,0 |20 0,958 10,958 53,55 23.8 10,979 10,979 156,57 23.8
100x40x1,2 R0 |1,0 1,2 66,6 19,3 |1,0 1,2 65,76 23.7
100x40x1,4 R0 [1,0 1.4 76,65 16,4 |1.0 1.4 71,61 23,7
150x50x0.8 120 10.683 10.547 |17.81 9.7 10.747 10.597 21.41 29.8
150x50%x1,0 J]20 0,808 10,808 [30,79 29.8 10,864 10,864 36,63 29.8
150x50%1,2 |20 0,883 |1,059 (44,17 29,7 0,946 |1,135 |54,28 29.7
150x50%x1,4 R0 10,913 |1,279 (82,79 28.4 (1.0 1.4 102,41 29,7
150x50%x1,5 | — - — - 26,2 1,0 1,5 105,86 29.7
150x50%x2,0 20 (1.0 2.0 125,0 19,5 |1,0 2.0 124,0 29.5
150x50%x2,5 | — - - - 16,1 |1,0 2,5 141,81 29.4
150x50%3,0 | — — — — 14,2 |1,0 3,0 158,85 29,3
00x50x%0.8 120 10.633 10.506 116.50 9.8 10.701 10.560 [20.11 29.8
200x50%x1,0 |20 0,765 0,765 (29,16 29.8 10,825 10,825 |34,98 29.8
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Optimum solution by the criterion

Initial design

Proﬁle As - As,red - min sred
sizes, mm — max
C, tre > As‘ red CU[?t ) t)‘g » As‘ red 0]
Za’ d S, 112 min Zd d S, 112 cnﬁ‘tx , mm
mm mm | mm~ |mm mm | mm
200x50x1.2 |20 0.844 |1.013 42.25 9.7 10912 ]1.094 [52.33 29.7

200x50x1,4 20 0,876 (1,226 [79.37 29,7 |0.974 |1.364 |100.74 29,7

200x50x1,5 | — 29,7 10,995 11,493 [110.49 29,7

200x50%2,0 20 0,976 (1,952 (121,97 22,0 |1.0 2,0 129 29.5

200x50%2,5 20 ]1.0 2,5 151,56 17,9 1,0 2,5 146,31 29.4

200x50x3.0 20 1.0 3.0 176,25 |15.6 1.0 3.0 163.05 29.3

50x50x1.4 20 10.844 |1.181 [76.49 9.7 10.948 11.327 [98.02 29.7
250x50x1,5 | — - - - 29,6 0,970 |1.,455 |107.,64 29,6
250x50%2,0 20 0,949 1,898 (118,64 [24.4 |1,0 2,0 133.8 29,5
250x50%2,5 20 |1,0 2,5 151,56 19,6 |1,0 2,5 150,57 29.4
250x50x3,0 20 1.0 3.0 176,25 16,9 1,0 3.0 166,95 29.3
300x87x1.5 | — — — — 1.9 10.768 |1.152 [76.19 519
300x87x2,0 |18 (0,595 1,190 65,42 |51,7 |0.911 |1,822 [147,59 51,7
300x87x2,5 |19 10,653 1,633 157,75 |51,5 |1,0 2,5 322,81 51,6
300x87x3.0 |21 10,769 12,306 |223.12 |41.8 |1.0 3.0 352,65 51,5
350x67x2.0 13 [0.507 [1.013 [73.47 9.7 10.964 [1.928 [191.21 39.7
350x67%2,5 |14 10,642 1,604 114,86 36,0 |1,0 2,5 234,06 39,6
350x67%3,0 |15 0,742 2,227 |157,52 29,7 |1,0 3.0 256,35 39,5
350x67x4.0 J18 10,911 13.644 |255.09 ]23.0 1.0 4.0 300.0 39.2
400x90x1.5 3.7 10.707 |1.061 [70.74 53.7

400x90x2.0 |16 0,462 [0.925 149,57 |53.5 [0.863 [1.726 |141,43 | 53.5

400x90x2,5 17 10,494 1,236 (120,67 53,4 0,959 2,396 |318.,13 53.4

400=x90x3,0 |19 10,639 [1,918 187,46 |50.,8 |1.0 3.0 388,65 53,3

400x90x4,0 23 10,833 3,334 326,68 [37.4 |1.0 4.0 449,61 53,0

Conclusion. Size optimization problem for single edge folds stiffened
flanges in cold-formed structural members has been formulated and solved in
the paper. The linear convolution of the following two criteria has been
considered, namely minimization criterion for design cross-section area of the
stiffener providing minimum material consumption as well as maximization
criterion for the “effective” (reduced) cross-section area of the single edge fold
determined the reduced load-bearing capacity of the stiffener due to flexural
buckling or, in other words, maximization criterion for the load-bearing
capacity of the stiffener.

The results of the performed investigation can be used as
recommendations for companies-manufacturers of the cold-formed profiles, as
well as a guide for creation the national assortment base of the effective cold-
formed profiles promoting wider implementation of cold-formed steel
structures in building practice.
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binux C. I., FOpuenxo B. B.
OIITUMI3ALISI PO3MIPIB BIII'MHIB, 1O NIAKPIIIVIFOIOTH ITOJIUIL, B
CTEPXHEBHUX EJJEMEHTAX KOHCTPYKIIIH 13 XOJIOAHOTHYTHUX ITPO®LIIB

VY cTaTTi po3riIsaacThes 3a4a4a ONTHMI3ALil po3Mipy OAMHAPHOrO BIATUHY, KU MiAKPIILIIOE
HOJUL, B CTEP)KHEBHX eJIEMEHTaX KOHCTPYKLIH i3 XoJomHOrHyTHX mpodimB. Sk kpuTepiit
ONTHUMAJIBHOCTI BHKOPHUCTAHO JIiHif{HA 3ropTKa KpPHUTEPil0 MiHiMizamil miomi po3paxyHKOBOTO
nepepisy BIATMHY Ta KPUTEpil0 MakcuMizaiii «eeKTHBHOID» (PEAyKOBaHOT) IUIOLN BiArHMHY, IO
BH3HAYa€ HOro MOHIKEHY HeCydy 3AATHICTh 3a PaxyHOK BTPAaTH CTIHKOCTI NPU 3rHHAIBHOMY
BHUITy4yBaHHI.

Pe3ynbTaTH BHKOHAHHX [JOCHIDKEHb MOXYTh CIYTYBaTH PEKOMEHIALISAMH UL KOMIIaHiH-
BHPOOHHKIB XOJIOAHOTHYTHX HPOMIiB, a TAKOK PEKOMEHIALISIMH [UIsl CTBOPEHHS HALIOHAIBHOIO
COPTaMEHTY e(EKTHBHHX XOJIOAHOTHYTHX IPOQINiB, IO CIPUATUME IIHPIIOMY BIIPOBAHKCHHIO
JIOCTIIKYBAHOTO KJIaCy KOHCTPYKLIH y MPakTHKY OyaiBHULTBA.

KirouoBi ciioBa: Hecyda 3maTHICT, XOJOAHOTHYTHH mpodins, 3amada onTuMmizaii,
OJMHAPHHUN BiIrWH, €JIEMEHT KOPCTKOCTi, BTpaTa CTIHKOCTI (hOpMH mepepisy, JiHiliHA 3ropTka
KpHTEpiiB.

Bilyk S. I., Yurchenko V. V.
SIZE OPTIMIZATION OF SINGLE EDGE FOLDS FOR COLD-FORMED
STRUCTURAL MEMBERS

Parametric optimization problem for single edge fold size in cold-formed structural members
subjected to central compression has been considered by the paper. Determination the load-bearing
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capacity of the cold-formed structural members has been performed using the geometrical
properties calculated based on the constructed “effective” (reduced) cross-sections taking into
account local buckling effects in the section as well as distortional buckling effects.

Single edge fold size in cold-formed C-profile has been considered as design variable. Linear
convolution of criteria, namely minimization criterion of design area of stiffener cross-section and
maximization criterion effective area of stiffener cross-section which defines it reduced load-
bearing capacity due to flexural buckling has been used as optimization criterion. The parametric
optimization problem has been solved using the method of objective function gradient projection
onto the active constraints surface with simultaneous correction of the constraints violations. In
order to realize the formulated optimization problem, software OptCAD intended to solve
parametric optimization problems for steel structural systems has been used.

Optimization results of the single edge folds for the cold-formed C-profiles manufactured by
«Blachy Pruszynski» company, «BF FACTORY» company as well as «STEELCO» company
have been presented by the paper. The results of the performed investigation can be used as
recommendations for companies-manufacturers of the cold-formed profiles, as well as a guide for
creation the national assortment base of the effective cold-formed profiles promoting wider
implementation of cold-formed steel structures in building practice.

Key words: load-bearing capacity, cold-formed profile, optimization problem, single edge
fold, stiffener, distortional buckling, linear convolution of criteria.

YK 519.853, 624.04, 624.014.2

Bunvik C. U., FOpuenko B. B.

OIITUMM3ALUSI PASMEPOB OTI'MBOB, IOAKPEIVIAIOINUX ITOJIKH, B
CTEPXHEBBIX 3JIEMEHTAX KOHCTPYKIIAM U3 XOJOIHOTHYTHIX
MMPOPUIIEN

B cratbe paccmaTpuBaercs 3ajada ONTHMHU3aLUMM  pa3Mepa OAMHAPHOrO OTruoa,
HOJAKPEIUISIOLIET0 TOJIKH, B CTEPXKHEBBIX 3JIEMEHTaX KOHCTPYKLMH U3 XOJIOAHOTHYTHIX NPOpUIIEH.
B Ka4y€CTBC KPUTECPHUA ONITUMAJIBHOCTH M CIIOJIb30BaHa ﬂMHeﬁHaﬂ CBEPTKa KPpUTEPHUA MUHUMHU3ALUNA
pacyeTHOM IUIOm@AAM OTruba W KpUTEpHs MaKCUMHU3allMK PEAYLHPOBAHHOM IUIOIIAAX OTrubda,
OIPEIENIAIOILEH €ro MOHMKEHHYIO (32 CUeT MOTEPH YCTOHUMBOCTH HPH U3TMOHOM BBIITYUYHUBAHUM)
HECYIIYIO CIOCOOHOCTD.

Pe3ym>TaT1>1 BBIITOJIHEHHBIX l/lCCJ'leLlOBaHl/lﬁ ClIy’)KaT PEKOMCEHIAAUUAMH  IJIsd KOMﬂaHMﬁ—
M3rOTOBUTEICH XOJOMHOTHYTHIX MpoQuieil, a TakkKe pPEeKOMEHIALMSIMU ISl CO3/IaHus
HAI[MOHAJBHOIO  copTaMeHTa d(G{EKTUBHBIX  XONOAHOTHYTBIX mnpoduieil, dyro Oyxer
Croco0CTBOBAaTh GOJIee MIMPOKOMY BHEAPECHHIO HCCIEAYEMOro Kjiacca KOHCTPYKLHMH B IPAKTUKY
CTPOUTENBCTBA.

KiloueBble cjoBa: Hecylias CIOCOOHOCTb, XOJONHOTHYTHIH mpoduib, 3amada
ONTHUMH3ALMHU, OJUHAPHBIH OTTHO, dJIEMEHT JKECTKOCTH, IOTePs YCTONYMBOCTH (HOPMBI CEUCHHUS,
JIMHEWHasi CBepPTKa KPUTEPUEB.

YK 519.853, 624.04, 624.014.2

bBinux C. I, FOpuenko B. B. OnTumizanis po3mipy Biarmty, mo miakpimioe mnoymmi, y
CTEP/KHEBHX eJeMeHTaX KOHCTPYKUii i3 Xo10qHOrHyTHX npodinis // Omnip Martepianis i Teopis
cropyn: Hayk.-Tex. 36ipH. — K.: KHVBA, 2020. — Bumn. 105. — C. 73-86.

YV emammi  posensidacmucs 3a0aua  onmumizayii  po3mipy 00uHapnozo Gid2uny, wWo
RIOKPINAIOE NOJUYKYU, 8 CIEPIHCHEGUX eNeMeHMAax KOHCMPYKYIl i3 XOM0OHO2HYmux npoginie. Ak
Kpumepiti  OnmMuMAanbHOCMi  6UKOPUCMAHA  JTIHIUHA 320pmKa  Kpumepilo MIiHiMizayii  niaowi
PO3DAXYHKO8020 Nepepi3y Gi02uHy ma Kpumepiio Makcumizayii «egekmusHoi» (pedykosaHoi)
naowji 6i02UMy, WO BUZHAYAE U020 NOHUICEHY HeCydy 30amHiCmb 3a PaAXyHOK 6mpamu Cminkocmi
npu  32UHATLHOMY GUNyuyeauHi. Pe3ynbmamu 6uKoHaHux O0CHIONCeHb MOMCYMb  CIy2y8amu
PpeKoMeHOayisMU OJis KOMRAHIU-8UPOOHUKIE XOI0OHOSHYMUX NPOPINIE, A MAKONC PEKOMEHOAYIAMU
0151 CMBOPeNHsl HAYIOHATLHO20 COPMAMEHMY ePEeKMUBHUX XOTOOHOSHYMUX NPOINIE.

In. 2. Ta6x. 3. bi6mior. 9 Hass.
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UDC 519.853, 624.04, 624.014.2

Bilyk S. 1., Yurchenko V. V. Size optimization of single edge folds for cold-formed structural
members // Strength of Materials and Theory of Structures: Scientific-and-technical collected
articles — Kyiv: KNUBA, 2020. — Issue 104. — P. 73-86.

The paper considers an optimization problem for single edge fold size in the cold-formed
structural members. Linear convolution of criteria, namely minimization criterion of design area
of stiffener cross-section and maximization criterion effective area of stiffener cross-section which
defines it reduced load-bearing capacity due to distortional buckling has been used as
optimization criterion. Results of the performed study can be served as design recommendations
for companies-manufacturers of the cold-formed profiles as well as recommendations in scope of
elaboration national standard — assortments of the effective cold-formed profiles.

Figs. 2. Tabs. 3. Refs. 9.

VK 519.853, 624.04, 624.014.2

Bunvik C. U., FOpuenko B. B. OnTumMu3anusi pa3MepoB O0TTH00B, MOAKPEIUISIONINX MOJKH, B
CTEepP’KHEBBIX JJIeMEHTAX KOHCTPYKUHUH M3 XO0JIOAHOTHYTBHIX mpodmieii // ConporusieHne
MaTepHaoB ¥ TEOPHsI COOPYXKEHHUil: Hayd.- Tex. coopH. — K.: KHYCA, 2020. — Bpm. 105. - C. 73-
86.

B cmamwe paccmampusaemcs 3adaua OnmMuMuzayuu pasmepa OOUHAPHO2O omeuba,
NOOKPEnsiouje2o NOJIKU, 8 CMEPIICHEBBIX INEMEHMAX KOHCMPYKYULL U3 XOIOOHOSHYMbIX NPOPuell.
B kauecmse Kpumepus ORMUMANLHOCMU UCNOJIb306AHA TUHEUHAS C6epMKA  Kpumepus
MUHUMUBAYUY — NIOWAOU — pPACYemHO20 — cedenus omeuba U Kpumepus —MaKCUMU3ayuu
PeoyyuposanHoil niowaou omeuba, onpeoensoueti e2o0 NOHUICEHHYI0 HeCYWyIio CnocobHoCmb 3a
cuem nomepu YCmMoUuUBOCMU NpU  U3LUOHOM  Gbinyuueanuu. Pesyremamul  uinoaHeHHbIX
UCcne008anull  MO2ym — NOCAYICUMb — peKoMeHOayusamu  Ofid  KOMHAHUL-U320mogumenetl
XONOOHOZHYMBIX ~ NpOduIel, a makxyce pekoMeHOayuamu O CO30AHUS  HAYUOHATIBHO2O
copmamenma 3GexmueHbIX X0N00HOSHYMbIX NPOPUTEIL.

Wn. 2. Taba. 3. bubauor. 9 Ha3ss.
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A study of aspects of the use of smart technologies in construction. This technology originated in
the IT industry with the advent of digital devices. Until now, this technology has been invested
primarily in the concept of "smart home" with digital control technologies. Then smart technologies
spread to the technology of energy-efficient housing and its maintenance. Today, this technology also
includes technologies of ecological and energy-saving construction, i.e. smart technologies for the
construction of, first of all, modular. Thus, smart technology in construction in any sense means the
organization of "smart", i.e. healthy, economical, safe and comfortable human housing at all stages of
its life cycle. The surge in interest in "smart" homes and technology is a consequence of the global
"digitalization" of human life. In 2017, Ukraine adopted the Law “On Energy Efficiency of
Buildings”, which defines the legal, socio-economic and organizational principles of activities in the
field of energy efficiency of buildings and aims to reduce energy consumption in buildings. This law
defines the basic principles of state policy of Ukraine in this area, namely: ensuring the appropriate
level of energy efficiency of buildings in accordance with technical regulations, national standards,
norms and rules; stimulating the reduction of energy consumption in buildings; ensuring the reduction
of greenhouse gas emissions into the atmosphere; creating conditions for attracting investments in
order to implement measures to ensure increase the energy efficiency of buildings; ensuring thermal
modernization of buildings, stimulating the use of renewable energy sources; development and
implementation of a national plan to increase the number of buildings with close to zero energy
consumption. The article considers five areas of implementation of these requirements - energy
independence, environmental friendliness, comfort, economy and safety.

Most effectively, in terms of minimizing the components of the technological process, and the
cost-effectiveness of the implemented project, these principles can be implemented using materials
and technologies that can integrate these requirements in one complex. When implementing the
requirements laid down in the above four areas when using smart technologies in construction as a
material that combines these areas, it is possible to provide products based on basalt fiber-rigid and
semi-rigid thermal insulation boards, mats, harnesses and other materials. These materials can be used
in the development of part of the requirements of the fifth direction - security. They are implemented
in the development of environmental safety of housing, fire resistance of the building, biological
safety of the material, indoor air quality and other aspects of smart technologies.

Keywords: smart technologies, smart home, energy efficiency, ecology, safety, alternative
energy sources.

© Khlaponin Yu, Selyukov O., Khlaponin D., Palchik S.
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Introduction. The word "smart" is by definition "clever". This technology
originated in the IT industry with the advent of digital devices. Until now, this
technology has been invested primarily in the concept of "smart home" with
digital technologies for its management, which at this time was transformed
into a component of smart technology: the concept of "Internet of Things"
(IoT). Then smart technologies spread to the technology of energy-efficient
housing and its maintenance. Today, this technology also includes
technologies of ecological and energy-saving construction, i.e. smart
technologies for the construction of, first of all, modular. Reason such a strong
difference in the interpretation of the concept of smart technology - the
information vacuum in the construction and equipment of "smart" homes [1].
But the researchers are united in one thing: smart technology is an innovative
solution. Thus, smart technology in construction in any sense means the
organization of "smart", i.e. healthy, economical, safe and comfortable human
housing at all stages of its life cycle. The surge in interest in "smart" homes
and technology is a consequence of the global "digitalization" of human life.
What seemed strange and incomprehensible yesterday is now a faithful helper
to millions of people around the world. Even familiar objects, in particular,
windows and furniture, acquire new properties.

Results and discussion

But what should a house be like to be considered "smart"? Currently, there
are several areas of technology development in construction.

The first direction, which was called "Construction of energy efficient
buildings" [2]. In 2017, Ukraine adopted the Law “On Energy Efficiency of
Buildings”, which defines the legal, socio-economic and organizational
principles of activities in the field of energy efficiency of buildings and aims to
reduce energy consumption in buildings. This law defines the basic principles
of state policy of Ukraine in this area, namely: ensuring the appropriate level
of energy efficiency of buildings in accordance with technical regulations,
national standards, norms and rules; stimulating the reduction of energy
consumption in buildings; ensuring the reduction of greenhouse gas emissions
into the atmosphere; creating conditions for attracting investments in order to
implement measures to ensure (increase) the energy efficiency of buildings;
ensuring thermal modernization of buildings, stimulating the use of renewable
energy sources; development and implementation of a national plan to increase
the number of buildings with close to zero energy consumption.

According to DBN B.2.6-31: 2016 "Thermal insulation of buildings" under
the energy efficiency of the building means the property of the building, its
structural elements and engineering equipment to provide during the expected
life cycle of the building household needs and optimal microclimatic
conditions for its stay and / or living in premises of such a building at the
normatively permissible (optimal) level of energy resources for heating,
lighting, ventilation, air conditioning, hot water supply, taking into account
local climatic conditions.
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Of course, everyone wants to live in a house, where you do not need to
insulate the walls of your apartment, get tired of the heat in summer and pay
huge sums for heating in winter. The ideal option is to create a building where
the need for external energy is close to zero (Fig. 1). The EU has decided that
this should be all buildings built after 2019. Such a house is an independent
facility, which actively uses alternative energy sources, such as solar, as well as
energy produced by electrical appliances and the residents themselves. The main
goal of the energy-saving concept is the rational use of resources, care for the
environment and the creation of a
comfortable building for living.
Achieve maximum energy
efficiency of the house is possible
only with a comprehensive
approach to all subsystems -
insulation, carefully thought-out
ventilation, lighting, heating and
cooling, special windows, doors
and roof, use of only ecological
energy saving devices, etc. Control
of home systems, namely:
temperature, lighting, alarm - is
through an application on a smartphone.

The second direction is environmental friendliness. The main purpose of the
green direction in construction is to reduce the burden on the environment, while
striving to improve the quality of buildings and ensure the most comfortable
environment in the premises. The purpose of this area is the environmental safety
of housing and indoor air quality. It is the principles of "external" ecology in
construction that will help humanity to preserve the basics of our children's lives,
will make it possible to leave them our Earth in a clean and pleasant form. While
the "internal" ecology of each building will allow us to raise healthy offspring who
will be able to fully enjoy their lives on a clean planet, in the absence of
environmental, climatic and energy disasters. To achieve this goal, a separate
direction in the industry of building environmentally friendly materials, such as
building blocks of sea salt and wooden buildings. It is clear that the most
environmentally friendly is engineering equipment that works on the basis of
renewable energy sources. Ideally, an environmentally friendly building should use
equipment that does not burn raw materials (getting very high temperatures, while
in the building we only need some 30-50 degrees), but would work by producing
only the really necessary "temperature delta" in the middle of the building. Such
equipment includes, for example, heat pumps and solar collectors. By producing
thermal energy, they do not burn electricity or other raw materials, but simply
select the temperature delta we need to operate the buildings from the environment.

The third direction is comfort. This concept includes both comfortable
housing and comfortable management of its operation. This direction is formed
first of all from Internet things: the smartphone, the smart socket, the smart
TV, the smart watch, the robot vacuum cleaner, etc., but has development and

Fig. 1. The first serial energy efficient house in
Ukraine
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further: hotel halls are equipped with terminals for independent electronic
registration, hotel guests can adjust lighting, climate regulation, control of
multimedia equipment and blinds [3]. With the help of a smart system it is
possible to make changes in the light regime, you can quickly change both the
interior lighting from intimate to the front, and the mode of use of the building
(security mode, operating mode, presence simulation, etc.). No less important
is the automation of switching on / off lighting fixtures, which allows you to
save on utility bills.

The fourth direction is efficiency. Reducing the use of expensive gas and
switching to renewable solar energy, energy-saving integrated construction
technologies, including passive energy saving, passive cold, reducing water
consumption through rainwater collection and aeration. The next step in the
development of technologies for the construction of energy-efficient homes
should be the creation of energy-efficient homes, that is, homes that produce
more energy than they consume.

Most effectively, in terms of minimizing the components of the technological
process, and the cost-effectiveness of the implemented project, these principles
can be implemented using materials and technologies that can integrate these
requirements in one complex. In the implementation of the requirements laid
down in the above four areas in the application of smart technologies in
construction as a material that allows you to combine these areas, it is possible to
cite products based on basalt fiber-rigid and semi-rigid thermal insulation boards,
mats, haresses and other materials. These materials can be used in the
development of part of the requirements of the fifth direction - security. They are
implemented in the development of environmental safety of housing, fire
resistance of the building, biological safety of the material, indoor air quality and
other aspects of smart technologies.

Basalts and their structural analogues (diabases, amphiboles, etc.) are used
for their production - mountain volcanic ecologically pure raw materials, the
reserves of which in the world are practically inexhaustible. Structural and
heat-insulating materials based on basalt fiber meet the above conditions. In
addition to high technical properties should take into account their lower cost,
compared with similar materials based on any other mineral, and even more
organic, fibers. The strength of basalt reaches 18000-25000 kg/cm?, basalt-
containing materials can withstand much greater elastic deformations, because
in the basalt fiber there are no plastic deformations in tension, and the
elasticity is superior to steel.

The main difference between materials based on basalt fibers is their high
strength at all types of stress and the ability to withstand large deformations. The
relative deformation of materials based on basalt fibers, without the formation of
cracks can reach 0.7 ... 0.9%, which is much higher than for conventional
materials. In accordance with the provisions of DBN B.2.6-31: 2016 "Thermal
insulation of buildings" requirements of regulations on thermal protection of
buildings and structures have led to a growing trend to create new materials that
ensure sustainable operation of structures and equipment in the face of intense



ISSN 2410-2547 91
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

destructive external influences. Such materials are subject to a set of (sometimes
mutually exclusive) requirements that must combine: physical and mechanical,
chemical, hygienic, thermophysical, decorative and other properties of materials.
In this regard, there is a need to create materials that at low average density, high
strength can withstand significant temperature loads, the impact of extreme
natural and operational factors. One such material is mineral fibers based on
erupted rocks. The raw materials for their production are non-deficient,
widespread in Ukraine main rocks of magmatic origin - basalts and their
structural analogues - diabases, amphiboles and others. The relatively low
melting point allows the use of these rocks for the production of mineral fibers in
a simplified scheme, directly with the loading of rock into the smelting unit,
which provides high efficiency of the product, stability of process parameters
and no harmful load on the environment. In this case, the melting of raw
materials is a one-step principle, the materials obtained on these drags are not
only not inferior to traditional glass and mineral fibers, but in a number of
properties far outweigh them. Table 1 shows a comparative description of the
main technical characteristics of the fiber obtained from different raw materials.

Table 1

The main technical characteristics of mineral fiber-based various materials

. Tensile Elongation

# Fiber material Dkegr;rs:g’ strength, M&i}{; iﬁ(;glg, at ter%sion,
MPa 103 MPa 103

1 | Steel fiber 7.8 0.8...2.15 200 3.4
2 | Asbestos 2.6 0.91...3.1 68 0.6
3 | Fiberglass 2.6 1.05...3.85 | 70... 80 1.5...3.5
4 | Carbon 2.0 2.0 245 1.0
5 | Basalt 1.1...1.6 | 4.0...12.0 184...210 1.2...1.8

It is shown that obtaining structural and heat and sound insulation materials
based on basalt fibers with high thermophysical and acoustic properties is
possible when creating a porous system in the material with a predetermined
textural characteristic of pores of different class, purpose and combination.

It should also be noted that basalt fibers and materials based on them have
high thermal and insulating properties, as well as structural properties. In terms
of temperature resistance, basalt fibers and products based on them
significantly outperform similar indicators of heat and sound insulation
products based on glass and mineral fibers. But the requirements of modern
regulations on improving the heat and sound performance of buildings and
structures raise questions about further improving the performance of thermal
insulation materials.

As can be seen from the data given in table 2 heat-insulating products
(TZIV), for the production of which basalt fibers were used have an
unconditional advantage over other types of TZIV based on mineral fibers and,
moreover, based on fibers made of polymeric materials. But at the same time
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as meeting the growing needs of industry in the production of thermal
insulation materials come to the fore requirements to improve their
performance, including such as operating temperature, thermal conductivity,
density and others. It should be noted that basalt fibers and materials based on
them have high thermal and sound insulation and structural properties. In
terms of temperature resistance, basalt fibers and products based on them
significantly outperform similar indicators of heat and sound insulation
products based on glass and mineral fibers.

Table 2

Comparative characteristics of the main technical indicators of thermal
insulation materials based on mineral fibers

BTSH HSP BTSH | SHAON | SHAON

# Indicators (10mm) | (20mm) | (30mm) | (15mm) | (15mm)

] | Operating 700 700 1150 400 400

temperature, °c

Thermal conductivity,

0.055 0.055 0.055 - -

2 VT/mK

3 | Linear density, tex 25 60 100 56-79 | 200-240
4 | Sorption hydration 2 2 16 - -

5 | Density, kg/m3 450 200 190 - -

Analyzing the structure, mineral and chemical composition of the fibers, it
is possible to conclude that there are common features in all thermal and sound
insulation materials, which impose certain restrictions on improving their
performance. Thus, a common feature of all thermal and sound insulation
materials is the use for their production of fibers of dense structure with
mineralogical and chemical composition, which is similar to the raw material,
which predetermines the marginal performance. Therefore, one of the ways to
increase the performance of products based on inorganic mineral fibers is to
modify the structure of the fiber, as well as adjust its chemical and
mineralogical composition in the direction of increasing the operating
temperature and thermal insulation properties of the fibers.

The fifth direction is security. First, it is the environmental safety of housing,
for example, fire protection of wood and provides a high level of fire resistance
of the building, the quality of indoor air largely determines the quality of human
health. Secondly, it is the safety of the person who lives in it. Of course, smart
technologies have many different security and video surveillance systems that
allow a person to feel protected. Thus, in the event of unauthorized intrusion into
the house of strangers, the smart system will automatically notify the security
service and the owners of the intrusion and may not include sound and light
alarms, lighting, thereby assisting in apprehending criminals, and, conversely,
turn on audible alarms and lighting to warnthe owners and scare the intruders.
With the help of the emergency warning system, an emergency rescue service
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will be automatically called, and in addition, the water will be cut off, the power
supply will be turned off autonomously and the fire extinguishing system will be
turned on. In the absence of the hosts, the smart system will notify you that
someone has come, and thanks to the Internet, you can see who it is and through
the Internet or SMS you can open the door and let the guest. You can always
view the image broadcast from video cameras on a personal mobile gadget,
portable (wall) displays or TVs online. For example, a smart system by
displaying an image will let you know that a child has woken up in a child's
room or a car has approached the gate. the power supply will be switched off
autonomously and the fire extinguishing system will be switched on. In the
absence of the hosts, the smart system will notify you that someone has come,
and thanks to the Internet, you can see who it is and through the Internet or SMS
you can open the door and let the guest. You can always view the image
broadcast from video cameras on a personal mobile gadget, portable (wall)
displays or TVs online. For example, a smart system by displaying an image will
let you know that a child has woken up in a child's room or a car has approached
the gate. The power supply will be switched off autonomously and the fire
extinguishing system will be switched on. In the absence of the hosts, the smart
system will notify you that someone has come, and thanks to the Internet, you
can see who it is and through the Internet or SMS you can open the door and let
the guest. You can always view the image broadcast from video cameras on a
personal mobile gadget, portable (wall) displays or TVs online. For example, a
smart system by displaying an image will let you know that a child has woken up
in a child's room or a car has approached the gate. You can always view the
image broadcast from video cameras on a personal mobile gadget, portable
(wall) displays or TVs online. For example, a smart system by displaying an
image will let you know that a child has woken up in a child's room or a car has
approached the gate. You can always view the image broadcast from video
cameras on a personal mobile gadget, portable (wall) displays or TVs online. For
example, a smart system by displaying an image will let you know that a child
has woken up in a child's room or a car has approached the gate.

Materials and methods

These areas have formed the composition of smart technologies in
construction.

1. Modular assembly (Fig.2) of buildings of any type: residential
buildings, commercial,
administrative and  even
industrial buildings. First of
all, the demand for modular
buildings is determined by
the possibility of quick
installation and relatively low
price.

The modular construction
technology allows to erect the
building with any necessary

Fig. 2. Modular house (photo from http://ukrdream.in.ua)
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sizes, planning, level of comfort in the minimum terms. Modular construction
is developing rapidly in the construction of buildings and, in particular, hotels
[4].

2. Technology in the interior: concept Smart House -these are robot vacuum
cleaners, sockets (Fig. 3) with a Wi-Fi module and light bulbs, which can be
controlled using a smartphone. Even familiar objects,
in particular windows and furniture, acquire new
properties, for example, touch furniture facades are
compatible with the concept of "smart" houses:
connecting furniture with the surrounding space, smart
management, adaptation to different life situations and
people's daily routine. Modern smart TVs are a

-
\ combination of rich functionality and stylish
appearance. For example, Samsung's The Frame has a
"chip" in the form of interchangeable frames in six
Fig. 3. Smart socket colors. With this design, it is difficult to immediately
HS110 (photo from understand whether you have a TV or a picture.

https://www.wildberries  Complements such sensations and a special mode

"Picture", which turns off the TV automatically: instead of a boring black screen,
the device displays works of art, turning the room into a personal gallery. In the
built-in Art Store application you can choose from more than 1,200 works by
famous artists and photographers from the largest galleries and museums in the
world. Smart technology has touched almost furniture. "Smart" furniture is
characterized, first of all, by the compactness and comfort (Fig. 4), extreme
ergonomics coupled with convenient functionality. That is why it is so popular
with pragmatic, "advanced" interior designers. Especially when it comes to the
so-called Smart-apartments, ranging from 9 to extreme ergonomics coupled with
convenient functionality. That is
why it is so popular with
pragmatic, "advanced" interior
designers. Especially when it
comes to the so-called Smart-
apartments, ranging from 9 to
extreme ergonomics coupled
with convenient functionality.
That is why it is so popular with
pragmatic, "advanced" interior
designers. Especially when it
comes to the so-called Smart-
apartments, ranging from 9 to
30m’. Although smart furniture is becoming increasingly popular with young
families who have a little more, but still not very many square meters.

3. A house built and equipped with smart technologies does not become
"smart".

https://mebshop.kiev.ua)
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To make it so, you need something more, namely an IT platform that will
integrate all communications into a common network and allow you to connect
them to cloud services. In addition, the classic concept of Smart House provides
for the presence in the building of such qualities as energy efficiency, as well as
a high level of comfort and safety of residents. In addition to automatically
controlling the entire complex of electronics in the house, the smart system can
transmit a failure signal to the owners, service personnel, emergency services via
voice message to a mobile phone, SMS or Internet message.

The system is controlled via a global computer network or mobile phone,
thus providing the ability to choose heating modes, optimal climate in the right
rooms, adjust the water temperature, the usual or special lighting design,
background music and news of interest.

To do this, simply send an SMS to the smart system. Despite the variety of
data transmission technologies used in "smart homes", the composition of
smart systems and the scheme of operation are not fundamentally different.
Components of any smartsystems: IT platform (controller, processor),
actuators (actuators, regulators, etc.), controls (windows, doors, heaters, air
conditioners, home theater, etc.), communication lines (wireless, in the
environment Wi-Fi or using Z-Wave wireless technology).

Conclusions

1. The house of the future of each of us will be built on smart technologies.

2. In the long run, not only houses will become "smart", but also cities and
even (some) states [S]: every resident will be provided with free Internet
access, the city will develop a computer program to combat street crime, on the
wheels of cars special sensors will be installed, which collect information
about each pothole on the road and send data to the utility server, the program
of introduction of electric vehicles will be implemented, garbage in the city
will be collected by cleaning robbers, mail will be delivered by postmen. The
authorities of any city can set an ambitious goal: to bring the level of emissions
of harmful gases to absolute zero by 2025.

3. The main disadvantage of these systems is the dependence on the
availability of the Internet and mobile communications. Without these types of
communication, all of the above ceases to exist.
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Xnanonin FO.1., Cemokos O.B., Xnanonin J1.1O., [larvuux C.I1.
OCOBJIMBOCTI BUKOPUCTAHHSI PO3YMHMX TEXHOJIOI'I B BY IIBHUIITBI
JlocnmiKkeHHsT acreKTiB BHKOPHCTAHHS CMapT-TeXHONOriH B OymiBHHUTBL. Ll TexHomoris
BuHHKIA B [T-ramysi 3 nosiBoro mu¢poBux HpucTpoiB. Jlo L[bOro yacy ILisi TEXHOJOTis BKJIaganacs
TOJIOBHUM YMHOM Y KOHIICMIIIO «PO3YMHOr0 OYIMHKY» 3 LU(POBUMU TEXHOJIOTISIMH yHPABIIHHS.
IToTiM pO3yMHI TEXHOJIOTrIl MOLIMPHINCH HA TEXHOJOTII0 CHEProe(eKTHBHOIO JXKHMTIAa Ta HOro
obciyroByBanHs. ChOrOAHI I1si TEXHOJOTISl TAaKOX BKJKOYAE TEXHOJOTrIT EKOJIOTIYHOro Ta
eHepro30epiraroyoro OyaiBHHUITBA, TOOTO PO3yMHI TEXHOJOTrii [yl OyAIBHUIITBA, Hacamriepel,
MonynbHi. TakuMm YMHOM, PO3yMHA TEXHOJIOTisE B OyIiBHMULTBI B OyIb-IKOMYy CEHCI O3Hadae
OpraHi3aiifo «po3yMHOro», TOOTO 30pOBOr0, EKOHOMIYHOI0, OE3MEeYHOro Ta KOM(MOPTHOTrO KHUTIIA
JIIOJIMHM Ha BCiX eramax Horo jxurreBoro unumiiy. Cruieck iHTepecy m0 "po3yMHuX" OyOHMHKIB Ta
TEXHOJIOTIH € HacmiakoM riobanbHOl "tmdposizauii" moxacekoro xutrs. Y 2017 poui Ykpaixa
npuiiHsia 3akoH «IIpo eHeproeeKkTHBHICTH OyIiBeNb», SKHI BH3HAYA€E MPABOBi, COIL[iaJbHO-
SKOHOMIYHI Ta OpraHi3aliiiHi NMPHHLIMIM IiUIBHOCTI y cdepi eHeproedekTHBHOCTI OyxmiBens Ta
CIPSIMOBAHMIl Ha 3MEHIICHHS CIIOXHBaHHs eHeprii B Oyamukax. Lleil 3akoH BH3HA4Ya€ OCHOBHI
NPHHIMIN JIep)KaBHOI MOMITUKK YKpaiHW y Wil raiy3si, a came: 3a0e3MeUCHHs] HAJICKHOTO PIBHS
eHeproe(eKTUBHOCTI Oy/IiBeNb BiAMOBIIHO J0 TEXHIYHMX PErJIAMEHTIB, HAI[IOHAJIBHUX CTaHAAPTIB,
HOPM Ta MpPaBWJI;, CTUMYJIOBAHHS 3MEHILICHHS CIIOKMBaHHs cHeprii B OymiBisxX; 3a0e3reyeHHs
3MEHIIEHHsI BUKH/IB TAPHUKOBHX Ia3iB B atMoc(epy; CTBOPEHHS YMOB AJIsl 3aJTy4CHHS IHBECTHLIH 3
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METOI0 3IiHCHEHHs 3aXOIiB OO0 MiABUIIECHHS eHeproeeKTUBHOCTI OyaiBenb; 3abe3medeHHs
TEIuI0Bol MOZEpHI3aLii OyaiBesb, CTUMYJIFOBAHHS BHKOPHCTAHHS BIJHOBIIIOBAHUX JDKEpes CHEepril;
po3pobKa Ta peaizallisi HA[IOHAIBHOrO IJIaHy 301IbIICHHS KUIBKOCTI OyAiBeib 3 Maike HyJIbOBUM
CIIO)KMBAHHSM €Heprii. Y cTarTi po3risiHyTO I’siTh oOJacTeil peami3aliii LUX BHMOT - CHEpreTuYHa
HE3aJIeKHICTh, eKOJIOT14HICT, KOM(OPT, EKOHOMIs Ta Ge3rexa.

HaitedexTuBHilme, 3 TOYKH 30py MiHIMi3alil KOMIIOHEHTIB TEXHOJIOTIYHOTO IPOLECY Ta
EKOHOMIYHOI e(EeKTHBHOCTI Peaji3oBaHOr0 IPOCKTY, Ii IMPHHIHUIKA MOXYTh OyTH peaii3oBaHi 3
BUKOPHCTAHHSM MaTepialiB Ta TEXHOJOTIH, sIKi MOXKYTh IHTEIPYBaTH Iii BUMOTU B OJUH KOMILJICKC.
Ilpu peanizarii BUMOr, BUKJIAJACHUX y BHILE3a3HAYEHUX YOTHPHOX OOJIACTSX, NMPH BHKOPHUCTAHHI
IHTENEKTyaJ IbHUX TEXHOJIOrH y OyAIBHHITBI SIK Marepiany, IO MHOEAHYE i cdepr, MOXHA
HPOIMOHYBAaTH BUPOOM Ha OCHOBI 0a3ajbTOBHX BOJOKOHHHX Ta HAIBXOPCTKUX TEILIOI3OMAIIIMHUX
IUIMT, MATIB, JUKTYTIB Ta iHIMX MaTepiaii. Lli Matepiaan MOXyTh OyTH BUKOPUCTaHI IpH po3pooLi
YACTHHH BUMOT I'ITOr0 HAIPSIMKY - Oe3neku. BoHn BpoBa/uKeHi B po3po0Ky eKOJIOridHOI Oe3neKu
JKHTIIA, BOTHECTIMKOCTI Oy/iBii, GioJoriyHoi Ge3nekn MaTepialy, sKOCTI MOBITPs B MPUMIIICHHSX Ta
IHIIHX aCMEeKTiB PO3YMHUX TEXHOJIOT .

KutrouoBi cjioBa: po3ymHi TexHOJIOrT, pO3yMHHUI AiM, eHeproe(eKTUBHICTb, EKOJIOTis, Oe3rexa,
aIbTEpPHATHBHI JKeperia eHepril.

Xnanonun FO.U., Cenoxosé O.B., Xnanonun /I.FO., [Tarvuux C.I1.
OCOBEHHOCTHU MNPUMEHEHUSI YMHBIX TEXHOJIOTHI1 B CTPOUTEJIBCTBE

VccrenoBaHne aceKToB HCIOIb30BAHHUSI YMHBIX TEXHOJIOIHil B CTPOMTENBCTBE. DTa TEXHOIOIHS
3apoxmiack B UT-uHAycTpun ¢ mosiBieHHeM LHMPOBBIX YCTpoicTB. Jlo CHX MOp 3Ta TEXHOJIOTHs
BKJIaJIbIBAJIACh B OCHOBHOM B KOHIICIILIMIO «YMHOI'O I0M@» C TEXHOJIOIMSIMHU LU(POBOro yIIpaBiICHUsI.
3aTeM yMHBIC TEXHOJIOTHH PAaCpPOCTPAHHIINCH HAa TEXHOJOTUH SHEProd()(GEKTHBHOIO KUIIbS H €ro
obcmykuBanusl. CerogHs B 9Ty TEXHOJOTHMIO BXOIAT TAaKXKE TEXHOJIOTHH JKOJOTHYECKOrO U
9HEProcOEPEraoIero CTPOUTEILCTBA, TO €CTh MHTEIUICKTYaIbHbIC TEXHOJIOTHHU JUISl CTPOUTEIbCTBA,
B IIEPBYIO OYepesib, MoAy bHbIe. TakuM 00pa3oM, HHTEIUICKTyaIbHbIC TEXHOJIOIUH B CTPOUTEILCTBE
B JII0OOM CMBICIIC O3HAYAIOT OPraHH3aLHI0 «YMHOIO», T.€. 3A0POBOr0, dKOHOMHYHOI0, 6€301acHoro
¥ KOM(OPTHOro XWIIbsl YEJIOBEKa HA BCEX ITamax ero >KM3HEHHOro HuKia. Beruleck mHTepeca K
«YMHBIM» JOMaM M TEXHOJIOTHSIM - CJICACTBHE TII00aNbHON «UH(POBH3ALHI» YEIOBEUCCKOM KU3HH.
B 2017 roxy Yxpauna npunsuia 3akoH «O0 3Heprodd(heKTHBHOCTH 3aHHiT», KOTOPBIIl onpenersier
IPaBOBbIE, COLMAIBHO-I)KOHOMUYECKUE M OPraHHW3aL[MOHHBIC MPHHLMIIBI ASTEILHOCTH B 00JIACTH
9HeprodHEKTHBHOCTH 3aHUH M HAIPABIICH HA CHIKEHHE HMOTPEOJICHHUS SHEPIUH B 30aHUAX. DTOT
3aKOH OINpe/e/sieT OCHOBHbIC IPUHIMIIBI [OCYIAPCTBEHHON MONUTHKY YKpauHbl B 9TOi cdepe, a
MMEHHO: 00ECHEYCHHE HAIKAIIEr0 YPOBHs JHEProd(deKTHBHOCTH 3HaHHII B COOTBETCTBHH C
TEeXHHYECCKUMH PErjiaMeHTaMM, HALMOHAJIBHBIMM CTaHAAPTAMH, HOPMAMH M  [PaBHJIAMH;
CTHMYJIHPOBAHHE CHIDKCHUSI HOTPEOICHHUSI SHEPTHU B 31aHMX; OOECIIeUeHHEe CHIDKEHUS BHIOPOCOB
IAPHUKOBBIX Ta30B B atMocepy; CO3JaHHE YCIOBUIl Ul HPHBJICYCHHS HHBECTULHH C LEJIbIO
pean3aui MEPOIPHUSTHIL 10 MOBBILIEHUIO YHEProdGHEeKTUBHOCTH 31aHHMIT; 0OecreyeH e TeIIOBOIT
MOJCPHU3ALIMH 3[aHUH, CTHMYJIMPOBAHHUE HCIIOIb30BAHUS BO30OHOBIIEMBIX HCTOYHHKOB SHEPIHU;
pa3paboTka M pea3alysi HALMOHAJIBHOrO IUIAHA [0 YBEIMYCHUIO KOJNMYECTBA 3JaHUIl ¢ MOYTH
HYJIEBBIM IOTPEOJICHHEM SHEprui. B cTraThe paccMaTpHBAIOTCS MATh HAIPABICHHUI PEai3aliy STUX
TpeOOBaHMIT - SHEPrOHE3aBUCUMOCTh, IKOJIOTHYHOCTh, KOM(OPT, SKOHOMUYHOCTH ¥ OE30IIaCHOCTb.

HaunGonee >dphekTrBHO, ¢ TOYKK 3pEHHS MHUHHMH3ALMH COCTABILSIOIIMX TEXHOJIOTHYECKOro
porecca U PeHTa0ENbHOCTH Peai3yeMOro IPOeKTa, 3TH IPUHIMUIBI MOI'YT ObITh PEaJn30BaHbI C
HCIIOIb30BAaHUEM MATEPHAJIOB U TEXHOJIOTHIA, MO3BOJLIIOIIMX OOBEIHHHUTE 3TH TPEOOBAHHS B OJUH
KomIuiekc. Ilpu peanusanum TpeGOBaHMI, H3JIOKEHHBIX B BBIIICYKA3aHHBIX YETBIPEX 00JIACTSIX, IIPU
HCIOb30BAHUM HHTEIUICKTYaJ bHBIX TEXHOJNOTHMH B CTPOMTEIBCTBE B KaueCcTBE MaTepHaia,
00BEANHSIOLIET0 ITH 00JaCTH, MOXKHO TIPEJOCTABILITH U3IEIHS HA OCHOBE )KECTKHUX U MONYKECTKHX
TEIUIOM30JILMOHHBIX UIMT W3 0a3aJbTOBOrO BOJIOKHA, MAaTOB, JK[YTOB M JPYTHX MAaTEpHAJIOB.
MaTepHalibl. DTH MaTepUasl MOTYT OBITh HCIOIB30BAHbI IIPH Pa3paboTKe YacTH TPeOOBaHHUIT IISATOrO
HampaBieHuss - Oe3omacHocTd. OHM pean30BaHbl B Pa3pabOTKe IKOJIOTMYECKOH 0e30MacHOCTH
JKWJIbsI, OTHECTOMKOCTH 37aHUsI, OHOJOIMYECKOH O0e30macHOCTH MaTepuana, KauyecTBa BO3AyXa B
HOMEIIEHHSIX U APYTUX aCIEKTOB HHTEI/UICKTYaIbHBIX TEXHOIOIHIA.

KiioueBble cJI0Ba: yMHBIC TEXHOJOTMM, YMHBIH 1OM, 3Heproa(p(eKTUBHOCTb, SKOJIOTHS,
6€30MacHOCTh, aJIbTCPHATHBHBIC HCTOYHUKH SHEPIUH.
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The problem of calculating shells of rotation of a variable along the stiffness meridian under
asymmetric loading is reduced to a set of systems of one-dimensional boundary value problems
with respect to the amplitudes of the expansion of the desired functions in trigonometric Fourier
series. An approach to reduce the required number of solutions such one-dimensional problems is
proposed. The approach is based on predicting the values of variables along the meridian of
expansion coefficients. This allows reducing the computational steps for finding a solution. The
results of calculating the stress-strain state of a steel ring plate under asymmetric transverse
loading are given as an example.

Keywords: rotation shells, variable stiffness, asymmetric loading, coefficient prediction in the
Fourier method, reduction in computing costs.

Introduction

Shell structures are used in the creation of structures of modern engineering, in
the oil and gas, chemical and other industries widely. By this way requires not
only weight indicators, but also various characteristics that lead to the need to
build more reliable models and methods for calculating shell structures with
inhomogeneous (in particular, with variable stiffness) parameters. [1 — 6].

In problems of determining the optimal distribution of material [7] or
calculating the durability of shells, taking into account the degradation of their
surface in an aggressive environment [8], the stiffness parameters change at
each step of successive approximations. This leads to difficulties in rebuilding
the grid with using well-known finite element analysis packages [9, 10] for
each step of the iterative computational (search) algorithm.

A fairly common approach to studying the behavior of such structural
elements is to directly solve boundary value problems for systems of partial
differential equations describing their state, where the components of the
stress-strain state are unknown [1, 5, 11].

In the case of shells of rotation with a variable wall thickness along the
meridian, the method of separation of variables is used using decompositions
of the components of the stress-strain state and load in trigonometric Fourier
series in a circular coordinate [1, 2, 5, 11 — 14]. As a result, the problem of
solving a system of partial differential equations is reduced in the general case

© Dzyuba A. P., Safronova I. A., Levitina L. D.
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to solving n + 1 systems of ordinary differential equations to find » harmonics
of the expansion of the desired functions in Fourier series. Here, the
inhomogeneity parameters (changing the shell wall thickness) are taken into
account quite simply, since they turn out to be components of the coefficients
of these systems. Further, the main computational steps of this approach are
mainly associated with the need to solve a large number of such one-
dimensional boundary value problems only. Therefore, reducing the
computational cost of finding their solution is quite important.

1. Mathematical model description

The equations of the moment theory of shells under asymmetric loading are
accepted under the assumption that shells of revolution (with a generally
arbitrary shape of the meridian), round (ring) plates in particular, are isotropic,
elastic and thin-walled. The wvalidity of Kirchhoff hypotheses, small
deformations and rotation angles in comparison with unity is accepted. The
shell wall thickness is taken variable along the meridian % = A(s) . It should be

noted that the change in the thickness /(s) of the shells of rotation should be
sufficiently smooth dh/ds much less, then one [1,2, 15]. Otherwise, the

accepted initial hypotheses will be violated, and the results obtained in the
calculations may turn out to be unreliable.

In this case, the equations of moment theory for thin elastic shells of
rotation of variable stiffness under asymmetric loading can be, as is known [1,
2,5, 11], reduced to a system of eight partial differential equations. For power
factors, generally accepted designations are introduced
N, Ny, S, M{,M,,M, Q,,0,; for appropriate movements and rotation

angles — u, v, w, ¥y, ¥,, ¥, and for the meridional, circumferential and normal
components of the external loading intensity — ¢;, ¢,, g5 -

These well-known equations of the theory of shells, in order to reduce the
bulkiness of the presentation, are not given in the article, and in the future, for
the sake of definiteness, the statements are taken in the form [1], where four
variables that characterize the displacements are taken as the main variables

u,v, w, 19] and four corresponding force factors N,, S, O, M,, where
oM
S* —S+ ; Of =0, +——— —reduced efforts.
dp
We W111 further use the decompositions of the load, displacements, and

forces acting in the shell into Fourier series [16] along the circumferential
coordinate ¢ in the form:

szf,fcosk(p+2fk’sink(p; l//zZl//fcsinkgo—Zl//,’fcoskgo, (1)
k=0 k=1 k=l k=0

where the functions f in the common notation [1] mean functions u, w,

€1, €5, U, X1s X2» N1, Noy, Q1, My, My, q1, g3; functions y — functions v, 7y, ,
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%y Xias S Oo M, qo, and 4, [, Wi l//,t( — coefficients of their expansion in

trigonometric series.

With this choice of functions, the expansion coefficients with the
superscript "t", which correspond to a skew-symmetric deformation of the
shell meridian, are determined by exactly the same system of equations as the
coefficients with the index "c¢", which correspond to the symmetric
deformation. Therefore, the results of further transformations for these
coefficients coincide, which allows them to be carried out only for functions
with index "c", omitting this sign.

Moreover, the displacements and forces that correspond to the "k"-th term
of the expansion are determined by the formulas [1]:

u=u; cos ke, v =y, sinke, w=w, cos ke,

Y, =By, cosko, Y, =0, sinke, N, = Ny cos ko,

S* =8, sinkg, O =0y, cosko, N, = N,, cos ko,

M, =M coskep, M,=M,, coskp, M =M, sinke. 2)

The use of the Fourier method (this is possible in the case when the shell
wall thickness in the circumferential direction is constant, but changes only in
the meridional & =h(s) allows reducing the adopted system of partial

differential equations of state of the shell to a system of ordinary differential
equations with respect to the expansion coefficients of the corresponding
functions in trigonometric series in the form:

duy cos 6 k 1 sin 8 1-4°
Pk _ —U—vy, —| —+ + Nyr),
ds G (Rl a JWk Ehr ()
dv, k cos 0 20+ 1) |, o
—r = —+ + S s
s r r " Enr (5kr)
dw 1
d_skZF]uk_ﬂlk’
v ko K cos ,  12(-p’
_]k:_’u_zs”fle\/k—lu—zwk—lu 19]k+ ( 3'u)(M]kr)a
ds r r hr
2,2 .2
d(le”):_E_h cos29+khi20 uk+kE—hcos9vk+
ds r 6(1+ wyr r
E 2,2 2013
+—hsin0c0s0 1- kh > W — KEh 5sin6- vy +
r 6(1+u)r 6(1+wyr

k. 1 N
+£ cos O(N . r)—— (S, 1) —— (O 1) — g7
r r R
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d\s;r 2,2
(s )zE_hkcoseuk+E—hk2 e hksz e[1+k hszﬁ
s r 12r

3

5 ksin Bcos 00, +,u§ (N r)—

cos 0

(Sk )+.U— sin O(M . r) =gy 7,
127

dalOj,r 2,2
( i )=E—hszn9cos9 I—L2
ds r 6(1+wyr
42 72,0 2 3
Eh{ 2 o KK cos 9}Wk+3+,u'Eh

+—| sin 5 5 2k200s(9-19]k+
r 12, 6(1+yr I+u 12r

E 2,2
uk+—hksin0 1+k h2 v +
12r

7

2

1 sin@ k
2 () ot
4 r r
(M, 2ER R ’
( 1k r): K Eh 5sin 6-u; + h kszn@cos@vk+3—# hzkzcose-wk+
ds 6 (1+p)r ui2r
ER 12k
f 2 [cosZHI 1+,Uj19]k (M]k ) (3)

Here, the components of the vector of the main variables of the stress-strain
state are the expansion coefficients of displacements u; v, ,w;,%, . As for the
coefficients of decomposition of force factors, it is convenient to take their
product by the radius r of the parallel circle as the main unknowns N7,

* *
Sir, Oty My

The coefficients of decomposition of displacements and forces, which are
not the main variables, using the relations of the theory of elasticity and the
dependencies between displacements and deformations are expressed in terms
of the main variables as follows:

Vo :(sm evk +£Wk) sinke,
r r
2k:{uN]k +Eh(£vk + &2 euk + 2 GW/{H cos ko,
r r r

3 2
My :|:ﬂMlk i Elhz [COSH Dy + ‘ 5 Sin Oy + L kj:l cos ko,
r

Mk=D(—£9,k—kCOZSQWk+kSI;“9ukj sin k. (€))
r r

7

Here k — is the harmonic number of the decomposition; R, R,, r(s) — the
radii of curvature of the shell surface and the parallel circle; 6(s) — angle
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between normal and axis of rotation shell; D= Eh* / (12(1— u*)) — cylindrical
stiffness; F, 4 — elastic modulus and Poisson's ratio, respectively.

A disadvantage of the system of equations (3) is that the forces and
displacements are related to the local coordinate system associated with the
normal and tangent to the meridian of the shell. Therefore, the coefficients of
the system have discontinuities when the meridian of the shell consists of
several sections with corner points between them. In this case, it is necessary
to draw up the compatibility equation for different sections.

According to [1], these difficulties can be circumvented if we pass to
global coordinates. For this, forces and displacements are projected not on the
tangent and normal to the meridian, but on the normal to the axis of symmetry
of the shell and to the axis itself. In this case, instead of displacements u, w,

displacements ¢, { are introduced, and instead of forces N, Q]* , forces X, Z
are introduced as follows:

E=ucosO+wsinf {=usin@—wcos0,

X =N, cos0+Q, sin@  Z=N,sin0-0,cos6. (5)

The same dependencies are related to each other and the coefficients of the
expansion in the Fourier series of the corresponding functions. Substituting

Uy, W, Ny, Oy, and their derivatives through &, ¢, X,,Z, into system (3)
brings it to the form:

dé, cos 6 kcos 0 , 1-u? cos* 0
—=- - v, —sin@- 9, + X.r)+
s U p S~ P W T, (Xer)
1-u® si
N U sinBcos O (Zkr),
Eh r
dg, =—,usme§k—,uksmevk+cos9-19]k+
ds r r
+1—,u2 sin@-cos @ (X r)+1_‘u2 sin® @ (Z r)
Eh r k Eh r K
dvy cos 0 sin 6 cos 0 2(1+ ) [
—=k +k + + Sy -7,
ds r S r S r k Ehr ( k r)
dv sin 0 cos 9 sm 0 cos 0
d_]k K &+ k2 $i = 7 Vk M Oy +
S r r
L120-4Y
oA ( My -r),

ER’r

dix, - 2,4 3.4 9.

(dk r) Eh[l+h kZSinzgjfk—ﬂ'k sznicos@
A r 12 r

&+

127
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. (Xk'r)—#

Ehk wK: ., ER’k* sin 0-cos 0 cos 0
l+——=sin” 0 |v, + : 3 Uyt u
12r 12 r

sin@ cos 0

. in@
+u (Zk~r)—k (Sk~r)+uk2 s1112 (M]k-r)—rqu,

d(Zk.r)——k‘t Eh® sin 9-cos0 2k2
ds 12 E ru

B ER’K® sin 6-cos Hv ER’k? 2+ 1+,u)cos 0
12 Y (1+ )

cos 0

k* cos? 9] & —

ﬂ]k_ksin 9(

S;:'r)—

—,Uk2 (M]k'r)_rqzk’

Gt

ds r ]2r 12 . r3

d(SZ'r)_Ehk[ hk? sin 0]5 ERK® sin6-cos 6
= k

Ehk*  ER
+ hk \7 +%-sin0-cos0-ﬂ]k+ukwse
r r

k 0 0 ksin@
sin Z, r )_cos (k~r)+,u SF’Z (M]k.r)_quk,

d(M]k "’) _ Eh3k2 'sin 0 cos 05 B ERK? 2+(1+,u) cos> 0
ds 12 2 D) (1+ 1) 2 k

(Xer) +

+u

ER’k sin6-cos 6 ER®
+ * Vk
12 2 127

2
[c0s29+ 2k jﬁ,k + (6)
1+u

cos 0

+sin9(Xkr)—c0s9(Zki’)—,U (Mlk "’)'

where for the radial and axial components of the loading such designations are
introduced:
G =i cosO+qs;, sin@;  q, =q Sin@—qy,cos 6. (7
Since the coefficients of the obtained system of equations do not contain
the curvature of the meridian 1/ R, they remain continuous even for a shell
whose curvature is discontinuous. As a result, the main unknowns assigned to
the fixed coordinate system remain continuous with an arbitrary meridian
shape, including for composite shells, which allows us not to compose docking
equations for such cases. As for power unknowns, X,r,Z,r,Syr, Myr
experience discontinuities of a previously known magnitude only where
concentrated efforts are applied to the shells on a specific parallel of the load.
For arbitrary £, the system of equations (6) is of the eighth order. For £k =0
the system breaks down into two: a system that describes axisymmetric
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torsion, and a system that describes axisymmetric bending of the shell. System
order can also be reduced in case of wind load (k =1). For the case 8 =0 (6)
also splits into two systems of four equations, which describe, respectively,
asymmetric transverse bending and tensile tension in its plane of an annular
plate along the radius of thickness.

It is convenient to represent the resulting closed-loop system (6) of linear
differential equations in matrix form:

Yk =2k?k +Ek , (8)
ds

where the components of the state vector Y, ={y,} for the shells are

quantities &, &, v, Dy, Xyr, Zyr, Sir, Myr, and matrix elements

Ar and column vector loads By — corresponding variable system coefficients
(6).

When solving specific problems, the system of equations of state (6) is
supplemented by an appropriate number of boundary conditions characterizing
the method of fixing the shell contour at the start s, and end s, points:

F(¥(s,))=0, (s, =5vs,). 9)

Expanding the elements of matrix F (9) in Fourier series, we can obtain the
corresponding boundary conditions for all harmonics. For asymmetric loading
of shells, system (6) consists of 8k equations, and for round (ring) plates, it
consists of 4k equations. The solution of problems (8), (9) is carried out by
the sweep method with orthogonalization according to S. K. Godunov [17].

Thus, the problem of calculating shells of rotation of a variable along the
stiffness meridian under asymmetric loading reduces to solving a set of boundary
value problems for systems of ordinary differential equations (8) (k =1, 2, ...,00)

with respect to variables along the meridian of the coefficients of expansion of
the main variables in Fourier series with boundary conditions (9).

2. An algorithm for predicting the values of expansion coefficients in
trigonometric Fourier series

In this section, we propose a technique for reducing the number of one-
dimensional boundary value problems (8), (9) necessary to achieve the given
accuracy of solving the problem in the form (1) to determine the stress-strain
state of shells of rotation of a variable along the meridian of the wall thickness.

It is known [16] that the approximation of a certain function g(z),

z €[-7,7] can be represented in the form of a trigonometric Fourier series:

m
g@) =ay/ 2+ (a; cos (kz) +by sin (k2)), (10)
k=1
where the coefficients ay, a,,b; (the sequence of values of which converge
with increasing harmonic numbers, not necessarily monotonously, to zero) are
determined by the well-known Euler — Fourier formulas:
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17 17
a, = = I g@)dz, a, = = I g(2) cos (kz)dz,
- -

V4
b= [ g@)sin)dz, k=12...c0 (b
v/
-

The idea of the proposed approach is to reduce the number of calculations
of coefficients a;, b, in accordance with (11) by periodically extrapolating

their values using the results of calculations of the previous coefficients of this
series, thus replacing them with some forecast values calculated using simple
formulas.

To construct such forecast values in optimization problems in [18], the
simulation forecasting algorithm was used, one of the difficulties of its
application was the need to determine the weight coefficients of the forecast
formula using the results of a special numerical experiment, and interpolation
with cubic splines when solving shell calculation problems in [19].

In this paper, to solve this problem, we propose the joint use of the Aitken
— Steffensen extrapolation dependences [20] and in the form of an increment
of the Adams method [7], which is quite effective in solving the Cauchy
problem for systems of ordinary differential equations and is based on
extrapolation dependences -compasses of Lagrange and Newton.

Let, as a result of three successive calculations of the coefficients of the
Fourier series a,, b, (hereinafter, denoted ¢, = a, v b, ), we obtain the values

Ck—25 Cp—1>Cp -
In this case, the following cases of sequences of changes in the coefficient
values ¢, depending on the

Sy number are possible k&
T o (Fig. 1).
= Here, line 1 corresponds
N, P to the case of a nonmonotonic
sequence:
(1 —Cn)e—c,)<0 (12)
0 lines 2, 3 — respectively,

monotonically decreasing and
increasing sequences:
(=) =) 20 (13)
line 4 — mixed.
The predicted values of
the next member c,,; of the

Fig. 1. Possible trajectories of changes in values
Fourier series coefficients depending on the harmonic )
number sequence of these coefficients

are determined by the results
of the values of the three previous members of this series c,_,,c;_;, ¢,

calculated using (11) depending on the type of iterative process. In the case
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when the sequence ¢, is nonmonotonic (12), the forecast is proposed to be
carried out according to the Aitken — Steffensen formula [20]:

2
GG — ()
Cry1 =

, k=2, (14)
Croa = 2¢ 1+ ¢

and in the case of a monotonic process (13) — in the form of an increment in

the second order Adams formula:

23¢;, —16¢;_; +5¢;_,
12

Further, using coefficients (11), ¢;,,,c,,; are calculated and the process

, k=2, (15)

Cry1 =

of forecasting the next value c,,, is continued taking into account three new

points, starting from the forecast point.

Thus, this approach avoids the need to calculate the coefficients of the
Fourier series at every third step.

3. Numerical results

The developed approach was tested for the case of acceleration of
convergence of the iterative algorithm for solving physically nonlinear
problems of the mechanics of shells of rotation in [7].

Here, the reliability of the proposed approach was verified using the results
of a system numerical experiment by predicting the values of the expansion
coefficients of Fourier series of known functions, typical sequences of which
are shown in Fig. 1.

As an example in Fig. 2(a), a sequence of values of coefficients (11) for

k=0,20 is shown where «e» is the predicted values (14), (15) of the
coefficients a, of the function:

_JL, 0<z<d, d=r/10,
f(Z)_{o, d<z<m,
the coefficients of the expansion of which in a Fourier series in cosines are:
ay=2d/m; a, =2sin(kd)/ (km); k=100,

ay by A
0,20 20 4
0,15 e
: 15
0,10 .

10 0 e o 0 o oD, o p
0,05 3 .
00 5 e 15 k|05 o1 " 2
| ..._L_..- X T SR wevmdp |
0,05 0,0 T 15 20 4
(a) (b) ()

Fig. 2. The calculated (-) and forecast (*) values
the coefficients Fourier expansion of given functions

Fig. 2(b) shows a graph of the monotonically decreasing values of the
calculated and predicted expansion coefficients in the Fourier series with
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respect to the sines of the function f(z)=7—z, ze[0,2x], which have the

form b, =2/k, k=1leo.

Changing the expansion coefficients in the Fourier series with respect to
the cosines of a function f(z)=z, ze[-x, ], for which q; = 7 /3;
a, =(-1)" 4/k*, k =1z are given in Fig. 2(c).

The relative error in the calculation, for example, of the value of the
function f(z) =1 (for z=0) (Fig. 2(a)) when using the first 20 harmonics of

decomposition, of which 7 are determined by the forecast results, was 1,4%,
and when using the exact values of the coefficients — 0,3%.

It should be noted that for higher harmonics, the relative error in the
predictive determination of the values of the coefficients of the Fourier series can
increase. However, taking into account that with increasing & the coefficients of
the Fourier series decrease to zero, their contribution to the final value of the
function decreases, which, on the whole, practically does not affect the accuracy
of the solution to the problem. From the analysis of the results shown in Fig. 2, it
follows that, if necessary, some of the Fourier coefficients can be determined
approximately, that is, not by the usual way of calculating the integrals (11), but
as a result of interpolation at some reference points.

It should be noted that the examples of forecasting the Fourier coefficients
considered above to illustrate the main idea of the proposed approach do not
have independent practical value, since the process of interpolating the
coefficients for the considered functions of one variable requires no less
computational costs than the usual method of obtaining the coefficients in the
form (10), (11).

At the same time, this approach is very effective in problems of calculating
asymmetrically loaded shells of revolution with a variable along the meridian
thickness, when the Fourier coefficients (1) are functions of the longitudinal
coordinate, and are calculated as a result of solving the boundary value
problem (8), (9). In this case, the systems of differential equations (6) with
respect to the amplitudes of expansion into trigonometric series are solved only
for individual “reference” harmonics, and the amplitudes for each third
harmonic are calculated as a result of interpolation of their values

(s <s” <s;) for all nodal integration points (8), (9). This can significantly

reduce the computational cost of obtaining a solution as a whole.

The effectiveness of the approach is illustrated in Fig. 3(a) by the
calculation of a thin elastic steel ring plate under the action of an asymmetric
load:

( )_ q(r), —-m/5<@<nm/5,
NWe=10, g [-7/5;7/5].

represented by its expansion in Fourier series in cosines:
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N
q(r.@)=aq,(r)/ 2+ q;(r)cos (kg), -m<p<m.
k=1

The solution of the arising systems
of ordinary differential equations (8), wiE/q 104, _,,
(9) with respect to the expansion
coefficients was carried out by the
method of sweeping with
orthogonalization according to Godunov 29
for various values of geometric
parameters and options for fixing the 0 v 0) |k
contour. The dependence on the number .
k of the coefficients of the expansion of
the radial  deflection  parameter
w,E/q, at the point r=r, in the

4,0

TX

1E/a 0,
O T 10 15 2

Fourier series in cosines is shown in !

Fig.3(b), and in Fig 3(c) is the ¢
parameter M ]((kk))/ q, of the longitudinal

— © L

Fig. 3. The values of the expansion
moment at the point 7 =r for the case coefficients in the Fourier series

. . of the deflection (b) and longitudinal
of an annular plate (Fig. 3(a)) with a moment (c) for the annular plate (a)
thickness 2=0,05m with a clamped

internal 7 = 0,2m and free external contour », =1m; E =200GPa; y=0,3.
In this case, to compute the terms of the Fourier series
w, (s), My, (s), (k=0,20), 14 solutions of the boundary value problems (8),

(9) were needed without a noticeable loss of accuracy (about 0,07%) compared
to using the Fourier coefficients obtained as a result of solving 21 such
boundary value problems.

The computational efficiency of the proposed approach is most clearly
manifested when it is used in problems of optimal design of structures [7],
since multi-step iterative optimization algorithms provide for the solution of
direct problems of calculating the stress-strain state of a structure at each
search step, which leads to rather large computational costs.

Conclusions

Thus, the presented article proposes a fairly general and effective way to
reduce the computational costs arising in the problems of calculating
asymmetrically loaded elements of shell structures using the Fourier method
by reducing the number of solutions to the corresponding one-dimensional
boundary value problems. Such an approach can be useful in solving a fairly
wide range of problems in the mechanics of shells, as well as the mechanics of
liquid, gas, and plasma, and in other fields.



110 ISSN 2410-2547
Omip MatepianiB i Teopis copyx/Strength of Materials and Theory of Structures. 2020. Ne 105

REFERENCES

1. Biderman V. L. Mechanics of thin-walled structures / V. L. Biderman. — Mashinostroenie. —
Mosscow, 1977.— 488 p. (in Russian).

2. Grigorenko Ya. M. Methods for calculating shells. Theory of shells of variable rigidity. Vol. 4 /
Ya. M. Grigorenko, A. T. Vasilenko. — Naukova Dunka, Kiev, 1981. — 544 p. (in Russian).

3. Grigorenko A. Ya. Stress-strain state of shallow rectangular shells of variable thickness under
various boundary conditions / A. Ya Grigorenko, N. P Yaremchenko., C. N. Yaremchenko //
Bul. of NAS Ukraine. — Vol. 6. —2016. — P. 31-37 (in Ukrainian).

4. Dzyuba A. P. Calculation algorithm on the basis of a discrete-continuous approach for
cylindrical shell of variable rigidity in circular direction / A. P. Dzyuba, I. A. Safronova, L. D.
Levitina // Problems of computational mechanics and strength of structures, Collection of
scientific articles. —Vol. 30. —2019. — P. 53-67 (in Ukrainian).

5. Myachenkov V.1 Calculation of composite shell structures on a computer: Reference /
V. I. Myachenkov I. V. Grigoryev. — Mashinostroenie. — Moscow, 1981.— 212 p. (in Russian).

6.  Sineva N. F. Calculation of a cylindrical shell of variable stiffness interacting with a nonlinear
elastic base / N. F. Sineva, F. S. Selivanov, D. V. Nikityuk // Bull. Saratov State Techn. Un-ty.
Ser.: Construction and architecture. — Vol. 4(60). —Iss 2. —2011.—P. 15-21 (in Russian).

7.  Models and algorithms for optimization of elements of nonuniform shell structures, in
N. V. Polyakov (Eds.) / A. P. Dzyuba, V. N. Sirenko, A. A. Dzyuba and 1. A. Safronova //
Actual problems of mechanics: Monograph, Lira, Dnipro, 2018. — P. 225-243 (in Ukrainian).

8. Ovchinnikov I. G. Thin-walled structures under conditions of corrosion wear: Calculation and
optimization / I. G. Ovchinnikov, Yu. M. Pochtman. — DNU. — Dnepropetrovsk, 1995. — 190 p.
(in Russian).

9. Dashchenko A. F. ANSYS in the problems of mechanical engineering: monograph. second ed. /
A. F. Dashchenko, D. V. Lazareva, N. G. Suryaninov. — BURUN and K°. — Kharkiv, 2011. —
504 p. (in Russian).

10.  Alyamovsky A.A. SolidWorks/COSMOSWorks. Finite Element Engineering Analysis. /
A. A. Alyamovsky. — DMK Press. — Moscow, 2004. 432 p. (in Russian).

11.  Grigorenko Ya. M. Solving the problems of shell theory on a computer / Ya. M. Grigorenko, A.
P. Mukoed. — High School. — Kiev, 1979. — 280 p. (in Russian).

12.  Mossakovsky V. 1. Contact Interactions of Elements of Shell Structures / V. I. Mossakovsky,
V. S. Hudramovich, E. M. Makeev. — Naukova Dunka. — Kiev, 1988. — 288 p. (in Russian).

13. Emel’yanov I. G. Application of discrete Fourier series to the stress analysis of shell structures /
1. G. Emel’yanov // Computational Continuum Mechanics. — Vol 8(3). —2015. — P. 245-253. (in
Russian).

14.  Hudramovich V. S. Contact interaction and optimization of locally loaded shell structures / V. S.
Hudramovich, A. P. Dzyuba // Journal of mathematical Science - Springer Science + Business
media. — 2009. — P. 231-245.

15.  Strength. Sustainability. Fluctuations: Handbook, vol.1. / (Eds.) I. A. Birger, Ya. G. Panovko. —
Mashinostroenie. — Moscow, 1968.— 821 p. (in Russian).

16. Tolstov G. P. Fourier Series / G. P. Tolstov. — Fizmatgiz. — Moscow, 1960. — 392 p. (in
Russian).

17.  Godunov S. K. On the numerical solution of boundary value problems for systems of linear
ordinary differential equations / S. K. Godunov // Advances in Mathematical Sciences. — Vol.
16. —Iss.3 (99). —1961.— P. 171-174 (in Russian).

18.  Bulakajev P. I. An algorithm for the prediction of search trajectory in nonlinear programming
problems optimum design / P. I. Bulakajev, A. P. Dzjuba // Structural Optimization: Research
Journal of Intern. Society of Struct. and Multidisciplinary Optimiz. — Springer — Verlag. —Vol.
13(2, 3). — 1997. —P. 199-202.

19.  Dzyuba A. P. An algorithm for reducing the computational cost of using the Fourier method in
the problems of shell structural mechanics / A. P. Dzyuba, O. O. Bobilev, P. I. Bulakaev // Bull.
of Dnepropetrovsk state university. Vol. 2(2). — 1999. — P. 47-57 (in Russian).

20. Shamansky V. E. Methods of numerical solution of boundary value problems on a computer / V.
E. Shamansky. — Academia Science USSR. — Kiev. — Part. 1, 1963. — 196 p. — Part. 2, 1966. —
242 p. (in Russian).

Cmamms naoditwna 23.07.2020



ISSN 2410-2547 111
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

Izioba A.I1., Cagpponosa 1.A., Jlesumina J1./].

AJI'OPUTM 3MEHIIEHHSI OBYNUCJIIOBAJIBHUX BUTPAT B 3AJIAYAX

PO3PAXYHKY HECUMETPUYHO HABAHTAXKEHHUX OBOJIOHOK OBEPTAHHSI
3amaya po3paxyHKy OOOJOHOK 0OepTaHHsS 3MIHHOI Y3/I0BXX MepH[iaHa >XOPCTKOCTI IpU

HECUMETPUYHOMY HABAaHTAXKCHHI 3BOAUTHCS 10 CYKYIHOCTI CHCTEM OJHOBHUMIPHHX KpalOBHX

3a/1a4 IOA0 aMIUTITY A PO3KJIaAaHH IyKaHUX (QYHKLIH B TpuronomerpudHi psaan Pyp'e.

TIpOnOHYETHCSI METOMKA 3MEHIICHHS KiJIbKOCTI OTHOBUMIPHHX KpaioOBHX 3a/a4, HEOOXIAHUX
UL OCSTHEHHSI 3alaHOi TOYHOCTI BHU3HAYCHHS HAMpPY)KEHO-1e(OPMOBAHOTO CTaHY OOOIOHOK
obepraHHs 31 3MIHHOIO Y3[JOBX MEpHIiaHAa TOBIUMHOI CTIHKM IIPH HECHMETPUYHOMY
HaBaHTAXXEHHI. [Jest 3ampolOHOBAHOrO IMAXOAY TIIOJIITA€ B 3aCTOCYBaHHI MEPiOAUYHOrO
eKCTpaIoMoBaHHs (IPOrHO3yBaHHs) 3HA4YEHb KOe(iLi€HTIB PO3KIafaHHS LIyKaHUX (yHKUiH 3
BUKOPHCTaHHSIM pe3yiabTaTiB  OOYMCICHb  TMOMEpeAHiX  KoedilieHTiB BI/IMIOBIZIHOTO
TPUTOHOMETPHYHOIO PsAY, 3aMIHIOIOYH iX, TaKUM YHHOM, JACAKMMH IIPOTHO3-3HAYCHHSIMH,
00YHCIICHUMH 32 IPOCTUMH (OPMYJIIaMH.

Jnist BupimieHHs i€l 3amayi HPONMOHYETHCS CYMICHE BHMKOPHUCTaHHS CKCTPamoILiHHHUX
sanexxHocreil Eiitkena — Creddenca i B hopMmi CKIa0BOi IPUPOCTY B METOAI AaMca, KU €
JIOCUTh ¢(DEKTUBHUM TIpH PO3B’si3aHHi 3amaui Komn st cucreM 3BHYalHHMX An(EpeHIiadbHUX
PIBHSHB 1 6a3y€eThCs HA eKCTpanoLILiHUX 3anexHocTsixX Jlarpamka i HeloToHa.

IlepeBipka JOCTOBIPHOCTI 3alpOMOHOBAHOIO MIiAXOAY 3IiMCHIOBANAcs 3a pe3ysbTaTaMu
CHCTEMHOT0 YHCJIOBOrO EKCHEPUMEHTY LUIIXOM IPOrHO3YyBaHHS 3Ha4deHb KoedilieHTiB
poskiazneHs B psgu Dyp'e BitoMux GyHKIIH oqHie] 3MiHHOT.

Iigxix BHABISETBCS JOCHTh C(PEKTHBHUM B 3aJayaX pO3PaXyHKY HECHMETPUYHO
HABAaHTAXKCHUX OOOJIOHOK o0epTaHHs 31 3MIHHOK B3JOBX MEpHAiaHA TOBIIMHOK, KOJH
koedirieHTH po3knazaHHs IykaHHX OyHKUOH B pson Pyp'e € QYHKUIAMH [O3M0BXKHBOI
KOOPAMHATHU 1 O0YMCIIIOIOTECS B pe3ynbTaTi po3B’si3aHHs BiAMOBigHOI KpaiioBoi 3axaui. B upomy
BUINAJKY MiAXIA M03BOJSIE BHPIIIYBaTH CHCTEMH AM(EPEHLIaNbHUX PIBHAHD IIOAO aMILTITYQ
PO3KJIaaHHs B TPUTOHOMETPHYHI PSAN TINBKH UL OKPEMUX «OIOPHUX» APMOHIK, @ aMILTITYIH
JULSL KOXKHOI TPeThol FApMOHIKH MOXYTb OyTH OOYMCIICHI B pe3yJbTaTi IHTEPIOMALI] iX 3Ha4YCHb
UL BCIX BY3JIOBHMX TOYOK IHTErpyBaHHs BiAmoBigHOI KpaitoBoi 3amaui. Lle mo3Boise icToTHO
CKOPOTHTH O0YHCIIOBAJIBHI BUTPATH HAa OTPUMAHHS PO3B’SI3KYy B LIIOMY.

Sk MpHKJIaZ HAaBEACHO PE3y/IbTaTH PO3PAXYHKY HANpPyKEHO-1e(OPMOBAHOTO CTaHy CTaJIeBOI
KUIbL[eBOT IIJIACTHHHU PH HECUMETPUYHOMY IIONEPEIHOMY HaBAaHTAXKEHHI.

Kiaro4oBi cjioBa: 00010HKH 00epTaHHSs, 3MiHHA )KOPCTKICTh; HECUMETPUYHE HaBAaHTa)XKCHHSI,
HPOrHO3yBaHHsI KoedilieHTiB B Meroi Pyp'e; 3HIKEHHS 00YNCIIFOBAIBHUX BUTpPAT.

Dzyuba A. P.,Safronova I. A., Levitina L. D.
ALGORITHM FOR REDUCING THE CALCULATIONAL COSTS IN THE PROBLEM
OF CALCULATION ASYMMETRIC LOADING ROTATION SHELLS

The problem of calculating the shells of rotation of a variable along the meridian of rigidity
under asymmetric loading is reduced o a set of systems of one-dimensional boundary value
problems with respect to the amplitudes of decomposition of the required functions into
trigonometric Fourier series.

A method for reducing the number of one-dimensional boundary value problems required to
achieve a given accuracy in determining the stress-strain state of the shells of rotation with a
variable along the meridian wall thickness under asymmetric load. The idea of the proposed
approach is to apply periodic extrapolation (prediction) of the values of the decomposition
coefficients of the required functions using the results of calculations of previous coefficients of
the corresponding trigonometric series, thus replacing them with some prediction values calculated
by simple formulas.

To solve this problem, we propose the joint use of Aitken-Steffens extrapolation dependences
and Adams method in the form of incremental component, which is quite effective in solving the
Cauchy problem for systems of ordinary differential equations and is based on Lagrange and
Newton extrapolation dependences.

The validity of the proposed approach was verified b the results of a systematic numerical
experiment by predicting the values of the expansion coefficients in the Fourier series of known
functions of one variable.

The approach is quite effective in the calculation of asymmetrically loaded shells of rotation
with variable along the meridian thickness, when the coefficients of decomposition of the required
functions into Fourier series are functions of the longitudina Icoordinate and are calculated by
solving the corresponding boundary value problem. In this case, the approach allows solving
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solutions of differential equations for the amplitudes of decompositionin to trigonometric series
only for individual "reference" harmonics, and the amplitudes for every third harmonic can be
calculated by interpolating their values for all node integration points of the corresponding
boundary value problem. This significantly reduces the computational cost of obtaining the
solution as a whole.

As an example, the results of the calculation of the stress-strain state of a steel annular plate
under asymmetric transverse loading are given.

Keywords: rotation shells, variable stiffness, asymmetric loading, coefficient prediction in the
Fourier method, reduction in computing costs.

Izioba A.I1., Cagpponosa U.A., Jlesumuna JI./].
AJITOPUTM CHUXEHUS BBIYUCJIUTEJBHBIX 3ATPAT B 3AJIAYAX PACUETA
HECUMMETPUYHO HAT'PYXEHHBIX OBOJIOYEK BPALIEHU ST

3ajmaua pacyera O0OJIOYEK BpAILCHHUS IEPEMEHHOH BJOJb MEPUAMAHA JKECTKOCTU IpU
HECUMMETPUYHOM HArpyKEHHH CBOJUTCS K COBOKYHMHOCTH CHCTEM OJHOMEPHBIX KPaeBBbIX 3aay
OTHOCHTENILHO aMIUIUTY/l PA3JIOKEHUSI HCKOMBIX (DYHKLUHUI B TpUrOHOMETpUueckue psasl Dypbe.
IIpeiokeH MOAXOJ, OCHOBAaHHBIH Ha NPOTHO3MPOBAHMM 3HAYCHHH IEPEMEHHBIX BJOJb
MepuaraHa Ko3(QGUIHMEHTOB Pa3JIokKeHUH Ul COKPALICHHs HEOOXOIUMOro KOJIMYECTBA PEIICHHUH
TaKUX OJHOMEpHBIX 3a7ad. DTO IO3BOJIAET CHHU3UTHh BBIYMCIMTEIbHBIC 3aTPaThl Ha IOUCK
pemienus. B kadecTBe  mpuMepa  NpUBEACHBI  pe3yibTaThl  pacuéTa  HaNpPSHKEHHO-
1eOPMHUPOBAHHOTO  COCTOSIHHMSI  CTaJIbHOW  KOJIBLIEBOW IUIACTHHBI [pPU  HECHMMETPHYHOM
MONEPEYHOM HArpyKECHHUH.

KaroueBble cjoBa: 00OJIOYKM BpalICHHs, I[EPEMECHHAs JKECTKOCTb, HECHMMETPHYHOC
Harpy)>keHue, NporHo3upoBanus Kod3(pduuneHro B Merone Dypbe; CHUKEHHE BHIYMCIUTEIBHBIX
3arpart.
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An algorithm for predicting the values of variables along the meridian of decomposition
coefficients into Fourier series to reduce computational costs in the calculation of asymmetrically
loaded shells of rotation of variable stiffness is proposed.
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TALL VON-MISES TRUSSES' SKEW-SYMMETRIC DEFORMATION
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The work’s aim is to investigate the tall two-rods three-hinged von-Mises trusses' deformation
regularities at the sloped load that applied to the ridge joint.The horizontal elastic support
influence in the ridge joint when changing the force's inclination angle in a wide range is also
investigated Particular attention is paid to the tall two-rod trusses' skew-symmetric stability loss
possibility. The possibility of the skew-symmetric shape of a loss of stability of high trusses with
at a very small angle of inclination of the force from the vertical axis was confirmed. The
horizontal elastic support's influence on increasing the stability against skew-symmetric
deformation was shown.It was found that skew-symmetry deformation is essentially non-linear,
but under certain conditions it is not catastrophic.It is also noticed that asymmetric deformation
depends on vertical deformation.Scientific novelty lies in a detailed study of the tall two-rod three-
hinged trusses' deformation, and the establishment of the tendency of such structures to skew-
symmetric buckling.The tall von-Mises trusses' new detailed deformation regularities character at
skew-symmetric deformation at small inclination angles of force that applied in the ridge joint has
been established. Also, the two-rod structures' new deformation regularities has been revealed with
a wide inclination angles range of the concentrated force applied in the ridge joint. It is shown that
on increasing the loading's inclination angles, which coincide with the rod's inclination angles , the
stability loss of the individual rods is possible, since there is a significant increase in the truss'
carrying capacity. The research results can be used in the structure design of large general
dimensions, modeling of which gives the real structure work under various loads.

Keywords: buckling; skew-symmetric deformation; tall von-Mises truss; horizontl elastic
supports; sloped load; three-hinged truss; ridge joint.

1. Introduction. Topicality. Simple structural systems, which contain
two three or four tall support legs, are in use in special metal constructions.
The structures with two legs additionally could be fixed by the cable-stayed
system. There are not enough researches, which consists to the deformation
patterns of such systems in the literature. The behavior of such systems on
reach maximum carrying capacity could be non-linear by the character. It is
important because the support legs' dimensions could reach 10-50 m for such
structures as Ferris wheels and other attractions, bridge and overpass supports

© Bilyk S.I., Tonkacheiev H.M., Bilyk A.S., Tonkacheiev V.H.
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[1]. The design scheme of such
systems is  hinge-connected:
support legs are hinged to the
base and hinge-connected in the
ridge. (Fig. 1).

Thus, there are a number of
tasks of the tall elastic three-
hinged systems stress-strain state.

Historically,  the  elastic
shallow  von-Mises  trusses'
stability loss of has captured the
researchers attention primarily by
nonlinear snapping-through
collapsing processes [25, 26].
Subsequently, such effects as
snapping-through and nonlinear
deformation were found as a thin-
walled _Sh_ells_’ stability ~loss Fig. 1. The tall three-hinged system's design
characteristic sign [1, 2, 3, 4, 20], scheme
various structural systems'
nonlinear deformation's aspects, including the stability loss, are described in
[5, 11, 14, 22,23]. The efficiency of using spatial rod systems is due to
construction volume approximation's possibility to the functional one on well-
known criterion [6]. Therefore, the stability problems study of rod spatial
domes and shells, frame systems with constant and variable cross-section is
aimed at creating economic structural systems [7,8,9, 10, 11, 22]. The
revealed aspects of calopstic nonlinear deformation of systems found a new
direction for complex systems under the influence of destructive loads [12].

In general, the three-hinged systems, which type is shown at Fig. 1, could
be assigned name the tall von-Mises trusses (Mises R. (Richard Edler von
Mises) [10, 15, 25, 26].

In recent years, interesting new studies [10, 13, 15, 16-19, 21, 22, 24] have
been devoted to the rod systems' like von-Mises trusses nonlinear deformation
study. But the tall trusses' systems at a sloped loading demand additional
research. Particular attention should be paid to the tall two-rod systems'
tendency to skew-symmetric deformation and stability loss with skew-
symmetric shape [10, 13, 15, 16-19, 21, 22, 27]. In specified works, the von-
Mises shallow trusses studies' overview under various conditions of fixing and
loading is provided.

In studies [17, 19, 27], it is shown that tall three-hinged trusses have a
nonlinear deformation character under asymmetric load, and, accordingly, are
subject to the skew-symmetric buckling. But more detailed von-Mises trusses'
studies on the tendency to manifest skew-symmetric stability loss have not
been carried out enough.
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2. The work aim is to investigate the influence of the horizontal elastic
support and inclined loading in the truss ridge joint to the tall von-Mises
trusses deformational state.

3. Research. The tall three-hinged truss deformational scheme was reviewed
(Fig. 1) under applying the loading force P with an angle Sp in the ridge joint. To
investigate the tall three-hinged truss deformational state the classic, static and
energetic approaches used [3, 6]. In these researches, the structure stress-strain is
determining through the trusses deformational calculations taking into account
the rods reduction and potential energy change.

The three-hinged tall truss, which consists of two rods with a length /, was
considered (Fig. 1). The truss has a span 2*aq, and height of structure /. The
support’s leg inclination angle out of the vertical axis is og. The horizontal
support rigidity characteristic marked as £,.

After loading the considered system by force P inclined with an angle fp at the
structure’s top joint there will be rods compression with their length reduction: Aly,
=l—1,; Al =l b,. At the deformation state, the rods length will have the values /;
and /,. The relative deformations of each inclined rack will be:

81:Al()1/l() =]- ll/l(), (13)
&= Al()z /l() =]- lz/ l(). (1b)
The forces in the rods due to force balance in the joint:
PsinfBp — upk, = N; sin(ay;) — N, sin(ay;),
Pcosfp = N, cos(ay;) + N, cos(ay,). )

The relations between the three-hinged truss’ dimensions and the topjoint’s

displacements could be written as:

tga =@—>f=&'u = v,tgf
T r tgag’ * prere

(-2) (1-5rt)
Ay —Up = a ——);a,—Uup=a -— ,
0 P 0 p 0 P 0 P gbp

up vp
ap +up =a0(1+—);a0+up = a0(1+—tgﬁp),
Ay Ay

(o) -l
Y vp)_(tgaoz vp) = o tgag  ap/
Geometrically the relation through the top-joint’s displacements and

structure’s initial dimensions to the deformations links the rod’s angles
trigonometric functions after the deformations each to other.

€)

sin(ay;) = o — Y
e \/(ao —up)? + (f —vp)?
(@) = [ @
R = \/(ao —up)? + (f —vp)?
cos(a,;) = f v
207 Jlag + up)? + (f — vp)? )
. Qo + Up
sin(ay;) =

\/(ao +up)?+ (f —vp)?
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From the equations (3...5) the truss deformational state consists of the

deformations continuity equation trough the equal vertical displacements at the
top joint with the inclined loading.

f —vp =1, cos(ay;) =1y cos(ay);
2ay = ly; sin(ay;) + 1y sin(ay)). (6)
The rod’s relative deformations is (Fig. 1):

- ( Up )sin (aor)

& 1-—tgp,

a, sin (ay;)’ )
_q (1 4 Up " )sin (o)
2= Qo ghr sin (@)

The rod’s compressive internal forces at the deformational state with the

inclined loading is:

N EA N [1 (1 Upy )Sin (a"’)] EA
= = = —_ —_—— [
1 = &1EAcqp; 1 a gBp sin (aty) calr ®
p sin (ag;)
N, = SZEAcal;—> N, = [1 — (1 + a—otgﬁp)m] EAcal-

The external forces balance with the elastic support’s internal forces

(7. = - uyk,) gives an equation:

Psinfy — upk, = N, sin(a,;) — N,sin (ay;),
Pcosfp = N; cos(ay;) + N, cos(ay)). 9)
Combining the ratios (3 ... 8) with equation 9 gives the criterion for von-

Mises truss' operation at an inclined load and the horizontal elastic support in

the top joint.
Pcosfp
EAcal
1 v 1 v
tgao G n tgao  ao _

+

) s(al-B) [0k s k-2
\/(1 aotgﬁp) +(tgam a, (1+a0tgﬁp) + tgay, ao
2sin(ag),

Psinfp  up kya,

v EAcal Qo EAcal B v
. ZP
1 ao thp B 1 + aO thP

) s (ol [t k2
\/(1 aotgﬁp) +(tgam a, (1+a0tgﬁp) + tgay, ao
v

2= tgPpsin(agy).

Ao

Finally:

+
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Pcosfp
EAcal 1 1
= + — 2sin(ay,),
v 2 v 2 (10.2)
(1-Zesr) (1+ 3 asr)
=
(tg%l Qo tgag Ao
Psinﬁp - upku _
EAcal
( 1 ﬁ)z ( 1 v )2
1+ tga()l—ao tga, a, (1O~b)

(1 ‘Z_ﬁtg"") o (1 +Z—’;tgﬁp)2

v
+2-% tgPBp sin(ay)).
20

The equation (10.a) is a regularity that describes the truss' deformation in
the vertical direction. Equation (10.a) is similar to the von-Mises truss' level of
stability, which was obtained in [10]. The equation (10.b) is a regularity that
describes the truss’ deformation in the horizontal direction with the inclined
loading taking into account the elastic support’s horizontal reaction.

Equation (10.a) was well studied for sloped von-Mises trusses with the
support racks’ angle to the vertical axis ap > 70°earlier at the scientific
researches [10, 15].

Equation (10.a) will became to the well-known equation [] when force’s
angle is absent fp =0, cosflp = 1 (formula 11).

P 1 P 1 )
A= 2( —v—)I —sin (ayg,) |- (11)

cal tgaoz Ay 1+( 1 _&)2
tgag ao

4. The numerical studies results. The deformed state numerical
researches of the tall three-hinged trusses with sloped load. The tall two-rod
trusses’ numerical studies with an inclined loading have done with support's

rack sloping angle values from the vertical axis 15° < a,, > 70°. The research

T —

aim is the tall von-Mises trusses tendency influence to nonlinear deformation
under inclined load.
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15 ]

0,5

0,5

15
Fig. 2. The von-Mises trusses deformations numerical studies using an equation (10.a) with
the relative vertical displacements vp/f with ao = 35°. Where: 1 - fp=10°; 2 - fp=25°; 3 - Bp=30°;
4 - Bp=35°%5 - Bp=45°

The tall three-hinged truss structure' deformations (Fig. 2) corresponds to
the low structures' deformation regularities at the angles of inclination of the
support racks o > 70°. However, such deformation is possible only with
significant deformations and absolutely elastic material. The maximum critical
loading was determined with a top joint's serial vertical displacements. It is
shown that an increasing the force P inclination angle fp increases the critical
loading value. But the deformation's character significantly changes if an angle
value fip is equals or bigger than support rack's angle from vertical fp>35°.

0 05 1 15 2

Fig. 3. The von-Mises truss numerical studies results using the equation (10.b) with the relative

horizontal displacements vp/f with ag = 35° (k, =0). Where: 1 - Bp=10°2 - Bp=25%3 - fp=
30%4 - fp=135°%5-pfp=45°
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The von-Mises truss deformation analysis using an equation (10.b) with the
relative horizontal displacements vp/f and « =35° reveals the nonlinear

local effects with big loading values, which are relative to reaching a structure
a critical loading obtained with the equation (10.a).

1. Elastic horizontal support’s impact to the structure deformation with an
inclined loading. The Numerical studies of the horizontal elastic support's
effect on the tall trusses’ deformation were carried out (Fig. 4).

8

u

Fig. 4. The von-Mises truss’ numerical studies results by equation (10.b) with the relative
horizontal displacements vp/f and ay=35°, and with relative horizontal elastic support’s
stiffness((kyag)/(EAcq)=1,0). Where: 1 - £p=10° 2 - fp=25°;3 - p=30°; 4 - fp=35°; 5 - fp=45°

The tall trusses’ strain-state analysis and comparison using an equation
(10.b) without horizontal elastic support (Fig. 3, £, =0 and with horizontal

elastic support shows that horizontal elastic support (Fig. 4, (k,a,=1,0)) (k,a,

- an elastic horizontal support relative stiffness) reduces the nonlinear effects
influence and increases the structure’s carrying capacity. The structure's
deformation nature along the axis up/a, is determined by the structure's riged
joint deformation along the axis, depending on the values (vp/f).

It is noticed that the influence of the elastic horizontal support increases at
Pp > agy;, comparison of graph 5 to graphs 2, 3, 4 in Fig. 3 and in Fig. 4.

2. An asymmetrical shape stability loss’ possibility analysis under
symmetrical load.

The skew-symmetric shape buckling possibility for the tall von-Mises
trusses were investigated in works [10]. The tall von-Mises trusses’
deformation with small vertical force’s angles (Fig. 5) which is applied at the
ridge joint by equation (10.b) and 5=0,01° and with horizontal elastic support
absense: k,=0 is showing (Fig. 5). Based on the numerical studies results has
built the dependencies' diagrams of the ridged force's projection on the
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horizontal axis (Psinfp with f=0,01°) to the relative horizontal
displacements(up/ay) with the angles' range from the vertical axis 0o=15°...
33° It has been confirmed that, at angle (<22,637 °, the tall trusses are
subject to a skew-symmetric stability loss (Fig. 5, diagrams 1, 2, 3). This effect
manifests itself at the very beginning of loading and is not catastrophic, and is
associated with deformation with the symmetrical load.

|| Psinf3,
B

0,0003 |

0,0005

0,0004

0,0002 \

\

\
‘ !\
2 \
NS
0] 0,0 . 0,0004 / D,DDO(&O,QOOB 0,001 0,0012

N y \

-0,0001 ~—~ \ 1
NEEEEE:

-0,0002 N /

"~

0,0001

-0,0003

Fig. 5. The von-Mises truss’ deformation numerical studies results by equation (10.b) with the
relative horizontal displacements up/a, with $=0,01°, and with the relative horizontal elastic
support’s stiffnes (k,=0).Where: 1 — 0=15°; 2- 0o~20°; 3 - 00=22,637°%; 4 - 00/=27°; 5- 0p/=33°

An Influence of the horizontal elastic support that placed at the ridge joint
to the skew-symmetric stability loss tendency was investigated (Fig. 6, 7, 8).

i
B

05

2,5 3

-0,5

-1,5

Fig. 6. The von-Mises truss’ deformations numerical studies by the equation (10.a) with the
vertical relative displacements vp/f and with ((kyaq)/(EAcq)=0,25), fr=0,01°. Where:1 - ap=15
0; 2- Qo :200; 3- 0(01:22,637 0; 4 - 0(01:270; 5- 0(01:33 °,
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It has been confirmed that the horizontal elastic support has no effect on
the truss' stability in the vertical direction (Fig. 1, Fig. 6). The skew-symmetric
buckling study was carried out at a small load angle S =0,01° (8» =0,00017)
applied in the ridge joint. The results of such studies are presented in
(Fig. 7, 8).

0,0006

Psings,
Edy

0,0005

0,0004 T
0,0003

\

0,0002 \

0,0001

/i

: /
\/ %
0 00002 00004 00006 00008 0,001 00012
-0,0001

Fig. 7. The force’s projection altereations numerical studies results (PsinfBp)/(EA.q) by the

equation (10.b) with the horizontal relative displacements up/a, and B» =0,01° and with the
horizontal support’s relative stiffnes ((kyao)/(EAcq) = 0,25). Where: 1 - ao=15°% 2 - a9=20° 3

- a01=22,637°; 4 - 0(()1:270; 5- 0(()1:330
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0,0005 |

0,0004
0,0003
0,0002
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Fig. 8. The force’s projection altereations numerical studies results (PsinfBp)/(EA.q) by the
equation (10.b) with the vertical relative displacements vp/f and Br =0,01° and with the
horizontal support’s relative stiffnes ((kyao)/(EAcq) = 0,25). Where: 1 - ao=15°% 2 - a9=20° 3
- a01=22,637°; 4 - 0(()1:270; 5- 0(()1:330
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Studies have confirmed (Fig. 5, 7, 8) that at small inclination angles the
two-rod trusses could be subjected to a buckling with a skew-symmetric shape
00/<22,637°, but with a horizontal elastic support the value of the critical angle

k
w20 _( 25 and with

from the vertical decreases. This behavior is observed at
cal

the angle values a(<15,0°.

5. Conclusions. Scientific novelty and practical significance. It is shown
that for tall trusses a load inclination angles dohave avalue. Increasing an
inclination angle the trusses’ load capacity also increasing but it changes the
deformation pattern. With force’s inclination angle, approaching to racks angle
(Bp = agy) the stability loss will occur faster since reaching the critical
loading (Fig. 2). It was shown that with an increasing the load's inclination
angles, which coincide with the rods' inclination angles, the individual rods
stability loss is possiblesince there is a significant increasing the truss carrying
capacity (Fig. 2, 3, 4, diagrams 4, 5).

It was confirmed three-hinged trusses’ deformation nonlinear nature. The
horizontal support’s stiffness reduces the skew-symmetric effects (Fig. 4, 6, 7,
8). The initial imperfections’ influence on the tall trusses’ nonlinear skew-
symmetric deformations (Fig. 5, 7, 8) happens with the rod’s angles from the
vertical axis ag< 22,637°. However, it was shown that the horizontal elastic
support’s influence on increasing the stability from skew-symmetric
deformations and corresponds to decreasing the truss’ rod critical angle values
from the vertical axis (Fig.7,8). It was found that skew-symmetric
deformation has essentially nonlinear, but under certain conditions, it is not
catastrophic.

It found that asymmetric deformations essentially depend on vertical
deformations. The scientific novelty is laying on the tall two-rod three-hinged
truss’ detailed investigation and on such structures' skew-symmetric buckling
tendency determination. The study resultsused for designing the large general
dimensions structures which modeling gives us the structures real work under
the different loads.

It is important to investigate refined models and the structures' buckling
tendency when designing various structures with large overall dimensions in
which testing cannot be fully performed but when their initial imperfections
affect the structures' operation as a whole.
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binuk C.1., Toukauees I.M., binux A.C., Tonkauees B.I".
KOCOCHUMETPUYHA JE®OPMAIISI BUCOKUX ®EPM MU3ECA

Meta pobGOTH - HOCTIANTH 3aKOHOMIpHOCTI aepopmanmii BHCOKHX [BOIUITAHTOBHX TPU
wapHipHux ¢epMm pon-Miseca npu HaBaHTAXKEHHI 3 HAXWIOM, IO MPHKIANAETHCS 10 KOHBKOBOTO
3'ennanHs. TakoX JOCTIPKYETHCS BIUIMB FOPU3OHTAIBHOI IIPY)KHOI OMOPH Ha KOHBKOBE 3'€AHAHHS
IpH 3MiHI KyTa HaXWIy CHJM B IIMPOKOMY Aiana3oHi. OcoOiuBYy yBary IpHIIIEHO MOXJIUBOCTI
BTPaTH CUMMETPHYHOI CTIHKOCTI BHCOKHX [BO CTymiHYacTuX (ep™. IliATBEpIIKEHO MOXKIHBICTH
KOCOCHMETPUYHOI (POPMH BTPATU CTIHKOCTI BUCOKHX (hepM HPH Ay)Ke MAIOMY KyTi HAXHJIy CHIIH
Bil BepTHKayibHOI ocCi. IlokazaHO BIUIMB TOPHU3OHTAJBHOI MPYKHOI ONOPH Ha MiJBHILCHHS
CTIHKOCTI MPOTH KOCOCUMETPUYHOI JedopMallil, BCTAHOBJICHO, 110 KOCOCHMETPTYHA Jedopmartis
10 CYTi € HelHINHO0, ajie 3a MEBHUX YMOB BOHa He KartacTpodiuHa. Takox 3a3HAYa€eThCs, IO
acuMeTpuyHa JedopMallis 3aJIeKUTh Bif BepTukaibHol qedopmarnii. HaykoBa HOBH3HA moysirae B
JeTaJbHOMY BHMBYCHHI jgedopmanmii BHCOKMX [BOIUTAHIOBUX TpU LIApHIpHHX ¢epM Ta
BCTAHOBJICHHI CXHJIBHOCTI TAKMX KOHCTPYKLIH 1O KOCOCHMETPHYHOr0 BUI'HHY. BeraHoBIeHO HOBI
JieTajizoBaHi 3aKOHOMIipHOCTI nedopmanii BHCOKHX (epMm (GoH Mizeca ImpH KOCOCHMETPHYHIMH
nedopmaltii mpyu MalMx KyTax HaXMiy CHJIHM, IO 3aCTOCOBYEThCS B KOHBKOBOMY 3'eiHaHHI. Takox
BHUSBJICHO HOBI 3aKOHOMIpHOCTI Jedopmaimii JBOCTPHIKHEBHX KOHCTPYKLIH i3 ILIMPOKHM
Iiara3oHOM KyTiB HaXWIy KOHLIEHTPOBAHOI CHJIM, IPUKIALCHOI B KOHBKOBOMY 3'€[HAHHI.
IToxazaHo, 110 MpH 30UIBIICHHI KYTiB HAXMIIy HaBaHTAXCHHS, sIKi 30iraloTbCs 3 KyTaMH HaXUITy
CTPWIKHS, MOXUIMBA BTpPaTa CTIHKOCTI OKPEMHX CTDPHIKHIB, OCKIJIbKH BifOyBaeThCs 3HAYHE
301IbIIeHHS Hecy4ol 3aaTHOCTI depmu. PedynpTaTn nOCHipKeHb MOXKYTh OYyTH BUKOPHCTAHI IpH
HPOEKTYBaHHI KOHCTPYKLIM BEIMKHX 3araJibHAX PO3MIpiB, MOJCIIOBAHHS SKHX JA€ pPealbHy
po6OTY KOHCTPYKLIT Mij PI3HUMHU HABAaHTAXKCHHSIMH.

KarwuoBi ciaoBa: 3ruH; KococuMeTpuyHa jaedopmaiis; Bucoka depma Miseca;
rOpPU30HTAJIbHA IPY)KHA ONOPA; HABAHTAXKECHHS 3 HAXHJIOM; TPU LIApHiIpHA (epMa; KOHBKOBE
3'€/THAHHS.

Bilyk S.I., Tonkacheiev HM., Bilyk A.S., Tonkacheiev V.H.
TALL VON-MISES TRUSSES' SKEW-SYMMETRIC DEFORMATION

The work’s aim is to investigate the tall two-rods three-hinged von-Mises trusses' deformation
regularities at the sloped load that applied to the ridge joint.The horizontal elastic support
influence in the ridge joint when changing the force's inclination angle in a wide range is also
investigated Particular attention is paid to the tall two-rod trusses' skew-symmetric stability loss
possibility. The possibility of the skew-symmetric shape of a loss of stability of high trusses with
at a very small angle of inclination of the force from the vertical axis was confirmed. The
horizontal elastic support's influence on increasing the stability against skew-symmetric
deformation was shown.It was found that skew-symmetry deformation is essentially non-linear,
but under certain conditions it is not catastrophic.It is also noticed that asymmetric deformation
depends on vertical deformation.Scientific novelty lies in a detailed study of the tall two-rod three-
hinged trusses' deformation, and the establishment of the tendency of such structures to skew-
symmetric buckling.The tall von-Mises trusses' new detailed deformation regularities character at
skew-symmetric deformation at small inclination angles of force that applied in the ridge joint has
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been established. Also, the two-rod structures' new deformation regularities has been revealed with
a wide inclination angles range of the concentrated force applied in the ridge joint. It is shown that
on increasing the loading's inclination angles, which coincide with the rod's inclination angles, the
stability loss of the individual rods is possible, since there is a significant increase in the truss'
carrying capacity. The research results can be used in the structure design of large general
dimensions, modeling of which gives the real structure work under various loads.

Keywords: buckling; skew-symmetric deformation; tall von-Mises truss; horizontl elastic
supports; sloped load; three-hinged truss; ridge joint.
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This paper presents the relations that determine the oscillations of a system of two closed
conical shells connected by a central rigid insert, which rotate at a constant angular velocity
around the axis of symmetry of the system, the center of mass of which moves in the central force
field.

Key words: oscillations, closed conical shell, rotational motion, forms of oscillations, central
force field.

Introduction. When studying the oscillations of rotating mechanical
systems, there are situations when the axis of rotation of the system can rotate,
which leads to not only portable and relative, but also Coriolis forces of inertia,
which change periodically over time. The gyroscopic interaction between the
rotational portable motion of the system and the relative elastic oscillations of
the elements is a source of excitation of precession oscillations, which can be
resonant or unstable. Occurring when changing the axis of orientation of the
system gyroscopic moment causes the appearance of alternating stresses,
which significantly affect the strength and reliability of structural elements.

Such tasks arise in construction machinery, mechanical engineering,
aircraft construction, space engineering and other sectors of the national
economy. The main load acting on the elements of such systems are significant
centrifugal forces of inertia, which significantly affect the strength
characteristics of structures.

The stress-strain state and oscillations of membranes, plates and shells that
perform complex motion in the central force field were researched in the
works [1 - 10]. In this work, a mathematical modeling of the oscillations of a
system of two folded conical shells with a central rigid insert during complex
rotation is performed.

1. Consider a system of two closed conical shells connected by a central
rigid insert rotating in opposite directions in the central force field with a
constant angular velocity @ around the axis of symmetry of the system [4, 6,
10]. The shell element is subjected to a load consisting of gravitational and

© Lizunov P.P., Kriksunov E.Z., Fesan O.M.
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inertial forces, but at large values of the angular velocity of the system, the
gravitational loads can be neglected. Then the intensity of the inertial load on
the shell element is determined by the formula:

G'=—ph(a‘+a"+a), (1.1)
where p - is the density of the shell material; % - its thickness; a®,a”,a -
vectors of portable, relative and Coriolis accelerations of the shell element.

The components of the vector of portable acceleration of the shell element
in the direction of the coordinate lines x;,x,,x; of the curvilinear coordinate
system associated with the shell element have the form [10]:

a; =0’ (R—x cosa)cosa+2wm, (R—x,coscr)sinasinT+
+a)§[(R—x,cosa)cosacoszr—x]sinza];
ay, =w; (R—x,c08®)SINTCOST; (1.2)
a,, = @* (R—x,cos @)sina—2ww, (R—x,cosa)sinasin T+
+a)§sina[(R—x]cosa)coszf+x]cosa],
where @, - angular velocity of rotation of the center of mass of the system;
T=wt+Xx, -phasecoordinate.

The components of the relative acceleration vector a@” in the direction of
the coordinate lines x;,x,,x; are equal, respectively
ay =ii; ay, =0; af =, (1.3)
where u,v,w - is the movement of the shell element in the direction of the
coordinate lines x;,x,,x; . The components of the Coriolis acceleration vector
in the direction of the coordinate lines x;,x,,x; have the form: where u,v,w
- moving the shell element in the direction of the coordinate lines x;x,x; . The
components of the Coriolis acceleration vector @° in the direction of the
coordinate lines x,x,,x; have the form:
a, =2[Wwaw,cos7+0(wcos o+ @ysinasint)];
afcz ==2[W(wsin a—w, cos osin T)+i(w cos o+ @, sin orsin T)];
a,, =2[0(wsin o~ @, cos arsin T)—tiw, cos 7). (1.4)
Adding expressions (1.2), (1.3) and (1.4), we obtain the components of the
vector of absolute acceleration in the coordinate system x,x,x; :

a, =0’ (R—x, cos)cosa+2ww, (R—x; cosar)sin osin 7+
1

+a)§ [(R—x, coscx)cos acos’ T—X sin’ o]+ii+2[ W, cos T+O(wcosa+m, sinasin T)],
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a,, =w§ (R—x, cosax)sintcos T+ V-2 [ w(wsinar—w, cosorsin 7)+

+i(wcoso+m, sinasin 7)),
a, = o’ (R—x, cosa)sina—2ww, (R—x; coscr)cosorsin T+

+w§ sina[(R—x, cosoz)cos2 a)c052 T+X; coso]+w+
+H2[D(wsina—a, cosorsin T)—u@, cos 7). (1.5)
In the case where the angular velocity of the shell is much greater than the
angular velocity of the center of mass of the system (@w>>w,) , the expressions
for the projections of the inertial load acting on the conical shell on the axis of
the coordinate system x;x,x; , associated with the shell element, will look
like:
9y, :—ph{a)2 (R—x, cosaxr)coso+2wmy (R—x, cos)sinorsin 7+
+i4'+2[Wa)0 cosT+D(wcoso+m, sinasin 7))},
9y, :—ph{i}—E[w(wsina—wo cosasinT)+u(wcosa+mysinasin 7)1},

q.. =—ph {a)2 (R—x; cosax)sinT—2ww, (R—x, cosr)cos orsin T+

+v'(1+2[1')(a)sin 0—@, cosOSin T)—1i, cos T]}. (1.6)

2. Consider the problem of oscillations of a composite conical shell with a
central rigid insert rotating at a constant angular velocity @ relative to the
axis of natural rotation, making a plane rotation with a constant angular

velocity @, . In this case, the equations describing the stress-strain state of the
shell have the form [4]

E [Pu 1[ou 1

-2 18x12 I X Lax] X

2 2
£ fou au{a v j:|+—(u wtga)[va—+i(t a—a—w)}}
x ox? X, a

1-v 13)61 axl xlk 1 XM

(u—wtga)— vg—wtga:|}+pa)2xl cos® =0,
X

—pa) x,sinacoso=0, (2.1)
where E - is the modulus of elasticity of the shell material, v - Poisson's

ratio.

The equations of oscillations of the shell with respect to the state of elastic
equilibrium described by relations (2.1), taking into account expressions (1.6),
have the form:

2
1|ddu 1 - A
Ezfa u 1] 3 LA VRN R
-v 1 ox;’ x]|_8x] X 2cosor dx,
U v @av o daw) v 9PAul
+— vtgor
2¢0s X 0x,0x, ox, ) 2xt cos’ o ox3
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—p{20myx; sinorcosarsin 7+ 4ii+2[ A, cos T- AD(wcosa—aw, sinazsin T)]}=O ,

E [1-vd*av 1] 1+v M 1-vodv 1-v

f f Av+
1—v21 2 o x |_2cosoc8x]8x2 2 0 2x

L (3-vomu 1 @av_ 3w
"X, cosak 2 dx, cosc ox; ox,

—p{A i-2[ Aw(@, cosarsin +wsinar)- A wcos -, sinazsin T)]}=O, (2.2)

L PAw Ny 1 Paw 4w g d4v)

N, f
! oxi X kxl cos’a 0x3 Ox; Xccosa ox,
Eh tga| 1 1 9d4v oA
f 5 £ [— FAu—Awtgo +v—u —
- X |_x] cos dx, X,

—ph{2a)a)0x] cos” arsin T+2[Ai)(a)0 cosarsin T+@sin a)— Ay, cos T]+Av'{/}=0,
where Au,Av,Aw - the movement of the shell in the direction of the

. . * * . . .
coordinate lines x;,x,,x; ; N;;,Ny, - radial and circumferential forces due to

the rotation of the shell relative to the axis of symmetry.

Considering the periodicity of the right-hand side and the coefficients of
the system of resolving equations (2.2), using the projection method, we can
reduce equations (2.2) to a system of ordinary differential equations with an

independent variable X, , that approximately replaces the original one.

Conclusions. Differential equations (2.2) describe the oscillations of a
system of two closed conical shells connected by a central rigid insert, which
rotate at a constant angular velocity around the axis of symmetry of the
system, the center of mass of which moves in the central force field.

The solution of the obtained system of equations allows one to determine
the forms of vibrations and forces in a composite conical shell for various
parameters of the shell and the ratios of the velocities of the shell's own
rotation and the rotation of its center of mass.
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Jizynoe I1L11., Kpukcynos E.3., ®@ecan O.M.
KOJIMBAHHSI 3BAMKHEHUX KOHIYHUX OBOJIOHOK ITPU CKIIATJHOMY
OBEPTAHHI

B pmaniii poOoTi po3rsIAa€ThCs CUCTEMa JBOX 3aMKHEHHX KOHIUYHHX OOOJIOHOK, 3’€IHAHUX
LIEHTPAJIBHOIO )KOPCTKOIO BCTABKOIO, L0 00EPTAIOTHCS B MPOTHISKHUX HANpPsIMax B LEHTPAIBHOMY
CHJIOBOMY T10JIi 3 MOCTIMHOK KyTOBOI IIBHAKICTIO HaBKOJIO OCi cuMerpii cucremu. Ha enmemeHT
00O0JIOHKH /i€ HABAHTAXKEHHSI, 110 CKJIAAETHCS 3 IPABITALIIHIX Ta IHEPLIHHUX CHJI, ajle IIPU BETUKUX
3HAYEHHSX KYTOBOI LIBHAKOCTI BJIACHOrO OOEPTAaHHsS CHUCTEMH TIPaBITAL[IHHMMH HaBAHTAKCHHIMU
MOXKHa 3HEXTyBaTH. 'ipockomivyHa B3aeMOZiss MDK OOEpTalbHHM IEPEHOCHUM DPYXOM CHCTEMH 1
BITHOCHHMH HPY)KHHUMH KOJMBAHHSIMH €JIEMEHTIB € JDKEperIoM 30YIKEHHs MPELeciiHiX KOIUBaHb,
SIKI MOXKYTh HOCUTH PE30HAHCHHI a00 HECTiHKMid xapakTep. BuHHKarouuii Ipyu 3MiHi oci opieHTawii
CHCTEMH TipOCKONMIYHMH MOMEHT BHKIHKA€ MOSIBY 3HAKO3MIHHHX HampyXeHb, SIKi iCTOTHO
BIUIMBAKOTh HA MILHICTh Ta HaAiHHICTH 000J0HOK. Taki 3aqa4i BUHUKAIOTh B OYAiBEIbHINA TEXHILl,
MalMHOOY/1yBaHHi, aBiaby/yBaHHI, KOCMI4HiM TEXHILli Ta IHIIMX TaTy3sX HAPOAHOIO rOCIOAAPCTBA.
OCHOBHHMM HaBaHTA)KCHHSIM, SIKE JIi€ HA eJIEMEHTU TAKHX CHCTEM, € 3HAYHI BiALIEHTPOBI CHIIM iHEpLil,
sIKi ICTOTHO BIUIMBAIOTh HA MILHICHI XapaKTePHCTHKU KOHCTPYKIiil. BpaxoByloun mnepioquuHicts
IPaBoi YaCTHHU 1 KOCQII[EHTIB CHCTEMH PO3B’SI3yBaIbHUX PIBHSHB, 33 JOMOMOIOI0 IPOSKLIHHOIO
METOy MOXKHA 3BECTH PO3B’sI3yBaJIbHI PIBHSHS 0 CHCTEMH 3BHYAaNHHUX AU(EPEHIIaIbHIX PiBHSHB,
sIKi HAOIKEHO 3aMIHIOIOTH BUXigHY. P0O3B 30K OTpHMaHOI CHCTEMHU PIBHSHb TO3BOJISIE BU3HAYATH
(hopMH KOJMBAHB 1 3yCHJUI B CKJIAACHIH KOHIYHOI OOOJOHLI NpH Pi3HUX Mapamerpax OOOJOHKH i
CITBBIZHOIICHHSIX IBUAKOCTEH BJIACHOIO 00epTaHHs 000JIOHKH i 00epTaHHs ii LIEHTPY Mac.

KurouoBi cioBa: KonMBaHHs, 3aMKHEHI KOHIYHI OOONOHKH, oOepTanbHUH pyX, (Gopmu
KOJIMBaHb, LIEHTPAJIbHE CHJIOBE MOJIC.

Lizunov P.P., Kriksunov E.Z., Fesan O.M.
OSCILLATIONS OF CLOSED CONICAL SHELLS WITH COMPLEX ROTATION

The paper consider a system of two closed conical shells connected by a central rigid insert
rotating in opposite directions in a central force field with a constant angular velocity around the axis
of symmetry of the system. The shell element is subjected to a load consisting of gravitational and
inertial forces, but at large values of the angular velocity of the system, the gravitational loads can be
neglected. The gyroscopic interaction between the rotational portable motion of the system and the
relative elastic oscillations of the elements is a source of excitation of precession oscillations, which
may be resonant or unstable. Occurring when changing the axis of orientation of the system
gyroscopic moment causes the appearance of alternating stresses, which significantly affect the
strength and reliability of the shells. Such problems arise in construction engineering, mechanical
engineering, aircraft construction, space engineering and other sectors of the economy. The main load
acting on the elements of such systems are significant centrifugal forces of inertia, which significantly
affect the strength characteristics of structures. Taking into account the periodicity of the right-hand
side and the coefficients of the system of resolving equations, with the help of the projection method
it is possible to reduce the resolving equations to the system of ordinary differential equations, which
approximately replaces the original one. The solution of the obtained system of equations makes it
possible to determine the forms of oscillations and forces in a composite conical shell at various
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parameters of the shell and the ratios of the velocities of the shell's own rotation and the rotation of its
center of mass.

Key words: oscillations, closed conical shell, rotational motion, forms of oscillations, central
force field.
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This paper presents the relations that determine the oscillations of a system of two closed
conical shells connected by a central rigid insert, which rotate at a constant angular velocity
around the axis of symmetry of the system, the center of mass of which moves in the central force
field.
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In modern conditions, sheltering people in protective structures, as a way of protection from
dangers, in combination with evacuation from the affected areas (pollution) and the use of
personal protective equipment, increases the reliability of public protection. In conditions when
evacuation measures from cities can be complicated in a short time, protection of the population
in shelters becomes the only possible and effective. Therefore, an important task is to study the
impact of loads caused by the explosion of various munitions, substantiate recommendations for
improving the protective properties of the shelter and the choice of their location.

The most common issues are considered in the article that arise during the arrangement of
shelter in buildings and outside them. Based on experimental studies, Taylor's formula and the
system of non-stationary Navier-Stokes equations for gas, it’s conducted an analysis of the
influence of external and internal factors on the possible nature of the dynamic load from the
shock wave on buildings, structures and structural elements in which shelters are located.

The results of studies of the parameters of dynamic loads showed that if the storage facilities
are located in the basements of buildings, their stability is characterized by three parameters:
maximum pressure, time to increase the load to maximum and effective time. The parameters of
the loads and the law of their change over the time depend on the location of the structure relative
to the surface of the earth and the building, the force of the explosion and the distance to the
center of the explosion.

Key words: dynamic load, shock wave, breakthrough wave, shock wave pressure, load rise
time, load action time, technical basement, separate shelters.

Introduction. In recent years, issues of civil protection have come to the
fore and become one of the most actual problems of the modern world. This
applies to all countries in the world, regardless of economic and political
status: the ever-increasing threat of terrorist acts, man-made and natural
disasters, the modern conditions of urbanization of society and the high
probability of military conflicts, such as hostilities in eastern Ukraine

© Kotsiuruba V.I., Datsenko I.P., Dachkovsky V.O., Cherevko R.M., Polyulyak V.M,
Ivashchuk O.A., Furman LI
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supported by the Russian Federation. During armed conflicts, the most part of
hostilities takes place near or directly in settlements, and settlements are
shelled by illegal armed groups, necessitating the protection of not only
military formations but also civilians. As a result, there is a need to study and
determine the optimal location of shelter equipment and materials for their
equipment.

The analysis of works devoted to the study of the action of dynamic loads
and properties of structures used in the construction of shelters indicates the
aggravation of the need to study the impact of loads caused by explosions of
different nature [1-5].

Currently, one of the main materials for construction is reinforced
concrete, which is an integral part of most modern buildings. In accordance to
the building codes and rules, the construction of shelters are calculated on the
totality of all loads that may affect the structure [6-9].

The above-indicated causes the necessity of the more deeper study of the
impact of the results of the explosion process, the calculation of the stability
of shelter structures and the choice of their locations. Therefore, the aim of the
article is to research the effect of dynamic loads from the shock wave on the
shelter.

The main material of the article. Dynamic loads from the shock wave in
practical calculations are reduced to equivalent static loads that cause the same
deformations in the structure as dynamic.

If we take into account the displacement of the structure and the
deformation of the structural elements, the equivalent loads are determined in
two stages. At the first stage, the dynamic loads on the structural elements of
the structure are determined, and at the second stage, the static loads are
determined directly. Dynamic loads caused by an explosion are usually

characterized by three parameters: maximum pressure P, , the time of

increase of the load to the maximum ¢, and the time of action 7. . The

parameters of the load and the law of its change in time depend on the location
of the structure relative to the surface of the earth and the building, the force of
the explosion and the distance to the center of the explosion [7].

In the practice of design, different storage options can be reduced to four
calculation cases:

1) shelters are placed on the ground floor of the building;

2) shelters are erected in the basement or basement of the building;

3) shelters are placed under the technical basement (TB) (technical
underground);

4) shelters are located separately, completely or partially sunk into the
ground.

The results of the study on 3 and 4 options are revealed in the article. In
particular, the influence of dynamic loads from the shock wave on the
elements of reinforced concrete structures, the study of which was carried out
using experimental data, the finite element method, Taylor's formula, the
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system of nonstationary Navier-Stokes equations for gas and their
approximation [10-12].

1. Determination of dynamic loads on the shelter are placed under the
technical basement. In the case when the shelter is placed under the TB, when
exposed to an air shock wave on the building, the wave first flows into the
premises of the first floor, and then into the premises of the TB through the
holes formed by the destruction of the floor (Fig. 1).

When determining the characteristics of the wave flowing into the TB, the
following prerequisites are accepted: the time of pressure build-up in all rooms
of the first floor and the estimated margin of safety are not taken into account;
floor slabs under load work for the scheme of the hinged beam, the destruction
of which occurs in the hinge of plasticity; the wave flows through the
responses, which are simultaneously created by rotating the convenient
structures relative to the supports; the walls of the TB are not destroyed.

First floor

T ]

Technical floor

Bomb shelter

Fig. 1. Calculation scheme for determining the parameters of the penetration wave
in the technical floor

The destruction of the NB floor slabs occurs under the action of load. After
the destruction of the plastic hinge on the inside of the floor, back pressure
begins to act, which is taken equal to the pressure of the breakthrough wave

AP =[p(t),t] . After the failure of the hinge, the load depends on the

movement of the floor halves, the size of the gap and the process of flow of the
wave into a closed volume, that’s there is a relationship. The solution of the
equations of motion of the floor slabs is carried out together with the equations
of gas dynamics on the flow of the wave into closed volumes.

The maximum pressure in the flow wave is taken equal to the pressure at
the moment of equalization of pressures before the break and inside the TB.
The results of calculations of corresponding types of overlap (Table 2) are
shown in Table 1.
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Table 1
The parameters of the flow wave in the TB at the pressure on their overlap, 10° Pa
Type of 0,5 3
overlapping | APD™ ,J10°Pa | ¢, ,m/sec AP ,J10°Pa | t,, »m/sec
1 0,43 124 2,36 57
2 0,43 137 2,31 64
3 0,44 129 2,39 58
4 0,48 143 2,33 65
5 0,44 130 2,39 63
6 0,43 146 2,32 70
7 0,42 150 2,25 70
8 0,42 142 2,30 70
Table 2

Characteristics of overlapping by types

Type of | Weight per unit

overlapping | area, kg/m2 Characteristics of overlapping

1. Overlapping from plates of continuous

1 240 section. Material - heavy concrete.

2. Overlapping from monolithic reinforced
concrete

1. Overlapping from plates of continuous
5 330 section. Material - heavy concrete.

2. Overlapping from monolithic reinforced
concrete

3 260 Precast reinforced concrete, hollow decking

Precast reinforced concrete, hollow decking.
4 350 Floors: 1 - light concrete 50 mm, cement-sand
screed 25 mm, cold mastic 1 mm, linoleum 4
mm; 2 - plank floor on logs.

5 260 Precast concrete, ribbed slab.

6 350 Precast concrete, ribbed slab, linoleum floor,
90 kg/m2.

1. Overlapping from plates of continuous
section. Material - heavy concrete.

7 420 2. Overlapping from monolithic reinforced
concrete. The weight of the floor per unit area
is 90 kg/m2.

1. Overlapping from plates of continuous
section. Material - heavy concrete.

8 330 2. Overlapping from monolithic reinforced
concrete. The weight of the floor per unit area
is 90 kg/m2.
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Calculations have shown — r o
that the destruction of the floor 016

of the TB, made of the most \
common in the practice of 014 AN
building slabs, reduces the \\
pressure of the inflow wave by o2 N
14% at a pressure of 0,5-10° Pa %\
and by 22% at a pressure of . \ \\\
3:10° Pa. The time of increase Q&\ 4
of  pressure  during the e SN Y
destruction of these plates 1\"‘5&::..&--\\:
makes: at pressure 0.5-10° Pa - 0.06 N ==
130 ms; at a pressure of ' T —
3:10° Pa - 60 ms. 076 (0510 13 AP l0Ra

Tbe dependence of the time 4 "ﬁ/-;;;
of increase t,, of the 0.50 P 3,4-_- Tk
penetration wave and the e ’,/2/::’/'5-""/ —
coefficient of the shielding 0.84 év’ // !
effect C, from the pressure ’//
Pp at the destruction of the 0.88
floor of different densities is C,
shown in Fig. 2. Fig. 2. The dependence of ¢,,, and ¢, from the

Analysis of the established

dependences (Flg' 2) showed 1 — at the weight of overlapping of 200 kg/m’; 2 -
that the dynamic load on the the same, 300 kg/m’; 3 - the same, 400 kg/m’; 4 -
floors of shelters located under  the same, 500 kg/m?; 5 - overlapping of multilayer
the TB, as well as on the walls empty flooring (PK8-58-16); 6 - overlapping of
of shelters adjacent to the ribbed plates (NC-3-1)

basement, not protected from shock waves, gradually increases to a maximum,
which is determined by the formula:

Py =4AP:C,,C, (1

where C, — coefficient that takes into account the shielding effect of the

pressure P at the destruction of the floor:

overlap, taken according to the graphs (Fig. 2); C,, — the coefficient taking

into account the shielding effect of the enclosing structures of shelters, which
is accepted for buildings with a capacity of less than 10% in accordance with
Table 3, and for buildings with a capacity of 10% or more is equal to 1.

2. Determination of dynamic loads on separately located shelters. The
presence of a soil layer above the floor of separately located storage facilities
leads to the fact that the structure is not affected by an air shock wave, but by a
compression wave in the soil. The dynamic load on the floor is determined
taking into account the reflection of the compression wave from the structure,
which is displaced on the ground. The unloading wave, propagating from the
free surface, is added to the compression wave, which reduces the load on the
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floor. As a result, the effect of the reflection pressure will be short-lived. If the
thickness h of the soil layer above the floor is less than 1 m, the effect of
reflection on the bearing capacity of structural elements is insignificant and
can be neglected.

Table 3
The value of the coefficient ¢,

Characteristics of wall materials | Wall thickness, cm | Coefficient c,,
Panels of llght(;t/ec:fi?}t/ concrete with 10 0,95
p =700 - 1200 kg/m’ 20-30 0,90
Brick masonry of ordinary brick, 25; 38 0,90
p= 1800 kg/m’ 64 0,85

Lightweight concrete blocks

p =700 - 1200 kg/m’ 40-50 0.85

The dynamic load on the solid slabs of the foundation and walls at A<1 m
is determined in the same way as for shelters built into the building with a
capacity of more than 50%. However, when calculating the loads on the floor
and the foundation at 1 m take into account the effect of reflection of the
compression wave. The equation of motion of the shelter is written in the
form:

Mu"=[ 0, f (00K}~ A’ |F—Apu'F, @)

where M , F,, Fp - the mass of the structure, the area of its floor and

foundation; ©,, — maximum of stress in the soil at the level of the floor; £,

— reflection coefficient from a solid obstacle; Ap,AF — acoustic resistance of

loose soil and base; u” — moving storage with specific weight m ; f(¢) —
load function.
The expression 4,u’F, takes into account the reduction of load due to the

displacement of the structure.

. M
Equation (2) at m=— P =0 k

> =0,k take to the following form:
p

mu”=Prﬁaxf(t)—2Fu' . 3)

where P, is the maximum pressure on the floor; Ap s acoustic resistance
of compacted soil.
For practical calculations the load on the floor is determined by the

formulas:
P! =AP.k_k “4)

max zat"votr?
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. 1 1 1
k =k  |1-—+—| 1—exp(——) || ; 5
otr otr|: i kz( p( 2 )j:| (5)
F
k, =L, ky=l+a\4p 4, , a =
Akt F,
where k,, is the attenuation coefficient of the wave; &, determined by the
formula:
a, . o,
kotr :2_(1__)_(X)9 (6)
@y Oy

If in the calculations %, is less than one, then %, =1 is accepted.

A
The load on the foundation (at a,=1, R=(4y +—2)) is determined by the
m

formula
P =AP.k

max

zath ’ (8)
where k is the strength factor of the foundation material.

For built-in storage, the time of action of the load on the floor, including
the increase to the maximum and decrease to zero, is taken equal to the
effective time of the shock wave 7, . For separately located shelters with a

scattering of more than 1 m, the time 7, is equal only to the time of reduction

of the load on the floor.

3. Determination of dynamic loads on the elements of the entrances to
the shelter. Loads on the elements of the entrances (walls, protective and
airtight doors, etc.) mainly depend on their design solutions, air shock wave
pressure and shielding effect of enclosing structures.

The calculation of dynamic loads is performed according to the formula

P3 =AP.k, | 9)

max
in which the value of the coefficient k, is taken from Table 4. Data kg
(Table 4) are obtained by solving problems about the interaction of shock
waves with the structures of the entrance and the propagation of waves inside
buildings, taking into account their destruction.

Formula (9) determines the maximum value of the dynamic load on the
areas of the outer walls of the shelter at the entrances and on the first (outer)
protective or protective-airtight doors. The values k; given in Table 4 take
into account almost all calculated cases.

It is established that if the entrances are located in unprotected basements,
then take into account the consumption energy of the wave to destroy their
floors. In this case, the coefficient k, is taken equal to the value C,

according to the schedule (Fig. 2). The coefficient kj, for all types of entrances
located in buildings with a capacity of less than 10%, should be multiplied by a
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factor C,, that takes into account the shielding effect of the building

(Table 3).

The temporal characteristics of the laws of change of the input load are
determined by the same dependencies that are used in determining similar
values for the enclosing structures of storage.

The rise time ¢,,,. for the inputs in Table 4 is determined by the schedule

(Fig. 2).

Table 4
The value of the coefficient £, depending on the type of entrance to the
shelter
o) s
g8 Entrance kp at P10
g 1 2 3

From basements, not protected from shock

1 0,8 0,8 0,8
waves

2 | Through with a covered area against the entrance| 1 1,1 1,2
From the premises of the ?gvlglow ground 1 1 1

3 | first floor with the area of
holes 10-50% b) above ground 1,7 | 15 | 13

level ’ ’ ’

From stairwells with an a) below ground

4 | area of holes 10-50% at level 25 29

the entrance to the b) above ground
stairwell from the street level

From the premises of the | a) below ground

first floor and stairwells level 2.7 2.5 2.2

> with an area of holes > b) above ground 3 27 | 23
60% level ’ ’

6 Dead en.d Wlthoqt an area or with a light 27 | 25 | 22
(collapsible) pavilion

7 Those that rise above the surface in the walls, as 3 27 | 23

well as the entrance from the apron

Dynamic loads on the inner walls, floor, ceilings and the second protective
and airtight door of the vestibule-gateway are determined from the condition of
possible flow of the shock wave through the open first protective-airtight door
at the time of filling the vestibule-gateway. In this case, the dynamic load is
approximately equal to the dynamic load on the outer walls of the shelter at the
location of the entrance, multiplied by a factor of 0.8.

The dynamic load on the outer walls of the shelter at the location of the
first protective and airtight door is determined by Table 4. The load from the
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inflow wave is taken linearly increasing to a maximum over time ¢,,, with a

subsequent decline to zero over time ¢,,,=7,~t

It is proposed to determine the dynamic load on the inner walls of the
vestibules and airtight doors under the conditions of the shock wave flow
through possible leaks along the perimeter of the external door to the door
frame. Such leaks can be due to hidden defects when installing embedded parts
and elements of external doors.

At AP,=0,2...0,3 MPa dynamic loading on the specified designs is
accepted equal 0,025 MPa, and at AP, =0,1 — 0,015 MPa.

Dynamic loads from the shock wave of leakage on the structure of the
emergency exit (walls, ceilings and floor), designed in the form of a protected
head with a mine and tunnel, as well as on the part of the wall at the junction
of the exit are taken equal to the pressure AP, multiplied by 1.6. It is also

nar nar *

established that if the emergency exit is designed in the form of an inclined
descent and a tunnel, the dynamic loads on its structural elements are taken
equal to the pressure AP, multiplied by the factor %5 .

These dynamic loads on the structures of the inputs and outputs are given
for internal loads. Along with this load, the enclosing structures will
experience external loads. These loads are determined in the same way as for
coverings, walls and foundations of shelters.

Conclusion. Thus, the results of studies of the parameters of dynamic loads
showed that at the location of storage facilities in the basements of buildings,
their stability is characterized by three parameters: maximum pressure R, ,

time to increase ¢,,. the load to maximum and effective action time 7, . The

parameters of the loads and the law of their change in time depend on the
location of the structure relative to the surface of the earth and the building, the
force of the explosion and the distance to the center of the explosion.

Calculations have shown that the destruction of the floor of the TB, made
of the most common in the practice of building slabs, reduces the pressure of
the inflow wave by 14% at a pressure of 0,5-10° Pa and by 22% at a pressure
of 3-10° Pa. The time of increase of pressure at destruction of plates makes: at
pressure 0,5-10° Pa - 130 m/sec; at a pressure of 3+10° Pa - 60 m/sec.

It is established that due to the dynamic loads of separately located shelters,
the presence of a soil layer over the floor of separately located storage facilities
leads to the fact that the structure is not affected by an air shock wave, but a
compression wave in the soil.

For built-in storage, the time of action of the load on the floor, including
the increase to the maximum and decrease to zero, is taken equal to the
effective time of the shock wave 7, . For separately located shelters with

scattering of more than 1 m, the time 7, is equal only to the time of load drop

on the layer of scattering.
Calculations of dynamic loads on the elements of the entrances to the shelter
have showed that their dependence on the inflow wave is linearly increasing to a
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maximum over time ¢,, with a subsequent decline to zero over time
baar =To—lyar - At AP;=0,2-0,3 MPa dynamic loading on the specified designs
is accepted equal 0,025 MPa, and at AP, =0,1 Mpa - 0,015 MPa.

As a direction of further researches is to establish the characteristics of the
resistance of building elements to the dynamic impact of fragmentary elements.
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Koyropy6a B.1., [layenko LI1., [lauxoscokuii B.O., Yepesxo P.M., llomonsx B.M., leawyx O.A.,
Dypman 1.1
BILJTUB MMOBITPSIHOT YIAPHOI XBUJII HA YKPUTTSA

VY nporucrosHHI Hapomy YKpaiHu arpecuBHii mosituni Pociiicbkoi Dezepaliii € akTyajibHUM
[UTAHHS BMBYCHHS JOCBiLy OOMOBHX JiliHA CXOIi HAIIOl JiepXKaBu. AHAJI3 BTPAT, SIKUX 3a3HAIM
36poiini Cwim YKpaiHd Ta MHpPHE HAceseHHs, 3a 4Yac BeaeHHs orepaiii OO €IHAHUX CHII
(aHTHTEPOPUCTHYHOI orepaliii) Ha TepuTopii JJoHelpKoi Ta JIyraHchKoi 00JacTell YiTKo BKa3yroTh Ha
HEOOXIIHICTh BHBYCHHS [HTAHHS BIUIMBY HABAaHTAKCHb, BHUKJIMKAHMX BHOYXOM PpI3HHX 32
CIIOPSDKCHHSIM ~ OoerpuriaciB, OOIPYHTYBaHHsS PEKOMEHJALiM [ION0 IMJIBUILICHHS 3aXMCHHX
BIIACTHBOCTEH YKPUTH Ta BUOOPY MiCLb 1X PO3TALIyBaHHS.

KoHCTpyKUil TakMX CIOPY PpO3PaxOBYIOTb Ha OCOONMBI CIOJMYdEHHS HABAHTAKCHb, LIO
CKJIAZAIOTECSL 3 IOCTIMHUX, THMYACOBHX, TPHBAJMX HABAHTAXKEHb 1 HABAHTAXXCHb, CTBOPIOBAHHMX
YAAPHOIO XBUIIEIO.

B craTri pO3risHYTO HAMOLIBII MOMMPEHI NMHTAHHS, 0 BUHUKAIOTH HA CTalli YJIAIUTyBaHHI
YKPUTH B OYIIBISIX Ta 1032 HUMH. Ha OCHOBI eKCIIepUMEHTANBHUX JOCIIDKeHb, hopmymmu Teitnopa ta
cucTeMH HectarioHapHux piBrsiHb Hap’e-CTokca U1l ra3y MpOBEIEHO aHali3 BIUIMBY 30BHIIIHIX Ta
BHYTPILIHIX (HaKTOPIB Ha MOXJIMBHII XapakTep AMHAMIYHOIO HABAHTAXKCHHS Bif yHapHOi XBHJI Ha
OyiBJIi CLIOPY/H Ta €IEMEHTH KOHCTPYKILIIiL, y SIKHX PO3TAIIOBYFOTHCS YKPUTTSL.

Meroro CTaTTi € JOCIiDKEHHS BIUIMBY JUHAMIYHHX HABaHTAKEHD BiJl YIapHOI XBUJI HA YKPUTTS SIKi
PO3MILIICH] i TEXHIYHUM [T ABATBHUM TIPHMILIEHHSM, 110 OKPEMO PO3TALIOBAHI Ta EIEMEHTH BXOMIIB
B YKPHUTTSL.

Pe3ynbTati HOCHIHKEHb HapaMeTpiB MHAMIYHUX HABAHTAKEHB ITOKA3aJIH, IO P PO3TALIyBAHHI
CXOBHIL[ y MABAJIBHUX HMPUMILIEHHSIX OyIiBeib 1X CTIHKICTh XapaKTepU3yeThCs TPhOMaA MapaMeTPaMu:
MaKCHMAaJbHUM THCKOM, YaCOM HApOCTAHHS HABAHTAKECHHS IO MAKCUMyMY i €(eKTHBHHUM 4acoM Jii.
ITapamerpn HaBaHTKEHb 1 3aKOH iX 3MIHM B 4aci 3ajJeXaTb Bill PO3MIILECHHS CHOPYAU BiTHOCHO
HoBepxHi 3emui 1 Oy i, ciim BUOYXy 1 BiCTaHi 10 LEHTPY BUOYXY.

KiriouoBi cyioBa: [uHaMivHe HABAHTAKEHHS, YAapHA XBUJISL, XBUIS IPOPUBY, THCK YAAPHOI XBUII,
Yac HApOCTAHHS HABAHTAXKCHHS, Yac [iii HABAHTAXKEHHS, TEXHIYHE MiJBAIbHE MPUMILLCHHS, OKPEMO
PO3TaLIOBaH| YKPHUTTSL.
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The article presents the assessment results of the stress-strain state of a three-layer cylindrical
shell with regard to its structural feature, the interrelation of the sheathing thicknesses and physical
and mechanical characteristics of the solid polymer filler. Optimization of the structural concept is
recommended.

Key words: three-layer cylindrical shell, polymer filler, axisymmetric pulse load, stress-strain
state, finite element model.

Introduction. Problem statement

Over the last years, the amount of the layered shells used in different
engineering and production areas has considerably increased. Characteristic
aspects of the related design solutions were extended. The reliability control of
that kind of structures became topical.

Based on the analysis performed, the solution methods for this issue is
basically focused on ensuring such conditions at which the maximal stress-strain
state values of the shell would not exceed the specified admissible values.

The restricted regulatory and methodological bases, as well as a relatively
limited operating experience regarding the layered structures do not allow
ensuring their reliability in full. Additional efforts facilitating the optimization
of the structures’ design and engineering solutions are required: determination
of the rational balance of the structural elements’ thicknesses, the appropriate
selection of the related structural materials etc.

Efficiency effect of these efforts has been tested on the three-layer cylindrical
shell under the conditions of rigid clamping of the shell ends. Three types of
shells and the different polymer filler’s physical and mechanical characteristics
have been considered. Fig. 1 shows the shell’s flowchart, which was analyzed.
The shell’s stress-strain state indexes have been investigated provided the
following proportions of the shell’s inner and outer sheathing thicknesses:
h/hs=1, hy/hs=2, h3/hl=2 (Table 1) and the ratios of physical and mechanical
characteristics of the inner base layer and the integral filling material E//E, =
500 and E/E, = 50. Values of physical and mechanical characteristics were as
follows: E; = E5 = 70 MPa, E; = 0.14 and 1.4 MPa, u; = u; = 0.3, p1 = p3 =

© Gaidaichuk V.V., Kotenko K.E.
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2.7%10°kg/m’. The shell’s external

3 , diameter was 408 mm and its length L
] 2 ) was 250 mm.
hy /// Table 1
% ’ Geometric parameters of the structural
XX~ elements of the three-layer shell
y L R | L | L
o ;7 ¢ h],m h3,m h,m h] h] E
1*¥10°[1*10°°[8*10°] 200 | 250 | 1.25
Fig. 1. Design of the three-layer shell: 2%10°11*103[9*10| 100 | 125 | 1.25
1 — inner layer; 2 — filling material; 3 — 1%10°12*%10°19*%10°| 200 | 250 | 1.25

external layer

The shell has been loaded by the axiosymmetrical internal impulse load
(Fig. 2). Parameters of the internal load distribution Q were set as follows:

. . Tt
o@)y=4 sm7, (1)

where: 4 — amplitude of the impulsive power load; T — load duration; ¢ — time
interval.

The following loading parameters have been accepted: 4 = 10°Pa; T =
50%10" sec.

Provided the preset loading, calculations have been performed for the time
interval 0 <t <10T.

Q,Pa

1250000
1000000

750000 /\
500000 I \

250000

-250000 t 104,

Fig. 2. Distribution of the internal load along the investigated time interval (7)

The stress-strain state indicators were calculated - the values of the
displacements and stresses of the shell’s bearing layers. Distribution of values
of these indicators in the XZ plane has been analyzed at the point of time when
the displacement 7}, reached its maximal value within the time interval ¢.
Calculations have been performed by the software package Nastran [6]. Values
of displacements and stresses have been calculated by applying the direct
transient dynamic process algorithm. The time interval was 0.0000025 sec, and
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the total number of steps was 200. Choice of the
solid finite element type was conditioned by
acquiring the more detailed and accurate
calculation results. The finite element model
(Fig. 3) included 19000 three-dimensional solid
finite elements and 20800 nodes.

Analysis of investigation results

The dependence diagrams of values of the
shell 7, maximal displacements in Table 2 (1 —
inner layer displacement, 2 — outer layer
displacement) demonstrate that the shell with the

AT

7’%”'
1]

RRNAVARARRAVIRIRRRVARAARY

LT LTI )
i
TALLLETEREETETARRETLTARALY

Fig. 3. The finite element model
of the three-layer cylindrical
shell

equal inner and outer sheathing layers’ thickness (%;=h;) is the most

deformation-yieldable.

Table 2

Maximal displacement 7}, of the shell sheathings having different layered
structure and different physical and mechanical properties of the polymeric
filler along the surveyed time interval (¢)

Layered | Correlation between the elasticity modules of the shell inner layer
Ztﬂ;lcuilfe and the polymer filler
‘mm E\/E, =500 EV/E,= 50
#Tyr10m) 1 % Tyr105m) 1
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161 | = : .
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Its displacements (7,) have the maximal values of 0.000231587 m given
E\/E,=500 at the moment of time 7= 4.5T (0.000225sec) and 7, =
0.00025297 m given E /E,= 50 at the moment of time ¢ = 4.87 (0.00024 sec).
The increased thickness of just a single sheathing increases the aggregate
deformational stability of the three-layer shell, whereas the effect can be quite
considerable. Thus, in case the internal layer thickness is doubled, the maximal
value of displacement 7, decreases by almost 37%. A similar pattern is
observed in case of similar thickening of the outer sheathing. This behavior is
observed at different ratios of physical and mechanical characteristics of the
inner carrying layer and the solid polymer filler E\/E,= 500 and E\/E,= 50.
And the value of the elasticity coefficient of the latter impacts considerably the
displacement distribution 7}, along the shell length L. Thus, at E1/E,= 500 (the
polymeric filler elasticity coefficient £, = 0.14 MPa) the distribution is quite

steady along the entire shell length

Oy*107, (Ta,
2 (na)

z with the peak values 0.000231587 m

10 at Z= 005 m; Z= 0.2m. And at
8 E]/Ezz 50 (Ez = 14 MPa), the
. e displacement distribution T,
. / \ decreases considerably and reaches
, Aﬁ \}\ its maximal value of 0.00025297 m
7 ~—— in the shell center at Z=0.125 m and

’ O_Oﬂ)/a,ﬂszs T 0,13:?\&0_0 we” falls dramatically close to its ends.
(2)1=0.00024 s At that, the displacement values of

0y*107, (la)
8

the inner and outer shell sheathings
are almost equal.

Fig. 4 demonstrates the
dependency graphs of the stress o,

2 maximal values related to the shell
, —/ \... bearing layers  (provided the
correlation E;/E;, = 50) over the

N o o1 o " investigated time interval (7).
oy (b) £ =0.000235 s As is obvious, the structure with

the equal thickness of the shell’s
layers appeared to be the most
strained. The alternate increase of
the inner and outer sheathing

S

1
/ \ thicknesses has lowered the maximal
2 strain values by almost 34%.
M__,ﬂ/// \&, Comparison of the demonstrated
o pywn Py e results to the materials of other
(c) t=0.0002375 s similar studies and cases [1-5, 7]

Fig. 4. Maximal stress 0, of the sheathing evidence the. Integrity Of_ the
bearing layers (1 — inner layer, 2 — outer layer) approaCh a_pph_ed and the expe_dlency
provided the ratio £i/E»,= 50 and the of its application when defining the

following layered structure of the sheathing stress-strain state of the three-layer
hy - hy - hs, mm: (a) 1-6-1; (b) 2-6-1; (¢) 1-6-2
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cylindrical sheathings within the time interval 0 < ¢ < 107, taking into account
other predetermined statements.

Conclusions

Consideration was given to the dynamic deformation of the three-layer
cylindrical sheathing under the conditions of the time-dependent loads in case
of rigid clamping of the shell ends.

Impact of the geometric parameters of the shell’s layers with different
physical and mechanical properties of the integral filler on the stress-strain
state under the axiosymmetrical internal impulse load conditions has been
investigated.

Change in proportions between the thickness of the inner and outer
sheathings of the shell considerably impacts the shell’s stress-strain state and
its performance. Increase of the inner sheathing thickness contributes
significantly to the increase of the shell’s performance.

Numerical results concerning the dynamics of the three-layer structure,
which have been obtained by the finite-element method, allow providing the
insight into the stress-strain state of the three-layer cylinder-type elastic
structure at any point in time within the investigated temporary time interval.
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Tatidatiuyx B.B., Komenxo K.E.
HAIPYKEHO-JTE®OPMOBAHMI CTAH TPAILIAPOBOI IUJITHAPUYHOL
OBOJIOHKH IPHU JIi BHY TPILIHHOTI'O OCECIM-METPUYHUOI'O
IMITIYJIbCHOI'O HABAHTAKEHHSI

PosrisinyTo mpoGiemy nuHaMiuHOI Aedopmanii TPUIIAPOBOI LMIIHAPUYHOI OOONIOHKH IIPU
HECTaLliOHAPHUX HABAaHTAKCHHAX y pasi JKOPCTKOrO 3aTHCKAHHS KIiHIIB 00OJOHKH. Y cTarTi
IPEACTABIICH] Pe3y/IbTaTH OL[HKH HANPY)KEHO-1e()OPMOBAHOTO CTaHY TPUILAPOBOI LUIIHAPUIHOL
000JIOHKH 3 YpaxyBaHHSM II CTPYKTYypPHHUX OCOOJIMBOCTEH, CIIIBBIIHOLICHHS TOBIMHY OOLINBKH Ta
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(i3MKO-MeXaHIYHNX XapaKTEPHCTHK LUIICHOrO MOJIMEPHOro HamoBHIOBa4a. PospaxyHku Oyian
IPOBEACHI MPOrpaMHUM KOMIUIEKCOM Nastran. 3HaueHHs MepeMillleHb 1 HampyXeHb
PO3paxoBYBAJIM 33 AITOPUTMOM IPSIMOrO MEPEXiTHOro AMHAMIYHOrO mporecy. TprBaticTh KPOKY
inTepBany uvacy cranoBmia 0,0000025 c, a 3aranpHa Kinbkicth KpokiB - 200. Bubip tumy
TPHUBHUMIPHOTO CKIHUCHHOTO eleMeHTa OyB 00yMOBIICHHH OTPHMAHHIM O1JIbLI [ETAJIBHUX | TOYHUX
pe3ysbTaTiB  poO3paxyHKy. Mojens CKiHYeHHHX eJeMeHTiB Brimodasa 19000 TpUBHMIpHHX
CKIHYEHHHX eJIeMeHTIB 1 HamiuyBaga 20800 By3miB. JlOCHIUKEHO BIUIMB T€OMETPUYHHX
HapaMeTpiB iapiB OOOJOHKH 3 PI3HUMHU (i3MKO-MEXaHIYHHMH BJIACTHBOCTSMHU LJTICHOIO
HANOBHIOBAaYa Ha HANPY)KEHO-Ae(OPMOBAHMII CTaH MHPH OCECHMETPUYHOMY BHYTPIIIHBOMY
IMIIyJIbCHOMY HaBaHT)XCHHi. UHCENbHI pe3ysbTaTH IIOAO AWHAMIKH TPHUIIAPOBOI CTPYKTYPH,
OTPUMaHi METOJOM CKIHYCHHHX EJIEMEHTIB, JO3BOJISIOTH OXapaKTepPH3yBaTH HAINpyXCHO-
nehOpMOBaHHIl CTaH TPHIIAPOBOI MPYXKHOI CTPYKTYpPH LMIIHAPUYHOTLO THIY B Oyab-sIKMH uac
JIOCJIIKYBAHOTO 1HTEpBaly 4acy. PEeKOMEHIYEThCS ONTHUMI3alliss KOHCTPYKIi 000JIOHKH. 3MiHa
CMIBBIJHOLICHHS TOBIIMHHM BHYTPIIIHBOI Ta 30BHINIHBOI MIAPiB OOONOHKH CYTTEBO BILUIMBAE Ha
HarnpyXeHo-1e(pOpMOBaHUI CTaH OOOJIOHKHM Ta ii eKCIUlyaTaliiiHi XapakTepUCTUKH. 30iIbIICHHS
TOBILMHH BHYTPIIIHBOrO LIapy OOOJIOHKH CYyTTEBO CHPHsE 30UIbLICHHIO OCTaHHBOI. ITopiBHAHHS
HABEJCHUX PE3YJIbTATIB 3 MaTepiajaMy IHIIMX MOAIOHMX IOCITIMKEHb Ta MO3MLIH, CBIIYaTh PO
00'€KTUBHICTb 3pOOJIECHOr0 MiAXOY.

Karou4oBi ciioBa: TpuinapoBa HHIiHAPUYIHA 000JIOHKA, TOJIMEPHHUN HAIIOBHIOBAY, IMITYJIbCHE
0CeCHMETPHYHE HABAHTAXKCHHS, HANIPYXKEeHO-Ie(hOPMOBaHHUIT CTaH, CKIHYEHO-EJIEMEHTHA MOIEIb.

Gaidaichuk V. V., Kotenko K. E.
STRESS - STRAIN STATE OF THE THREE-LAYER CYLINDRICAL SHELL UNDER
INTERNAL AXISYMMETRIC PULSE LOAD

The problem of dynamic deformation of a three-layer cylindrical shell under non-stationary
loads in the case of rigid clamping of the shell ends is considered. The article presents the results
of assessing the stress-strain state of a three-layer cylindrical shell, taking into account its
structural feature, the ratio of the sheathing thickness and the physical and mechanical
characteristics of a one-piece polymer filler. Calculations were performed by software complex
Nastran. The values of displacements and stresses were calculated by the algorithm of direct
transient dynamic process. The step duration of the time interval was 0.0000025 s, and the total
number of steps was 200. The choice of the type of three-dimensional finite element was due to
obtaining more detailed and accurate calculation results. The finite element model included 19000
three-dimensional finite elements and numbered 20800 nodes.

The influence of geometrical parameters of shell layers with different physical and mechanical
properties of one-piece filler on the stress-strain state under axisymmetric internal impulse load is
investigated. Numerical results on the dynamics of the three-layer structure, obtained by the finite
element method, allow to characterize the stress-strain state of the three-layer elastic structure of
the cylindrical type at any time in the studied time interval. Optimization of the shell design is
recommended. Changing the ratio of the thickness of the internal and external shells of the shell
significantly affects the stress-strain state of the shell and its performance. Increasing the thickness
of the internal layer of the shell significantly contributes to the increase of the latter. Comparison
of the given results with materials of other similar researches and positions, testify to objectivity of
the made approach.

Key words: three-layer cylindrical shell, polymer filler, pulse axisymmetric load, stress-strain
state, finite element model.

TIaoaiiyyk B.B., Komenko K.O.
HANPSI)KEHHO-IE®OPMHUPOBAHHOE COCTOSIHUE TPEXCJIOMHOM
IUWJIMHIPHYECKOM OBOJ0YKHU ITPU JEMCTBUU BHY TPEHHEM
OCECUMMETPUYHOM UMITYJIbCHOM HAT'PY3KH

B CTaThe l'lpl/lBeLleHbl pegyanaTu OLICHKH HanpsnkenHo—ue(bopmuposannoro COCTOsSIHUA
TPEXCIOWHOW IMIMHAPUYECKOH OO0O0JIOUKH, YYHUTHIBAIOLIHE €€ CTPYKTYPHYIO OCOOEHHOCTD,
COOTHOLLICHUE TOJILIIHMHBI 06LLIl/lBKl/l n (bmnKo—MCxaHuqecncue XapaKTepl/lCTl/lKl/l LECJIIBHOT'O
l'lOJ'll/lMepHOFO HaIlOJIHUTECIIA. PCKOMCH}lyeTCﬂ OIITUMH3aL U KOHCprKLll/IOHHOFO peLlIeHl/lﬂ
000JI0UKH.

KiroueBble cJIOBa: TpexcioiHas LMJIMHAPAYECKas 000JI0YKa, IMOJMMEPHBIA HAIOJHUTEINb,
UMITYJIbCHAsi OCECHMMETPHYHAsI HAarpy3Ka, HalpsHKeHHO-Ie(OPMHUPOBAHHOE COCTOSHUE, KOHEUHO-
JJIEMEHTHAsi MOJIENb
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The article presents the results of assessing the stress-strain state of a three-layer cylindrical
shell, taking into account its structural feature, the ratio of the sheathing thickness and the
physical and mechanical characteristics of a one-piece polymer filler. Optimization of the shell
design is recommended.
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It’s presented results of the behavior and limit state investigation of thin-webbed I-beams with
transversal corrugations under patch loading action. Numerical analyses via finite element method
(FEM) on physical and mathematical models created according to profiles range of company
Zeman and experimental investigations on two physical models with similar to them parameters
and steel were executed.

At numerical investigations it was ascertained that the loss of web stability can occur both as
the local form of corrugation buckling or the general buckling form for corrugations with the
greater height or thickness. As the investigations result it is proved that normal stresses in the
beam web under local loading reach ultimate strength of the web steel, while significant plastic
strains occur in it and the bearing capacity is lost.

Keywords: corrugated web, web local stability, patch loading, buckling form, effect of patch
loading parameters.

Introduction

The concept of beams with thin transverse corrugated webs to improve
their stability appeared in the 1930s. Nevertheless, the problem of web-flange
conjunction was resolved only in the last years with help of the modern ways
of automated fabrication of structures and their welding. Nowadays, such
beams are being in demand in Ukraine and through the entire world.

The current paper researches the limit state onset conditions of thin-web I-
beams with transversal corrugations under patch loading.

1. Web stability analysis

A numerical analytic method for calculation of local stresses in steel beam
corrugated web at the level, where it joins the flange, under patch loading, is
presented in [1]. The corrugated beam section stresses oy, should not be more

© Bilyk S.I., Lavrinenko L.I., Nilov O.0., Nilova T.O., Semchuk LY.
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than steel yield strength f,, according to [2, 3], that is ;5 < f,,. The condition
of non-occurrence plastic stresses was investigated in the papers [4, 5, 6, 7].

We should note, that all previously mentioned articles do not account for
flange bending rigidity and shear force between flange and web, length of
patch loading distribution also. Therefore, it means that results, obtained via
proposed methodic by there, do not have enough scientific justification, and do
not match with experimental testing, so they should be refined.

According to Broude B.M. [8], web bearing capacity does not run out
reaching steel yield strength and even ultimate strength. At the same time at
the level of the web and flange connection the web is crumpled.

Given article considers two types of loading application on top
compression beam flange. The first type (fig. 1(a)) — the loading is applied
through a purlin, welded to transversally located angles. The second (fig. 1(b))
— the loading is applied through a transversal element in the form of a strip.

E==TEE ) L

=

=155 =1 S50

(@) (b) (c)

Fig. 1. The supporting nodes of purlins on the beam with corrugated web:
(a) through angles; (b) through transversal elements; (c) load action regions

The flange width (I,,) usually is less or equal to 75...80 mm. Thus, in this
paper is considered to take flange width as half of sine wave-length % = 77.5 mm

(fig. 1(a)), and vertical element thickness as [;, = 15 mm (fig. 1(b), (c)).

Below is presented the results of numerical investigations via the finite
elements method (FEM) of corrugated beam web limit state due to local
stability loss under patch loading, distributed on the region, shown on fig. 1(c).

Local stability analysis was performed on physical and mathematical
models (PMM), which had been created according to standard corrugated
profiles range of company Zeman. Used profile models WTA, WTB and WTC
had such geometrical parameters:

- web thickness t,, = [2.0; 2.5; 3.0] mm respectively;

- web height h,, = [500; 750; 1000; 1250; 1500] mm;

- flange width by = 200 mm;

- flange thickness t; = 8 mm;

- f—wave amplitude with the projection length m (fig. 1)

- model length L = 12m = 1860 mm.

Beams were modeled by finite elements of thin shell. The mark of steel
was E335 (f, = 305 MPa).
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The stability calculations were performed in three stages. The 1% stage
included critical stress calculations with the assumption of steel elastic
behavior and geometric linearity of beam models by FEM.

In the 2" stage, the stability analysis accounted for geometric non-linear
behavior of the model and elastic behavior of steel. The results of calculations
showed insignificant effect of geometric non-linear behavior account in
comparison with results from previous stage (the discrepancy is less than 0.3%).

According to the 1% stage results analysis it was arranged, that critical
stresses depends on web thickness,t,,, and loading distribution region length,
l,.So critical stresses increase simultaneously with the web thickness, t,,, and
decrease, when [, rises, and do not depend on the web height (table 1).

In addition, it was found two web buckling forms (fig. 2):

- Local (L) — the buckling locates on the top part of one corrugation.

- General (G) — the buckling distributes through the height of one or
more corrugations.

Fig. 2. (a) local buckling of corrugation; (b) general buckling of corrugation

In the local form of buckling the deformation region does not depend on
the web height and thickness and starts directly under the compressed flange.
The shape of this region looks crumpled (fig. 2(a)).

The form of buckling (local or general) depends on the web’s slenderness

ratio(/'lw = ftl—w) (table 1) and the degree of its fixation from rotational

displacements by flanges. The greater the web’s slenderness ratio and less the
degree of the web’s edges fixation from rotational displacements by flanges
the smaller the probability of general buckling form occurrence.

It is reasonable to calculate critical stresses in PMM with an accounting of
plastic strains by analytic method basing on the results, got according to the
linear theory and FEM.

The main parameters for webs steel is elastic module E, yieldstrengtho,,, and

proportional elastic limit o, = 0.80,. Hereinafter let us use such proportion

T= % , where E; — tangential module, and write it in the next formula [9]:
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(Jy - Jcr)acr (1)
(Jy ~0,)0,
Let us use the formula (1) for critical stresses calculation according to
analytic method o,,* with plastic strains accounting [10]:

ol = 1 +yD' 2

o.,— critical stresses, calculated by FEM with accounting

T =

(Ucr)z .
0.16 63’
elastic strains.

The critical stresses o, values got via formula (2) are shown in table 1. As
we can see, the results are insignificantly different with steel yield strength
value f,=305 MPa(tolerance is less than 0.36%). At the same time, the
critical stress o, obtained via FEM for all models are exactly equal to
Jf» =305 MPa.

where D =

Table 1
Critical stresses of local buckling in models’webs
_ [, =15 mm l, = 77,5 mm
%o) hy, | Local - 50 Local - 50
b mm | buckling MCI;:a l\/flga buckling Mclgé l\/flga
form form
500 L 2566.57 | 304.31 L 2042.87 | 303.92
750 L 2561.30 | 304.31 L 2038.53 | 303.91
WTA | 1000 L 2575.69 | 304.32 L 2046.19 | 303.92
1250 L 2583.86 | 304.32 L 2053.54 | 303.93
1500 L 2588.52 | 304.32 L 2057.54 | 303.93
500 L 3720.48 | 304.67 L 2889.66 | 304.34
750 L 3716.97 | 304.67 L 2879.52 | 304.45
WTB | 1000 L 3727.51 | 304.67 L 2886.38 | 304.46
1250 L 3735.69 | 304.67 L 2893.18 | 304.46
1500 G+L [3737.06 | 304.67 G 2485.89 | 304.27
500 L 5036.89 | 304.82 L 3831.51 | 304.69
750 L 5029.48 | 304.83 L 3813.15 | 304.67
WTC | 1000 L 5040.54 | 304.82 L 3819.13 | 304.67
1250 G+L |5034.86 | 304.82 G 3233.17 | 304.57
1500 G 4159.87 | 304.74 G 2621.63 | 304.34

According to table results we can make conclusion, that beams with
corrugated webs (by profiles range of company Zeman) will be ensured from
local buckling, when web stresses by design loads are less than yield strength
fy- Such beams don’t demand to install stiffening ribs.

2. Investigation of the corrugated web actual behavior

The web stability calculation by proposed above analytic method is
comfortable in use, but does not an opportunity to determine a real boundary
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bearing capacity under local loading action. Therefore, it is important to
investigate web behavior in case of its stresses significant exceeding the yield
strength f,, and nearing to the ultimate strength f,,. In addition, the way of web
failure should be researched.

The main purpose of the 3™ stage was investigation of real web behavior
under local loading action, cross-section geometric and mechanical properties
influence, and loading application schemas. As a result, it were performed
numerical (on four models PMM) and experimental analysis (on two beam
samples PM).

All beams were designed according to profiles range of company Zeman
(table 2) with such geometric characteristics (fig. 3):

*  Flange - by X ty = 200 X 8 mm;

. Span — L = 1860 mm.

F
=12, —‘-I |ts=12 1wy
i a0}
J 1
4 o I =
v 1=930 1=930 T e e
& L = 1860 K
symmetry axis T’l
2-2 $I‘
=
Il
Fig. 3. Analyzed beams models schema
Table 2
Model
PMM-1/ PMM-2 /
PM-1 PM-2 PM-3 PM-4
h,,, mm 500 500 1000 1000
t,, mm 3.0 3.0 2.0 3.0
l,, mm 15.0 77.5 77.5 77.5
Ficais t 14.24 20.81 14.54 20.39
Fiexps t 16.0 20.6 — -

To avoid bending moment influence on bearing capacity all beams were
designed with a small span.
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All geometric parameters of experimented beam models (PM-1, PM-2)
match with suitable analytic physical and mathematical beam models (PMM-1,
PMM-2). All beams properties you can find in table 2.

Web flexibility and height influence on bearing capacity were determined
via numerical investigations on additional models PMM-3 and PMM-4.
Explored models had such properties:

- web thickness t,, = [2.0; 3.0] mm respectively;

- web height h,, = 1000 mm.

Both models were loaded across the region with the length [, = 77.5 mm.
The research results were used for calculation of theoretical bearing capacity
for the models PMM-3 and PMM-4.

The mechanical characteristics of the models' steel were got from standard
samples:

- For the web — the yield strength was o,,, = 296.5 MPa, the ultimate
strength o, = 441.8 MPa (sample-1);

- For the flange — the yield strength was o, = 293.9 MPa, the
ultimate strength o, s = 449.2 MPa (sample-2).

Steel behavior diagram was adopted by experimental probation of the
sample-1 (fig. 4). The mechanical characteristics for analytical beam models
(PMM) were taken from experimental beam models (PM).

One of the supports had the possibility to move in a horizontal direction
(rolling support). Models' top flanges were fastened from horizontal
movements. The sections, loaded by vertical loading, were fastened in the
same way to ensure beam behavior with flat bending condition.

All PMM’s were loaded in the middle of its length (fig. 1, ¢) while
numerical investigation. The loading was continuously increasing with the step
t (fig. 5) until bearing capacity failure. All maximum bearing capacity values
of models F;.,, based on numerical investigations results, are shown on
table 2.

G
g £

g

Nomnal stresses, MPa
g B

o

00
0,05

Relative strains. €

Fig. 4. Experimental diagram of steel behavior
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According to normal stress to step-loading dependence diagram (fig. 5)
stresses value only depends on loading distribution length [, (curves 1, 3)and web
thickness t,, (curves 2, 4) but do not depends on web height h,,, (curves 3, 4).

The dependency of normal local stresses (by the loading action axis at the
level of the web and flange connection) to the value of loading is shown in
fig. 6(a), (b). The failure did not happen after reaching the ultimate strength f;,
according to diagrams. Therefore, the web continued taking increased loading.
It can be explained by that fact, that web takes stresses at the level of the web
and flange connection alongside region with the length S = 26 mm. Moreover,
these stresses do not depend on loading distribution length [, = 15.5 mm or
77.5 mm. For both cases, maximum stresses are reached alongside the axis of
force F application, and they decrease with deviation from this axis. After
having reached the ultimate strength of the web steel o, maximum stresses
stopped increasing, but stresses, at some distance from the force F action axis,
started increasing (fig. 6 (a), (b)). Therefore, the loading force reaches its
maximum value.

After supporting length [, having changed from 77.5 mm to 15 mm

(% ~ 5.17), the crashing force F decreased from 20.81t to 14.24 t (in 1.46

times). It means that critical stresses increase when supporting length [,
decreases. That is why it is recommended to select supporting length [,
according to feasibility study.

500
(2) WTA-1000

450

400
(4) WTC-1000,
350 le=77.5 mm
300

(3) WIC-500
lr=77.5 mm

Fop=20.394 t

250

Stresses, MPa

200

150

14.240 t
15.038 t
19.364 t

Foyr =
For
™

100

F,

50

= R )

Step-loadings, t

Fig. 5. Stress to step-loading dependency diagram
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Figure 7 shows the mosaics that demonstrate the changing of web stress
condition under increasing patch loading with values of loading distribution
length (I, = 77.55 mm and 15 mm respectively). Besides, it reflects the way
of web stress change with different loadings and loading distribution
lengths [,,.

Figure 7 (a) shows the stresses distribution in the section with maximum
stress 398 MPa, which reached by force (F = 10.9t and 7.2t respectively).
Figures 7, b and ¢, show the stresses distribution in the section with almost the
same stresses of yield line start and end (453 MPa i 451 MPa respectively),
reached by force (F = 14.8t and 20.81 t respectively for b, and F =9.12¢
and 14.24 ¢ for ¢).

According to numerical investigation results, bearing capacity (calculated by
standard codes [2, 3]) failure, caused by patch loading, always happens earlier than
web buckling, regardless of cross-section geometric parameters of corrugated

beam.
0
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Fig. 6. Local stresses distribution diagrams with different loadings
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Fig. 7. Stresses change mosaic with different loadings
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The PM experimental investigation was performed in the same way to
PMM numerical research. The loading was applied in the middle of beam’s
length by two jack-screws Q = 2 X 25 ¢, and was controlled by mechanical
dynamometer. Reactions and deflections were noted and matched while the
beam was being loaded for accurate beam behavior observing. The beams had
been previously loaded until 20 kN and unloaded after some endurance for
work control of jack-screws and measurement devices. Beams deflections

were controlled by time type deflectometer, because of insignificant beam span
L _ 168
L=l 333).

The flanges were loaded through the steel filler plate with thickness 15 mm
and width 300 mm (the same to flanges). The loading was distributed on the

length [, = 15 mm (for PM-1), andl,, = 77.5 mm (for PM-2).
: |

value and its ratio to beam hei ght(

(a) I, =15 mm (b) I, =77.5 mm

Fig. 8. The local buckling of corrugations
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After having endurance, the loading was the same as in numerical
investigation before bearing capacity failure with the same step (fig. 5). The
limit loading value was established according to the maximum indicator of the
mechanical dynamometer (table 2). The local buckling was occurring at the
moment of bearing capacity failure at the level of the web and flange
connection on the region, limited by corrugation half-wave length. The shape
of this region looks crumpled (fig. 8).

Conclusions

According to theoretical and experimental investigations, the web bearing
capacity failure and its crumpling happen, when local critical normal stresses
o, in the web (at the level of its connection with the flange under patch-
loading) reach ultimate strength of the web steel o,,,,,.

The bearing capacity of I-girders with a transversally corrugated thin web
(from Zeman’s profile range), under patch loading with every distribution
length will be always ensured from failure if normal local stresses in the web
do not exceed the steel yield strength f,,.
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Binux C.1., Jlaspunenxo JL1., Hinog O.0., Hinosa T.O., Cemuyx LIO.

TEOPETHUYHE I EKCOIEPUMEHTAJIBHE JOCJILUKEHHSI TPAHUYHOI'O CTAHY
MONEPEYHO-TO®POBAHOI CUHYCOIJHOI CTIHKHMITPU 11

JIOKAJIBHOI'O HABAHTAKEHHSI

VY crarTi AOCHImKY€ETHCS POOOTAa i IPAaHMYHMM CTAaH TOHKOCTIHHHMX IBOTaBPOBHX 0ajoK 3
HOMEPEYHUMH To(paMH MpU JIOKAJIbHOMY HABAHTAXKEHHi. AHaJi3 MICLEBOI CTIHKOCTI CTiHKH
BUKOHYBABCsSI Ha MOJE/SIX Oalok, sIKi OyJM CTBOpEHI BIiAMOBIAHO [0 COPTaMEHTY rodpoBaHUX
npo¢inie ¢ipmu Zeman. IIpoBoiuiMcs YKMCENbHI JOCTIIKEHHS Ha (i3MKO-MaTeMaTHYHUX i
EKCIIEPUMEHTAJIbHI Ha ABOX (Pi3MYHUX MOJIEIISIX, MOAIOHMX 3a MapaMeTpaMHK i MaTepiaaom.

AHali3 KPUTHYHUX HANpPY)XCHb BHUKOHYBABCS 332 METOJOM CKiHYCHHHX €JIEMEHTIB B
IPUIYLICHHI NpPYXKHOI POOOTH CTali 3 BpPaxXyBaHHSIM SIK I'E€OMETPHYHOI JiHIHHOCTI POOOTH
Mojereii, Tak 1 iX HemiHifiHOCTI. Po3paxyHOK IOKa3aB, IO NPU YMOBI NpPYXHOI poboTH cTaii
BpaxyBaHHs [€OMETPHYHOI HENHIHHOCTI MPAaKTHYHO HE BIUIMBAE HA PE3yJIbTATH.

BcraHoBiieHO, 10 BTpara CTIHKOCTI CTIHKM MOXeE BiZOyBaTHCS SIK 3a MICLEBOK (HOPMOIO
BHUIIMHAHHS, TaK 1 3a 3arajgbHor0 (GopMoro npu Oinbumx ToBUMHAX cTiHKH. [Ipu 36imbuieHHi
JIOBKHHH CIHHMpPaHHs IIPOTOHIB Ha OaJKy BEIHMYMHA KPUTHYHOrO HABAHTAXXCHHsI 30UIbLIyBanacs, a
KPUTHYHI HampyXeHHs B CTiHLI 3MeHInyBaiucs. Ilpu mpoMy i BCiX Mopmeneil BeanduHa
KPUTUYHUX HaNpyXeHb NMPAKTHYHO HE BiApi3HsIacsA Bix Mexi Tekydocti crami f, = 305 MIla
(BigxuiieHHs He Oinbuie HbK Ha 0,36%).

IpexcraBieHi pe3yibTaTd YHUCEIBHHUX Ta EKCIIEPUMEHTAIBHHX JOCIIIKEHb poOOTH
roppoBaHoi CTIHKM MpPH JIOKaJbHOMY HABAHTAXXCHHI. BCTAHOBJICHO, IO IiCIs JOCATHEHHS
TEOPETHYHUMH 1 eKCHEPUMEHTAIbHIMH HOPMaJIbHUMH HANpPY)XCHHSIMH B CTIiHLI BETHYMHH MEXI
MIL[HOCTI CTajJi Hecyda 34aTHICTh MOJeNi He BTPAvYaeThcs, a pyHHIBHE HaBaHTaKCHHS
36ibIyeThest Ha 30-35% BHACIIJOK ITEpepO3NOALTy HAIPY)KEHb B CTIiHIII 10 JOBXKHHI.

Pe3ysbTaTi po3paxyHKIiB i €KCIIEPUMEHTIB CBi4aTh, IO NPH BUKOHAHHI BUMOTH MIIIHOCTI,
3a3HaueHoi Eurocode No. 3, Hecyua 31aTHICTh ro(pOBaHOI CTIHKK Oyj1e 3aBKau 3a0€311EUCHOI0.

KuarouoBi cioBa: rodppoBaHa criHka, MiclieBa CTIMKICTh CTIHOK, JIOKaJbHE HAaBaHTa)KCHH,
(hopMa BUIIMHAHHS, BIUIMB [IAPaMETPiB HABAHTA)XKCHHSI.

Bilyk S.I., Lavrinenko L.1, Nilov O.0., Nilova T.O., Semchuk I.Y.
STRESS STRAIN STATE THEORETICAL AND EXPERIMENTAL INVESTIGATION
OF CORRUGATED SINE-WEB UNDER PATCH LOADING

The article researches the behavior and limit state of thin-web bedl-beams with transversal
corrugations under patch loading action. Web local stability analysis was performed on beam
models, which had been created according to standard corrugated profiles range of company
Zeman. Numerical analyses on physical and mathematical models and experimental investigations
on two physical models with similar to them parameters and steel were executed.

The critical stress analyses were carried out via the finite elements method (FEM) with the
assumption of steel elastic behavior accounting both geometric linearity and geometric
nonlinearity. The calculation shows that taking into account the elastic behavior of steel the
geometric nonlinearity has insignificant effect on the results.

Two buckling forms (local and general for thicker webs) were ascertained while investigating
the stability loss of web. The critical loading's value increases with increasing of purlin’s
supporting length, but the web's critical stress decreases. But for all models critical stresses value
is almost similar (tolerance is less than 0.36%) to steel yield strength f,= 305MPa.

The numerical and experimental investigation results of corrugated web behavior under patch
loading are presented. Established that model’s bearing capacity does not fail after reaching by
theoretical and experimental normal stresses the ultimate strength of the web steel, and ultimate
loading increases by 35 — 40 % due to the stress’s redistribution in the web along the length.

The results of calculations and experiments certificates that when the strength requirement
specified by Eurocode No. 3 is met the corrugated web’s bearing capacity will be alwaysensured.

Key words: corrugated web, web local stability, patch loading, buckling form, effect of patch
loading parameters.
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Bunvik C.H., Jlaspunenxo JI.U., Hunoe A.A.,Hunosa T.A.,Cemuyx U.IO.
TEOPETUYECKOE U OKCIHEPUMEHTAJIBHOE UCCJIEJOBAHUE
MPEJEJBHOIO COCTOSAHUA MMOMEPEYHO-TO®PUPOBAHHOM
CAHYCOUJTHOM CTEHKHU TP JEACTBUM JIOKAJIBHOI'O HATPY KEHUSI
IpexncraBieHbl  pe3ysibTaThl  HMCCIIENOBaHHUsA  paboOThl M MPEACIBHOIO  COCTOSHHS
roh)pHpOBaHHON CHHYCOMJAIBHON CTEHKH OajKy HpH NeiiCTBHY JIOKaIbHON Harpysku. JlokasaHo,
4TO IpH ﬂeﬁCTBHH JIOKQJIbHOI'0O HAarpy>X€HHS HOPMAJIbHBIC HAIPXKCHUA B CTCHKE 6am<14
JOCTHTAIOT IIpefesia IPOYHOCTH CTald CTEHKH, HPH ITOM B HEHl BO3HHKAIOT 3HAYHUTEIbHBIC
IUIacTHYeCKHE AehOpMALMU U HECYIasi CHOCOOHOCTh HCYEPIIBIBACTCSL.
KiroueBble ciioBa: rodpupoBaHHasi CTEHKA, MECTHAs YCTOMYHMBOCTH CTEHOK, JIOKAJIbHOE
HarpyxeHnue, popma BbITyIHBaHNU, BIMSHUE IAPAMETPOB HATPY)KCHUSL.
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JKCIepUMEeHTA/IbHE J0CJIiUKeHHsI TPAHHYHOr0 CTaHy ropoBaHOi CHHYCOIAHOT CTIHKH NpH
il JIoKaJILHOro HaBanTaxenus / Omip marepianiB i eopisiciopya: Hayk.-tex. 306ipH. — K.:
KHVYBA, 2020. — Bun. 105. - C. 152-164. — Anru.

Hagedeni pesynbmamu meopemuunozo i 9KCNePUMEHMANbHO20 O0CHiOdNCcents pobomu i
2PAHUYHO20 CMAHY 20(IPOBAHOI CUHYCOUOANLHOI CMIHKU Npu Oil JOKAIbHO20 HABAHMANCCHHSL.
Hosedeno, wo nopmanvni nanpysicenuss 6 cminyi OaIKu npu JIOKATbHOMY HABAHMANCEHHI
docsealoms Meduci MiYyHOCmI cmani CMiHKU, Npu YboMy 6 Hill BUHUKAIOMb 3HAYHI NAACTUYHI
dechopmayii | Hecyua 30amHicms 8MpavacmobCs.

Tabu. 2. L. 8. bi6miorp. 10 Ha3s.

UDC624.014

Bilyk S.1., Lavrinenko L.I., Nilov O.0., Nilova T.O., Semchuk 1.Y. Limit state theoretical and
experimental investigation of corrugated sine-web under patch loading // Strength of
Materials and Theory of Structures: Scientific-and-technical collected articles. — K.: KNUCA,
2020. — Issue 105. — P. 152-164.

Results obtained via limit state theoretical and experimental investigation of corrugated sine-
web under patch loading action are presented. It is proved that normal stresses in the beam web
under patch loading reach ultimate strength of the web steel, while significant plastic strains
occur in it and the bearing capacity is lost.

Table 2. Fig. 8. Ref. 10.
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In the article the stress-strain state of thick-walled structurally anisotropic composite
cylindrical shells under thermal power load, which are protected by a functionally graded material,
are analysed. Based on the interrelations of the spatial theory of elasticity, a system of
inhomogeneous differential equations in three-dimensional formulation, which describes the
stress-strain state of thick-walled anisotropic cylindrical shells, was obtained. To reduce the
dimensionality of this system, the Bubnov-Galerkin analytical method was used. Thus, the
obtained one-dimensional system of twelve equations of normal Cauchy form was implemented
using the numerical method of discrete orthogonalization. To represent the possibilities of the
proposed approach, there were used stress-strain states of two, four and five-layered anisotropic
cylindrical shells of fibrous composites, protected from temperature by a layer of transversely
isotropic functionally graded material.

Key words: thick-walled anisotropic cylindrical shell, stress-strain state, three-dimensional
formulation, functionally graded material.

1. Introduction

Thin-walled structures made of composite materials are widely used in a
variety of elements of up-to-date equipment. For example, the aerospace and
rocket industries require the use of shells made of lightweight, high-strength
composite materials. Unfortunately, traditional composite materials are not
always able to be used in high temperatures, because their load-bearing
capacity can be significantly reduced. Heat-resistant ceramics can be used to
protect thin-walled composites from temperatures, but it is well known that
this material has brittle properties and does not bend and twist.

Relatively recently, a new class of composite materials known as
functionally graded materials (FGMs) has emerged [16]. Typical FGMs is an
inhomogeneous composite made of different phases of material components
(usually ceramics and metal). FGMs ceramic components are able to withstand
high-temperature environments due to the better heat resistance characteristics,
and metal components provide higher mechanical properties and reduce the

© Semenyuk M.P., Trach V.M., Podvornyi A.V.
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possibility of destruction. Thus, the use of FGMs can help to protect the shell
structure from the effects of variable temperature fields, which will allow the
structure to absorb the load without reducing its strength, for instance.

At present, a sufficiently detailed analysis of the stress-strain state of thin-
walled and thick-walled cylindrical shells of both conventional composites and
FGMs in the calculations of two-dimensional systems under the thermal power
load [1,3,12,15,16,17] is made. In this paper, the change of the
characteristics of the stress-strain state in the thickness of the structure is
modeled by hypotheses of varying degrees of accuracy. It is generally known
that to calculate the stress-strain state of thick-walled cylindrical shells it
should be applied an approach [2, 6,7, 10, 11, 13], based on the use of
equations of the spatial theory of elasticity and which allows you to correctly
analyze changes of parameters such as stress-strain state of the construction by
the thickness.

The authors propose an approach to the establishment of the stress-strain
state of a thick layered anisotropic cylindrical shell made of a fibrous
composite, which is made at an angle to the generatrix, and a layer of FGMs. It
is also necessary to take into account the effect of anisotropy caused by the
discrepancy between the directions of reinforcement and the shell axes (Fig. 1)
[1,2,3,6,7,10, 11, 13, 14], and to assess the impact of temperature on such a
combined structure thickness.

In this paper a three-dimensional theory of elasticity is used to solve the
problem of the stress-
strain state of a thick-
walled anisotropic
cylindrical shell made
of fibrous composites
[5]. The obtained
solutions can serve as
references in  the
calculations of stress-
strain states of thin-
walled structures of
more complex
geometry established,
for example, when
using the finite
element method.

Fig. 1. Cylindrical thick-walled anisotropic shell

2. Formulation of the problem
Linear equilibrium equations in non-axisymmetric stress-strain state for
each i-th layer are as follows [5]:

90, 1[ i, 9, i\, 9 i i il.
or __7|:O-rr+r$(fzr )+£(19r)_0-99+r};;‘:| ’
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where r,(i=1,2) — radius of the cylinder, which does not depend on the

coordinates z and 0; o', o', oby, 7., 7'y, 7'y — components of the

stress tensor, F,,F,,F, — vector projections of specific volume forces on the
directions tangent to the coordinate lines r, z, 6.

The relationship between the components of deformation and displacement
will take the form:

i 61412 i 1 6149 1 i 6141,
€ ="—7 €= = Mr, € ==
0z r oo r or
o _6149 1 ou’ ) i_6u£+6ui_ o _6ué_li 1 ou’ @)

0T T T e e T T e

And u., uf,, u'— displacement in the direction of the axes z, @, r
respectively; e._, 600, e,, — relative linear deformations in the directions of

the coordinate axes z, 6, r; €y, e, , €., —relative tangential displacements

at the point to the corresponding coordinate surfaces.

The ratios of the generalized Hooke's law, which connect the components
of deformations and stresses, when the axes of orthotropy with the coordinate
axes are coincident:

i il i il i il i
€ =110, +a120'99 +a130'rr ;
il il il
Chp = A0, + a0 g + a0, ;

i il il il
¢, = aj30%, +aysope + 4350, ;

eﬁe = ailﬁlfie; €. = aSéTrz > eia = aé/sfie . €)
When rotating the axes of orthotropy relative to the z axis, these
dependencies take the form:

€., =aj\0l, +a},04y + a}30,, +ajsTly;
Chp = @120, +aChg +ax0,, +a5sTly:
ei = aliao'i +a53009 +a§30-£r +a§67i0 ;

Clg = AuT g +aisT). s €, = AlsT g + 55T, ;

€Ly = al4OL, +arsTpg + A30r, + AgeTLg “)

In the equations (3, 4) a} and a}, — are mechanical constants of the i-th

layer of orthotropic material and material with one plane of elastic symmetry,
the relationship between which is established in [4].
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3. Research methodology
The relation of the generalized Hooke's law for a material with one plane of
elastic symmetry (4) takes the form [2], which is used in the solution of the
system (l)'
. =bijel, +bjepg +bigely +cioy, + BT
o = birel. +byepg +bygely +cha,, + ﬂzz
tly = bigel, +bysepy + bggelg + 30, + BT
e, =—ciel, —chepy — cyetg +¢40,, + T +ap BT +ar BT + as i, T
€. = aystyg +asst,, +apT;
elg = AT g +aysT,, +anT ®)
where b,i, (k,1=1,2,6), c,i (k =1+4) — are the characteristics of the i-th layer
that are determined by the mechanical constants afd of the shell material; S/,
Bsy, Bl — are the components of the stress-strain state of the i-th layer,
related with the temperature dependences 7(°K):
BT = _(blilalil +biy0t5, + bigati )T ;
ﬁézT = _(bli2alil +b§20‘§2 +b§6af2 )T ;
ﬁlizT = _(bli6alil + bésaéz + bé6ali2 )T .
In this system of equations and in (5) « (1, j=1+3) — are the coefficients of
linear thermal expansion of the material of the i-th shell layer.
Replacing in (5) the deformations ¢’_, eég, eig by their expressions from
(2) and substituting the obtained dependences for O'iz , O-ég, Tig in (1), and

for &' eﬁ, in (2) we obtain for each i-th layer a complete system of

2o €10
differential equations in partial derivatives, in which we take into account that
the shell is deformed according to the axial symmetry:

90,. _ ¢ _lair 01, +blL22ur N bj, ou., N by Oug b]2 f]T—bﬁazzT—
or r Oz r r Oz r oz r r
_ialzT,

r
ot! oot 1 by oul ; o%ul o*uy . . dT

Tz =—C]l&——‘t';z—£i—b]l] 142 b16 u@ +hlal T+

or oz r r oz oz dz

dT dT_

+b]2a22 +b]6 12

dz dz
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= 55Ty, T aysT,g 5 +asl
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oul o 1 4
0 _ i _i i i i
P 45Ty T AaqTrg +;u9 +aT . (6)

If the temperature field is constant to the cylinder surface, the system (6)
will be rewritten:

i i i i i i i i
00, _c-1 ; 01, by by Ou by Oug b]2 by
= o, — +—u, b ”T— a22T—
or r Oz r r oz r oz r
b
26
——a]ZT
-
a i a i 1 i a i 62 i 62 i
Tyz N | Grr_ i _ 12 ur_ i MZ_ i Up .
=-q Tyz 11> > 6~ o >
or oz r r Oz Oz Oz
i 20 i i i 20
0T,y 21_,- b 0 uy o oo,, 6 Ou. ; O7uy
.~ T Dess -G - — b6 ;
or r o072 Oz r oz 02>
ou' C - ou’ - Oul
ro_ 0 i 2 0 i z [
e —cs— =+ ayT —ajbiay T —apsbpanT -
or r Oz Oz
i i iogi i iogi i i i i i
—apbiganT —ayb,anT —aybyasy T —aybysanT —azebigoy T
i i i i o
—azeby00 T — azebeeat)r T
oul o o TH )
z _ 0 i i i r i .
=0ssT), +A4sT,9g ———+ a7
or Oz
é o 1 )
R ) i i i
P 45Ty T AaqTrg +;u9 +aT . (7)

The solution of the system (7) must correspond to the conditions on the
side surfacesat r =7, r=n,

1 1
0, (1,2)=%q\(2); To(7,2)=0; Th(r,2)=0;

05 (1,2)=%q}(2); T (15,2)=0;  Tip(r2,2)=0, (®)
conditions at the ends are z=0, z=1L
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oL =u, =up =0 ©)
and the conditions of hard contact of the layers:
0 (=01 (1) TL(N=T (1) Te()=T15 (1) ;

w ()= () 5wl ()=ul ()5 up(r)=ug’ (1) (10)

There is a diaphragm, which is absolutely rigid in its plane and flexible, at

the edges of the cylinder in conditions (9). In (8) 4'(z), qf (z) - an internal and
external pressure is distributed on the side surfaces of the shell, respectively.

To solve the three-dimensional problem (7) and (8-9), we use the Bubnov-

Galerkin methodology. According to it, we decompose all functions into

trigonometric series on the coordinate along the cylinder generatrix z | so that

they would satisfy the boundary conditions (9):

O'ir(r,z) Z|:y] 5p(r)+y] ,m(V):|Sll'llmZ 5
m=1

7.(r7)= Z[yz’p(r)ﬂz sm(r)]cosl z;
m=0

oo

r Z):Z[yssp(’”)ﬂ@ o )Jsinlmz ;

nr
oo
oo

|:y4’p(r)+y4 o (r) inl,, z 5

)
r z =Z|:y5,p(r)+y5 ,m(r)]coslmz;
m=0

oo

ufg(r,Z)=Z[yé () + vl (r)JsinlmZ , (11)

m=1
where Y, yi/ ok (i=1,6) — are the components of expansion into

trigonometric Fourier series of components of the stress-strain state of shell,
p, m —are the wave numbers in the series.

After some mathematical transformations and separation of variables in
equations (7) using the ratios (11), we obtain for each i-th layer a system of
differential equations of the twelfth order in the normal Cauchy form

i
%:T’(r))_/’+fl, T'(r)=t. ) (r) , n,i=1+12, (12)
o S N

where y’={y{,,,;ylz,p;yé,,,;yi,,,;yé,p;yé,p;yi s> V2 o3 V3 ms Ve smsVs s Ve m}
solving vector function. Non-zero elements of which are written in accordance
with [6, 11], tfl ;(r) - coefficients for unknown systems (7), f " the

components of the stress-strain state related to the temperature in the system
(7) and are determined as:
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i i b, i by i by i i i i i .
=1 =—70‘11 —TazzT—TalzT sh=f=/=/=0;
fi=1Ho :aéaT—aﬁblllalllT—allabllzaézT—all3b116allzT—a§3b{20‘{1T—
—a’23b§2a§2T—a’23b§6a{2T—a§6b{6a{1T—a§6b§6a§2T—a§6bé6a{2T;
fs =fir=aiT;
fo =S =axT .

Implementation of the obtained one-dimensional problem on the stress-
strain state of a thick-walled cylinder was carried out using the numerical
method of discrete orthogonalization [3]. After solving the system (12) taking
into account the boundary conditions (8), ratios (11) were used for the
transition from the obtained functions to the components of the stress-strain
state.

4. Results of the numerical calculations and their analysis

The object of the study is a cylindrical shell made of layers of fibrous
boroplastic material and a layer of functionally graded material [16] under the
distributed external pressure and external constant temperature. Silicone nitride
was chosen as the ceramic component of FGMs, and titanium (Ti-6Al-4V) was
chosen as the metal component. The temperature distribution along thickness
of the cylinder was determined according to [9, 16]. Physical and mechanical
properties of the functionally graded component of the cylinder dependent on
the temperature were determined in the tables 1— 4 [12] and according to the
dependences [18]:

E=Py, .(P,IET*‘ +1+ P, T+PpT? +P35T3);

v=~F, .(P,WT*‘ +1+B,T+P,T* +P3VT3),

a=h, .(P,MT*‘ +1+PR,T+P,T* +P3aT3);

K =h, .(P,IKT*‘ +1+P,.T+P,T? +P3KT3), (13)
where E — the desired modulus of elasticity,v — Poisson's ratio, o -

coefficient of linear thermal expansion and x — thermal conductivity, the
given temperature 7(’K), and Py, , B, B,, B, — the desired characteristics

of the material, when 7=0’K, P, B, , P,, P, —are given in the tables 1-4.
Table 1
Modulus of elasticity of ceramics and metal, Pa
Material Pyr P Py Py P
Silicone | 348 43+10° | 0 | -3.070¢10% | 2.160*107 | -8.946%10™"
nitride
Titanium
alloy 122.56*10° 0 -4.586*10™ 0 0
(Ti-6Al-4V)
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Table 2
Poisson's ratios of ceramics and metal
Material Py, Py, Py, P, P;,
Silicone 0.24 0 0 0 0
nitride
Titanium alloy %104
(Ti-6A1-4V)) 0.2884 0 1.121*10 0 0
Table 3
Coefficient of linear thermal expansion of ceramics and metal, °K”™
Material P, P, Py, Py, Psq
Silicone | 5 ¢773x1( 0 9.095%10™ 0 0
nitride
Titanium
alloy 7.5788*10° 0 6.638%10* | -3.147*10° 0
(Ti-6Al-4V
Table 4
Thermal conductivity of ceramics and metal, 7/ (m’K)
Material PO/( P—l/( Pl/( PZ/( PS/(
Silicone 13.723 0 -1.032*107 | 5.466*107 | -7.876*10™""
nitride
Titanium alloy %102
(Ti-6A1-4V 1.000 0 1.704*10 0 0

Boroplastics  has  the  following  mechanical  characteristics:
E11=28%10° MPa, E»=FE3=3.1%10° MPa, G1,=G»=1.05*10° MPa,
G13=2.12%10° MPa, v5,=0,25, v,,=0,0277.

Common characteristics of the functionally graded materials were
determined in accordance with [8]:

E(Q=(E~E, )&/ +E,,:
E=(ve v, )&M) +v,,
Ol(f)=(0(c—05m)(f/h)N+

K@=k~ &) +x, . (14)
where E(E),v(E),a(&),k() — physical and mechanical characteristics of the

common material by thickness, E, ,

S

Vs Q,, K, —mechanical characteristics

m? m?>

Kk .— mechanical characteristics of

of metal (titanium alloy), E,, v o K,

cr @
ceramics (zirconium), i — the thickness of the functionally graded component

of the shell material, £ — thickness coordinate & =»—7, r — the coordinate

of an arbitrary point in the shell general coordinate system, fig. 1, r; — the
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coordinate of the cylinder inner surface, N — volume fraction of mixed
materials [16].

A cylindrical shell with the following geometric parameters was considered
(fig. 1): L=1.2 m, rn=0.57 m, r, =0.63 cm, #=0.06 m. Three variants of a

thick-walled cylindrical shell were calculated. The first one took into the
consideration only power load, and then combined power and thermal load. In
this case, the temperature field changed only according to the thickness of the
layer of functionally graded material.

In the first variant of this structure, it was assumed that the cylinder
consists of two layers: the inner #=0.57 m, 7, =0.6 m — made of boroplastic
material with reinforcement angle w=70° to the axes z and the external
75, =0.6 m, r, =0.63 m — made of functionally graded material, when N=1
(titanium alloy Ti-6A1-4V( 7y, ) — silicone nitride (7, )).

In the second variant, the shell was consisted of three layers: two internal
cross-enclosed with reinforcement angles w =+70° to the axis z, made of

boroplastic material 7=0.57 m, 7,=0.585 m (y =70°) and r,, =0.585 m,

Fy, =0.6 m (y =—70") and external layer 7y =0.6 m, r, =0.63 m — made of
functionally graded material, when N=1 (titanium alloy Ti-6AI4V(7y,) —
silicone nitride ( 7, )).

In the third variant, the shell was consisted of five layers: four internal
cross-enclosed with reinforcement angles w =+70° to the axis z, made of
boroplastic material 7=0.57 m, r;=0.5775 m (y =70") and r,, =0.5775 m,
7y =0.585 m (y=-70°), r5,=0.585 m, r,=0.5925 m (y =70°) and
7y =0.5925 m, 7,,=0.6 m (y =-70") and the external layer 7y =0.6 m,
r, =0.63 m — made of functionally graded material, when N=1 (titanium alloy
Ti-6A1-4V( 7y, ) — silicone nitride (7, )).

All presented variants of shell structures were under pressure load that was
distributed on the external surface g=—g,sin(zz//), where ;=100 MPa. In the
case of joint power and thermal load, the temperature field changed only by
the thickness of the functionally graded component of the material from
7=293K (20°C), when 7y, = 0.6 m, to 7=373°K (100°C), when r, =0.63m for
all three variants of the cylindrical shell, and distributed by thickness
according to the law presented in [9]

Fig. 2-4 show the change of stress-strain components of the shells with one
layer of boroplastic, that is curve 1 (solid), with two and four layers, i.e curve 2
(dashed) and curve 3 (dotted), respectively. The calculation results are given

by the coordinate » for the cross-section that is on the middle of generatrix,
i.e, when z=0.5L.
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Fig. 2. Stress distribution 0,,. by the thickness of the cylindrical shell:

(a) under the power load; (b) under power and thermal load
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Fig. 3. Stress distribution 7, by the thickness of the cylindrical shell:
(a) under the power load; (b) under power and thermal load
2,0 N 20 5
7\ ;7\
1,5 \ 1,5
S ! \ 5 ! ‘L
<1017, /\ 21,04—~ >
<3 I f $ . A
Losl /0 / \ \ g .1/ / ‘
/ . ; \ e / ' N \..
0,0 w3\ 0,0 3. b
0,57 0,59 (m) 0,61 0,63 0,57 0,59 r(m) 0,61 0,63
(@ (b)

Fig. 4. Stress distribution 7,9 by the thickness of the cylindrical shell:

(a) under the power load; (b) under power and thermal load.

The analysis results of calculations in Fig. 2-4 describe the stress-strain
state of the layered thick-walled anisotropic composite shells and show that the
variable temperature field of the functionally graded component of the shell
material within the studied temperatures ranges from T=293°K (20°C), when
r=0.6 m to T=373"K (100°C), when /=0.63 m and does not significantly affect
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the stress-strain state of a thick-walled anisotropic cylinder. However, it should
be noted that variable temperature field and distributed lateral pressure
(fig. 2b) effects that the values of normal stresses are slightly, up to 5%, higher
compared with those, which are under power load only (fig. 2a).

The graphs presented in figs. 3a and 3b indicate that the cross-laying of
fibrous material allows reducing the value of the tangential stresses .
compared to one layered of the composite. This is especially evident in the
example of the thickness distribution of the tangential stresses 7,, in figs. 4a
and 4b, which appear only in anisotropic material. There are anisotropic
components of the stress-strain state 7,, for one composite layer in the

transversely isotropic FGMs. However, for cross-ply composites having two
and four layers the effect is almost absent.

5. Conclusions

In the article the numerical calculations of the stress-strain state of a thick-
walled cylindrical anisotropic shell of fibrous composite material that is
protected by a functionally graded material under power and thermal load,
were conducted based on three-dimensional theory of elasticity. Variants of
increasing the number of layers stacked so that their axes of orthotropy of fiber
composites do not coincide with the axes of the cylinder coordinate system,
creating the effect of a material with one plane of elastic symmetry, are
analyzed. It is taken into account that the physical and mechanical properties
of FGMs are dependent on temperature. It was found that the stress-strain state
of a thick-walled anisotropic cylinder does not change significantly due to the
action of high temperature, which is the effect of using FGMs to protect the
cylindrical shell.
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Cmamms naoditwna 13.05.2020

Cementox M.I1., Tpau B.M., Iloosopnuii A.B.
HAIPYKEHUI CTAH TOBCTUX AHI3OTPOITHUAX IAJIIHIPUYHUX
OBOJIOHOK, 3BAXNIIEHUX ®YHKIIOHAJIBHO-IT'PAJIEHTHUM MATEPIAJIOM,
g TEPMOCHIIOBOIO JI€I0

B poGoTi mpHBEAeHWH HANPYKEHHH CTaH TOBCTMX KOHCTPYKTHBHO-aHI30TPOIHHX
KOMITO3UTHHX LIMJITHIPUYHUX 000JIOHOK, 110 3aXHILEeHI (PYHKIIOHAIBHO-TPaIilEHTHUM MaTepiaioM,
1 3HAXOATHCS B HOJI TepMOCWIIOBOI Ail. Ha OCHOBI CIIBBiAHOIICH IPOCTOPOBOI TEOPIT MPYXKHOCTI
OTpHMaHa CHCTEMa HEOAHOPIAHHMX AU(EepeHLianbHUX PIBHSHb B TPUBHMIPHIil [OCTaHOBLI, IO
OIIMCYE HANMpPYXEHHIl CTaH TOBCTUX AaHI30TPONMHHMX ILUUIHAPIB. ISl MOHMKEHHS DPO3MipHOCTI
3a3HAYEHOI CHCTEMH, BUKOPHCTAHO aHAMTHYHUN Merox BybHoBa-I'anbopkina. OTpiMaHy, TAKUM
YUHOM, OJHOBHMIpPHY CHCTEMY 3 ABaHAJLTH PIBHIHb HOpMaJbHOro BuAy Komi peamizoBaHo 3a
BHKOPUCTaHHSAM YHCEIBHOrO METOIY AMCKPETHOI opToroHamisauii. B skocTi mpencraBieHHs
MOXJIMBOCTEH 3aIpOINOHOBAHOrO IMIIXOMy MPHUBEICHI HANPYKEHI CTaHH ABO, YOTHUPH 1 II’SITH-
IIAPYBATUX AHI3O0TPONMHUX LHIIHAPHYHUX O0OOTOHOK, YTBOPEHHUX 3 BOJOKHUCTHX KOMITO3UTIB, L0
3axXHIleHi, Big il TeMIepaTypd, LIApOM TPAHCBEPCAIbHO-130TPOMHOrO (yHKIIOHAIBEHO-
rpaieHTHOrO MaTepiay.

KoirouoBi cjioBa: TOBcTa aHIi30TpoNHA LMIIHAPHYHA OOOJOHKA, HANPYKCHHH CTaH,
TPUBHMIipHA IIOCTAaHOBKA, QYHKI[IOHAIBbHO-TPAAIEHTHHII MaTepial.
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YK 539.3

Cementox M.II., Tpau B.M., Iloosopnuii A.B. HanpyxeHu# cTaH TOBCTHX aHi30TPONHHUX
IWTHAPHYHUX O000JIOHOK, 3aXHINEHHX (YHKIiOHAJIBHO-ITPAIiEHTHUM Marepiajaom, mix
TepMOCUJIOBOIO i€t // Omip MaTepiaiis i Teopist copya: Hayk.-tex. 30ipH. — K.: KHYBA, 2020.
— Bumn. 105. - C. 165-178.

B pobomi npusedenuii HanpysiceHuii CMAaw MOGCMUX KOHCMPYKMUSHO-AHIZ0MPONHUX
KOMROZUMHUX YUTTHOPUUHUX 0OONOHOK, WO 3aXUjeHi QyHKYIOHANbHO-ePAOICHMHUM MAMepianiom,
i 3Haxoo0ambcs 6 noli mepmocunosoi Oii. Ha ocnosi cniegionowenb npocmopogoi meopii
NPYIHCHOCMI OMPUMAHA  CUCMEMA HEOOHOPIOHUX OUDEPEHYIANbHUX DIBHAHb 8 MPUGUMIPHIl
NOCMAHOBYI, WO ONUCYE HANPYICEHUL CIAH MOBCMUX AHI30MPONHUX YUTIHOPIE. [{s NOHUMCEHHS
PO3MIpDHOCMI 3A3HAYEHOI cucmemu, GUKOPUCMAHO auanimuynui memood bybnoesa-Iarvopkina.
Ompumany, makum YuHOM, OOHOBUMIDHY CcUCMEMY 3 0BAHAOYAMU DIBHAHL HOPMAILHO20 GUOY
Kowi peanizosano 3a 6UKOpUCmanHusm yuceibHo2o memody Ouckpemmoi opmoconanizayii. B
AKOCMi npedcmaesierHts MONCIUBOCMEN 3aNPONOHOBAHO20 NIOX00Y NPUBEOeHi HANPYHCeHi CmaHu
060, womupu i N’ AMUWAPOGUX AHIZ0MPONHUX YUTTHOPUUHUX 0OONOHOK, YIMGOPEHUX 3 GONOKHUCIIUX
KOMnO3umis, wo 3axuweni, 6i0 Oii memnepamypu, wapom mpaHceepcaIbHO-I30MpPORHO20
DYHKYIOHALHO-2PAJIEHMHO20 Mamepiany.

Tabu. 4. L. 1. bi6miorp. 18 Ha3s.

UDC 539.3

Semenyuk M.P., Trach V.M., Podvornyi A.V. Stress-strain state of thick-walled anisotropic
cylindrical shells under thermal power load, protected by the functionally graded material//
Strength of Materials and Theory of Structures: Scientific-and-technical collected articles — Kyiv:
KNUBA, 2020. — Issue 105. — P. 165-178.

In the article the stress-strain state of thick-walled structurally anisotropic composite
cylindrical shells under thermal power load, which are protected by a functionally graded
material, are analysed. Based on the interrelations of the spatial theory of elasticity, a system of
inhomogeneous differential equations in three-dimensional formulation, which describes the
stress-strain state of thick-walled anisotropic cylindrical shells, was obtained. To reduce the
dimensionality of this system, the Bubnov-Galerkin analytical method was used. Thus, the
obtained one-dimensional system of twelve equations of normal Cauchy form was implemented
using the numerical method of discrete orthogonalization. To represent the possibilities of the
proposed approach, there were used stress-strain states of two, four and five-layered anisotropic
cylindrical shells of fibrous composites, protected from temperature by a layer of transversely
isotropic functionally graded material.

Tabl. 4. Fig. 1. Ref. 18.

YK 539.3

Cemenox  M.II1., Tpau B.M., Iloosopneviii A.B. HanpsizkeHHOe COCTOSIHHE TOJICTBIX
AHM30TPONMHBIX MHJIMHIPUYECKHX 000JI04€K, 3aUMIIEHHbIX PYHKIHOHAIBHO-TPATHEHTHBIM
MaTepuajioM, MO TepMOCHJIOBBIM JeiictBueM// CONPOTHUBIICHHE MAaTepHaIOB M TEOPHUS
COOpY’KeHHit: Hayd.-TexH. cOopH. Beim. 105. - K.: KHYCA, 2020. — C. 165-178.

B pabome npueedeno HanpsyiceHHoe COCMOsHUe MOICMbIX KOHCMPYKMUBHO-AHUZOMPONHBIX
KOMROZUMHBIX — YUTUHOPUHECKUX — 00010YeK,  3AUUWEHHbIX  (DYHKYUOHATLHO-2PAOUECHMHBIM
MAmepuanom, U HAxX00AWUXCs 6 Noje MepmMocunosozo oeticmeus. Ha ocnoee coommowtenuti
NPOCMPAHCMEEHHOU MeopUl YRPY20Cmu NOAYHeHA CUCeMd HeOOHOPOOHbIX OupepenyuanbHbix
ypasHeHuil 6 mMpexmepHoll NOCMAHOBKe, ONUCLIBAIOWAS. HANPANCEHHOE COCMOSHUE MOICIbIX
AHU30MPONHBIX YUIUHOPOS. [N CHUNICEHUS. PA3MEPHOCMU VKA3AHHOU CUCMEMbl, UCNONb308AH
anamumuyeckuti memoo byonosa-I anepruna. Ionyuennas maxum o6pazom 0OHOMEPHAS CUCMeMA
u3z 0genHadyamu ypasHeHull HOpMAIbHo20 6uda Kowwu peanuzoeana npu ucnonvzoeanuu
YUCTIEHHO20 — Memooa  OUCKpemHOoU  opmozonamuzayuu. B kauecmee  npedcmaesnenus
603MOJICHOCIEN NPEONIONCEHHO20 NOOX00A NPUBEOCHbI HANPANCEHHbIE COCMOSIHUSL O8YX, Yemblpex
U NAMUCTOUHBIX AHU3OMPONHBIX YUTUHOPUYECKUX 000NI0UEK, 0OPA306AHHBIX U3 BOJOKHUCHIBIX
KOMRO3UMO8, 3QUUEHbIX, OM OeliCMEUs. MeMNepamypol, CJI0eM MPAHCEePCalbHO-UZ0MPONHO20
PYHKYUOHAIbHO-2PAOUEHMHO20 MAMEPUATA.

Tab6un. 4. Y. 1. bubnuorp. 18 Ha3s.
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The destruction of buildings and structures takes place as a result of calamities, accidents of
various nature, and terrorist attacks which often include explosions. In armed conflicts, the
destruction of buildings and constructions happens as a result of munitions completely penetrating
structural floors or walls, after which the round explodes inside the construction, followed by the
destructive impact of explosion product kinetic energy and the shock wave.

The impact of shock wave on buildings and constructions is characterized by complex
pressure: excessive pressure, reflective pressure, dynamic pressure, flowing pressure, seismic
wave pressure.

Ensuring the preservation and restoration of buildings and structures includes measures to
assess the possible degree of destruction of buildings and structures. Therefore, in modern
conditions, the design of buildings, structures and their elements is not possible without taking
into account the dynamic effects. When designing and constructing buildings and structures, it is
always necessary to take into account the resistance of structural elements to the action of
damaging factors, both the explosion in general and the shock wave of the explosion in particular,
which will help avoid future possible human losses.

Considering the aforementioned, this article describes the basic characteristics of the air
shock wave and building interaction processes, the panel construction rupture time calculation
method, and the general characteristics of an explosion’s air shock wave that penetrates buildings,
constructions that have doors, windows, and openings which appeared due to damage to flooring
or wall structures.

© Shyshanov M.O., Maliuha V.G., Koval V.V., Mirnenko V.1., Fil V.M., Hannenko S.O.,
Duzhyi R.V.
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Studies show that structural loads depend on the characteristics of the wave that penetrates
through openings in constructions and through openings created by wall damage; while comparing
calculations with experiment data shows a decent level of similarity between them.

Key words: air shock wave, dynamic load, reflection pressure, breach pressure, developed
pressure, cover pressure, rupture time.

Introduction. The current climate change on Earth is followed by techno
genic and natural calamities, while international relations are bare terrorist
attacks and armed conflicts. Consequently, the need arises to study emerging
threats and to predict possible building/construction rupture in order to apply
preventive measures that reduce possible material losses and save human lives
[1,2].

Natural disasters, accidents, modern weapon employment often result in
explosions. Depending on the type and yield strength of an explosion, as well
as distance, design and size of elements of a building, explosion orientation,
location of buildings and constructions, the impact of an air shock wave is
going to vary. Thus, data characterizing explosions is needed in order to enable
decision making on air shock wave protection for buildings and constructions,
as well as to ensure explosion protection measures.

The most reliable information about the explosion can be obtained by
conducting an experiment. However, this approach cannot always be applied.
For that reason the most common calculation methods to determine the values
of the parameters that characterize the explosions.

The aforementioned requires a more in-depth study of explosion process
result impact and resilience of buildings and constructions calculation.

Analysis of research and publications has shown [1-7] that the study of the
impact of the explosion on buildings and structures is given sufficient
attention. At the same time, the issues of the impact of the shock wave on the
structural elements of buildings and structures need additional study in order to
solve the current scientific and practical problem of determining ways to
improve the protective properties of reinforced concrete, concrete and brick
structural elements of buildings and structures.

An air shock wave is a zone of strong air compression that propagates in all
directions from the center of the explosion at high speed [8 -11]. The defeat is
primarily caused by the occurrence of high excess pressure, which almost
instantly compresses the human body or other object, causing damage and
destruction. Along with this, the impact causes high-speed pressure, having a
strong metallic ability. In addition to the direct impact of the shock wave,
damage can be caused by fragments of elements of buildings, structures or
other objects.

Considering everything mentioned above, the purpose of this article will be
to determine the parameters of the shock wave of the explosion penetrating the
building, structure and the parameters of the dynamic loads on their structures.

The main material of the article. The pressure on the internal structures
of buildings depend on the parameters of the wave that flows through the
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openings and holes that are formed during the destruction of the walls of the
building [3, 9].

The frontal wall is initially affected by the pressure of reflection AP, , at
the edges of the wall and its holes there are waves of rarefaction, the outspread
of which leads to a decrease in pressure on the structure over time £ ,, to the
value of the flow pressure AP ,, (Fig. 1).

The time ¢,,, , during which the pressure at the frontal obstacle decreases
to the flow pressure is taken depending on the smaller of the two values S=#h
or B/2 by the formula (1)

38
tabt :D_F s (1)
where 4 — is a distance from the the ground to the window or the height of the
building (when the front wall without windows); B — is the width of the
building.
AP 4
APIIIZX

AP 7

rnnr Imt
T+

A 4

A A

>

Fig. 1. Estimated pressure graph in the middle of a building with window openings. The dotted
line shows the change in pressure inside the room with a smaller capacity 10%

At the same time, the shock wave outspread through holes in the walls of
the building. Assume that the measurement of pressure over time inside the
building has the form shown in Figure 1.

The leakage pressure AP, corresponds to the excess pressure at the front
of the shock wave that passed through the window openings, the second point
— the maximum value of the pressure in the flow wave AP,;". The pressure
AP, is determined from the graph (Fig.2) depending on AP, and the
perforation coefficient & equal to the ratio of the area of the holes to the area
of the obstacle. The pressure AP,,* is determined taking into account the
conditions that the leakage wave establishes an air flow of leakage, which
continues until the pressure inside the building reaches the pressure in front of

the hole APL=APt,,, . Practically APL, =APt,,, .

zat zat
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Fig. 2. The pressure depended AP, from parameters o and APy

To determine the parameters of the wave that flows into the building,
taking into account the destruction of the enclosing structures, you can use the
following prerequisites: the time of destruction of the building is equal to the
time of destruction of its front wall; deformation of the frame of the building
during the destruction of the walls is not taken into account, the dynamic load
is considered to be normally applied to the surface of the front wall; the load
on the front wall (from pressure AP, ) and its rear surface (from pressure

AP, ) act simultaneously.

1. Determining the time of destruction of prefabricated buildings. The
change in load P(f) on the front wall width » will be taken as the difference

between the loads P=FR—P, on the front and rear faces of the wall

B

Pmax

zat

[1-

(Te_tnar)

P,, (1—%), 0<t<t,,,
2)
(—tw) | (
Potr[l (Te_tobt) > tobt —t<7'-e
(Pl =Byt
PprT, O<tStnar (3)
(t_tnar)

}, tyar SIST,,
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AP

otr

2
There may be different relationships between moments of time ¢

where _Potr:APé)tr’PobtzAPb P ZAPb ezztobt’APotrz

otr>* pr pro

nar > tobt

and time of destruction ¢,,, . However, regardless of the order of alternation of

these moments of time, the load will always have a linear shape, which leads
to the same type of formulas in dynamic calculations. You only need to follow
the necessary transitional conditions.

Thus, the first segment of the load over time can be represented as

P(t)=P~P,=P.(1-1). @)
where P, , 7, easy to express through load parameters £ , P, and
0<t<t,, <t or 0<t<t, <t 6)

At a—1AP,, — APy , that is, at values >0,5, AP, =APy .

Considering also that P.,;*=AP, , we get a stationary area of back pressure
for the function P(¢) can accept (4) if

T,= F0 . (6)

(Potr_(Pprg/tnar ))
Schematize the panel with a single-span hinged beam as an elastic-plastic
system with one degree of freedom. The termination of the flexible stage
marked as #, is due to the armature breakdown resulting in rupture. Rupture

time is ¢,,, =t +t, .

P, at O<t<t,,, . Since, T, »t

nar >

Let us write down the dependencies for a certain time ¢, is less or equals

t..:<t,, - In the flexible stage, the M resisting moment of spill beam 1 is:
1
M ()=gIPT;, - ™

The dynamic function 7 from the 7”+@” /() equation is

t
T (t)=Tocosa)t+T0’a)_] sinwt+a)j f(w)sinw(t—u)du, ®)
o

where — 7, , T, are the initial values of 7 and 7" ; @ — natural frequency;
f — dimentionless load, top dot indicates ¢ derivative.
Linear function f=1-#/7, where 7,=T,=0 is
Lt _ (sinax)
T(t)=1 - coswtH @) )
Incorporating (9) into (7) we get M (t,)=M, where M, is the boundary

flexible moment, and then find the value of ¢, .
Equation of motion panel in the plastic stage in continuation, what
M (t)=const at t>f, , has a pitchfork
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mPPe”=3P(t)I*24M,,, (10)
where — P and m — are the load and mass per unit of length; ¢ — is the
angular deflection of the beam as a system of two solid elements held together
by a flexible hinge

After we accept the time recording starting at # and introducing
8,=1-t,/ 7. and integrating (4) into (10), we get

st P4 12M

3Efor P | 12M, =
(p(t)—ml[ 3 6@] B LT e=E0, (11)

where — ¢ is the rotational speed and rotational angle where 1 =1' -0 .

The speed of ¢,(f,+0) is calculated considering the change in the
movement form of the beam suggesting constant motion. For the beam in
question, the speed at the t moment of time increases by 23%. The ¢, angle is
calculated using the following formula

0= o= (12
where — B is bend firm of the beam’s cross; y, is the flexible deflection.

The moment of time ¢,,, can be derived from (11) via the boundary value
of o(t,) = (p;, , corresponding to beam rupture.

The value of (p;, is determined via experiment and can be standardized by

the number n of flexible deflections y, with the help of the ratio (12).
Experiments with models building have shown 1:5 that, when loaded more
than panels can hold, support mounts rupture after the armature. At the
moment of concrete failure to the full height of the compressed zone, the
deflection is about 1/15 he span (the crack opening angle in beams with

reinforcement of class A-Ill @, =2¢, =0,27rad), and the ratio of the
ultimate deflection to elastic.

*

2(ppr 28y

After integrating ¢, or = TO into (11), we can find the ¢, from
28y, 35M,
F(tZ)z(ppr or F(t2)= ZO:TBO

Similarly, we can derive the variable dependencies with other ratios of time

variables: ..., .55 Loar -

In order to test the calculated dependencies, experiments were conducted
involving sir shock wave rupture front and back walls of a building model
scale 1:5 with U-sectioned frame and enclosing structures from armored
concrete panels size 0,096 m”. Outside dimensions of the model: height 1,7,
width 1,32, length 4 m.
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Panels were armored with symmetric welded steel frames class A-III with
8 mm in diameter (relative deformation in case of rupture: =~ 14%). Armoring
coefficient was 0,0027. Concrete class B50. Rupture time 0,2 sec.

Wall rupture time (Table 1) made of armored concrete panels 12 ¢m thick
and 1800 kg/m’® dense was calculated based on rupture time of wire indicators.
The results of experiments and calculations are fairly similar. Figure 3 shows
calculation results for the dependency of wall rupture time on pressure AP,
and the o« coefficient. Works for natural panels with the following

specifications: height 6 m, width 1,2 m, thickness 24 cm. Armoring coefficient
0,0015, armature class A-III, pored concrete class B25 density 750 kg/m3 .

Table 1
Experimental and calculated values of wall panel rupture time
AP, | 10° Pa .Rupture time, mil sec . Exp/ Cal
experiment calculation
0,63 30 28 1,07
1,13 19 25 0,76
1,45 17 19 0,89
bz

i\
A\
A\

0,05 N

///

&L

0,03 —
, = |

0.01

0.5 1.0 1.5 20 25A Pg 10°Pa

Fig. 3. Dependency of concrete-paneled building wall rupture time on AP,

pressure and o coefficient. For 1100 kg/m® panels, t,.. time should be multiplied by 1,2

Calculation analysis shows that panel rupture time when «o=0,3
(penetration 30%), depending on AP, varies between 20 to 100 Msec, while,
if pressure increases, the penetration impacts on ¢,,, decreases. Rupture time
calculations for panels 1100 kg/m’ have shown that, if ¢, changes in a
similar way, its value will increase by approximately 20%.
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2. Parameters of the wave flowing into the panel and brick buildings
with openings (holes). Estimated loads on the elements of buildings,
structures are determined taking into account the change in pressure inside the
buildings [4]. To determine the main parameters that characterize the change
in pressure inside the building, taking into account the destruction,
experiments were conducted on a model of an industrial building on a scale of
1: 5. The walls of the model were obstacles with openings typical of buildings.
Under the influence of an air shock wave, the front and rear walls collapsed.
The change in pressure inside the model was recorded by membrane sensors.
A typical oscillogram of pressures in the flow wave is shown in Figs. 4a, 4b.

AP,.=0,03 mPa

'S

d

AP =0 (57 m-Pa o
(a)

Y

A Pr=0,09 mPa

Lﬂ\""‘“\—\ - T —

I I E—
0 20 40 60 m/sec

(b)
Fig. 4. Pressure change over time inside a building/construction model
with openings (a) and outside (b)

Figure 4 shows that at the initial moment the pressure increases by a jump,
then to the maximum value the pressure changes smoothly. Some pressure
fluctuations near the midline are caused by waves repeatedly reflected from
walls and debris. The change in pressure in the flow wave with sufficient

accuracy for practice can be approximated in the form of a graph shown in
Figure 1. Assume the maximum pressure AP~ is approximately equal to the
pressure AP .

It is defined that, if ¢, <?,, , the time of increase ¢,,. inside equals wall
rupture time. If the wave penetration ends by the time the wall collapses, then
the time ¢,,, =¢_,, .

The ¢,, is defined via graph shown in Figure 5, calculated based on

statistical analysis of wave penetration experiment results for buildings for
which the ratio of the area of the openings to the internal volume ¥ more
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Fig. 5. The dependence of the time of penetration of the wave into the first floors

of the building, structure on the ratio and pressure

The results of experiments and their comparison with the calculation are
shown in table 2. Comparison of calculated and experimental data indicates
their sufficient convergence.

Table 2
The value of the parameters of the wave flowing into the brick buildings
Wall o APT™ 5
AP ol 4 om ., 10°Pa
l()SPF ’ f/V’ coefficient 10°Pa nar » TIV/SEC b
a
1/m front | rear | Exper. |Exper. | Calc. |Exper. | Calc.
0,60 | 0,055 0,2 0 0,46 18 21 0,22 0.23
0,93 | 0,055 0,2 0 0,66 16 15 0,27 0,34
0,74 | 1,109| 04 0 0,73 15 17 0,39 0,43
0,90 0,109 0,2 0,2 0,70 16 15,7 0,34 0,33
0,77 | 0,109| 04 0,4 0,63 15 14 0,40 0,46
1,06 | 0,218] 04 0 0,85 14 14 0,61 0,60

Conclusion. Studying the parameter of an explosion shock wave that
penetrates buildings have shown that building-mount construction loads
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depend on the parameters of the wave that penetrates openings of a building or
construction.

In order to determine the parameters of a wave that penetrates a building,
considering that its enclosing structures have been ruptured, we accepted the
following pre-conditions: building rupture time equals the rupture time of its
front wall; building frame deformation was not considered, dynamic load was
considered standardly applied to the front wall surface; front wall load (from
AP, ) and its rear surface (from AP, ) are considered simultancously

applied.

Determination of the time of destruction of panel structures on building
models on a scale of 1:5 showed that under loads that are an order of
magnitude or more exceeding the load-bearing capacity of the panels, the
support fasteners are destroyed after the break of the reinforcement. At the
moment of rupture of the concrete, at the full height of the compressed zone,

the deflection is about 1/15 the span, the crack opening angle
(p;, = 2(p;, =0,27rad . Calculation analysis shows that panel rupture time for

o =0,3 (notch 30%), depending on AP, varies between 20 to 100 Msec,
while pressure increase causes opening impact decrease for ¢, . Rupture time
calculations for 1100 kg/m3 panels have shown that, if the value of ¢,

changes under similar pattern, its value will increase by approximately 20%.

Under air shock wave impact, the front and rear walls of the construction
were ruptured. During the parameter calculation for waves penetrating a
building through an opening, experimental and calculated data showed an
acceptable level of concordance.
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Cmamms naoditwna 15.10.2020

Uluwanos M.O., Manioea B.I'., Koséanv B.B., Mipuenko B.1., @ine B.M., I'annenxo C.O.,
Jyorcuii P.B.
BILJIUB MMOBITPSIHOT YIAPHOI XBHJII HA BYIBJII I CIIOPY T

PyiinyBanHs OyxiBenb Ta cropyn BinOyBaeThcsi BHACTIZOK CTHXIHHHUX JIMX, aBapiil pi3HOro
XapakTepy Ta TEPOPHCTUYHUX AKTIB, IO B OaraTbOX BHIAJKAaX CYHNPOBOKYIOTHECS BHOyxamu. B
X0Z1 BemeHHs 30pOMHHMX KOH(IIKTIB pyHHYyBaHHs OyaiBesb, CIOPY/ BiIOyBa€TbCsl y pe3yJibTati
HACKPI3HOTro MPOOMBAHHS 3aC00aMH YPaXKCHHs MEPEKPHUTTS a00 CTiH 3 MOAANBLIOI JCTOHALIEI0
Goenpunacy BCepeuHI CIOPYAH, BUHMKHEHHSIM PYHHIBHOI Ail KIHETHYHOI €Heprii MpoayKTiB
BHOYXY Ta yAapHOI XBHJIL.

Jis ymapHoi xBuiai Ha OyxiBii, CHOpyaM XapaKTEpH3YEThCsl CKJIAJHHM KOMILJIEKCOM
HABAaHTA)KCHb: HA/UIMIIKOBUM THCKOM, THCKOM BiIOMBaHHS, THCKOM MLIBHIKICHOTO Hamopy,
THUCKOM 3aTiKaHHsI, HABAHTAKCHHSIM BiJ| CEHCMIYHMX XBHJIb.

3abe3neucHHs 30CpeKEHHs. i BIAHOBIICHHs OyiBeab 1 CHOPYA BKIIIOYAE 3aXOAU OLIHKH
MOXJIMBHX CTYIEHIB pyHHyBaHHs OyaiBesb i copyd. ToMy y CydacHHX yMOBaX MPOEKTYBaHHS
OyniBenb, CIOpyx Ta iX €JIEMEHTIB He MOXJIMBE 0€3 ypaxyBaHHs JMHAMIYHMX BIUIMBIB. Ilpu
IPOCKTYBaHHI Ta OyayBaHHI OyXiBenb, CIOPYH 3aBXKIM IOTPIOHO BpaxOBYBAaTH CTIHKICTh
€IIEMEHTIB KOHCTPYKLIH 10 Ail Bpakaounx (akTopis, sk BHOYXy B LIIOMY Tak i yJapHOI XBHII
BHOYXY 30KpeMa, L0 JOIOMOXE YHUKHYTH MaiOyTHIX MOXKJIMBHX JIFOJCBKHX BTPAT.

BpaxoByroun Ij¢ B CTAaTTi PO3MIHYTO 3arajbHy XapaKTePUCTHKY IpoOLeEciB B3aeMomii
HOBITPSIHOI yAapHOi XBHJI 3 Oy/IiBIICI0, METOJ PO3PAXyHKY 4acy pPyHHYBaHHS MaHEIbHHX CIIOPY.
Ta OCHOBHI IapaMeTpy MOBITPSHOI yIapHOI XBWII, sika 3aTikae y pe3ynibraTi BUOyXy B OyxiBui,
CIOpYIH 3 BIKOHHUMH, ABEPHHMH HPOPi3aMH, SKi BAHHKIN B HACTIZOK PyHHYBaHHS KOHCTPYKLIiH
HEePEeKPUTTs ab0 CTiH.

JlocaifkeHHsT MOKa3yloTh, IO HABAaHTA)XCHHS HAa KOHCTPYKLII 3aiexaTh Bif HapaMeTpiB
XBUJI, sIKa 3aTiKae 4yepe3 MPOpi3u B CIOPYIH, SIKi YTBOPIOIOTHCS NPHU pyHHYBaHHI CTiH OymiBii,
3iCTaBJICHHS PO3PAXYHKOBHX 1 €KCIIEPUMEHTAIbHUX JaHUX CBIIYUTH MPO IX JOCTATHIO 301KHICTh.

Kiaro4oBi ciioBa: noBiTpsiHa yapHa XBHJIS, IMHAMIYHE HABAHTAXKEHHS, TUCK BIJAOUTTS, THCK
HPOPUBY, THCK HAPOCTAHHS, THCK OOTIKAHHS, YaC PYHHYBaHHS.
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Shyshanov M.O., Maliuha V.G., Koval V.V., Mirnenko V.1, Fil V.M., Hannenko S.0., Duzhyi R.V.
INFLUENCE OF AIR SHOCK WANE ON BUILDINGS AND STRUCTURES

The destruction of buildings and structures occurs as a result of natural disasters, accidents, or
terorist attactacts which in many cases are accompanied by explosions.

The action of an air shock wave on a building is characterized by a complex set of loads:
excess pressure, reflection pressure, velocity pressure, leakage pressure, load from seismic waves.

Ensuring the preservation and restoration of buildings and structures includes measures to
assess the possible degree of destruction of buildings and structures. Therefore, in modern
conditions, the design of buildings, structures and their elements is not possible without taking
into account the dynamic effects. When designing and constructing buildings and structures, it is
always necessary to take into account the resistance of structural elements to the action of
damaging factors, both the explosion in general and the shock wave of the explosion in particular,
which will help avoid future possible human losses.

Therefore, the article considers the general characteristics of the processes of interaction of
the air shock wave with the building, the method of calculating the time of destruction of
prefabricated buildings and the main parameters of the air shock wave which flows as a result of
an explosion in a building, structure with windows, doorways and openings, which arose as a
result of the destruction of floor structures or walls.

Studies have shown that the load on the structure depends on the parameters of the wave that
flows through the holes in the buildings and through the holes formed by the destruction of the
walls of the building, the comparison of calculated and experimental data indicates their sufficient
convergence.

Key words: air shock wave, dynamic loading, reflection pressure, breakthrough pressure,
growth pressure, flow pressure, fracture time.
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The main research goal is the development of a numerical methodology for solving parametric
optimization problems of steel structures with orientation on software implementation in a
computer-aided design system. The paper has proposed a new mathematical model for parametric
optimization problems of steel structures. The design variable vector includes geometrical
parameters of the structure (node coordinates), cross-sectional dimensions of the structural
members, as well as initial pre-stressing forces introduced into the specified redundant members of
the structure. The system of constraints covers load-carrying capacities constraints formulated for
all design sections of structural members of the steel structure subjected to all ultimate load case
combinations. The displacements constraints formulated for the specified nodes of the steel
structure subjected to all serviceability load case combinations have been also included into the
system of constraints. The method of the objective function gradient projection onto the active
constraints surface with simultaneous correction of the constraints violations has been used for
solving the parametric optimization problem. A numerical algorithm for solving the formulated
parametric optimization problems of steel structures has been developed in the paper. The
comparison of the optimization results of truss structures presented by the paper confirms the
validity of the optimum solutions obtained using the proposed numerical methodology.

Keywords: parametric optimization, steel structures, nonlinear programming, buckling
constraints, pre-stressing forces, node coordinates, gradient projection method, finite element
analysis, numerical algorithm.

Introduction. Over the past 50 years, numerical optimisation and finite
element method have individually made significant advances and have
together been developed to make possible the emergence of structural
optimisation as a potential design tool. In recent years, great efforts have been
also devoted to integrate optimisation procedures into the CAD facilities. With
these new developments, lots of computer packages are now able to solve
relatively complicated industrial design problems using different structural
optimisation techniques.

Applied optimum design problems for the bar structures in some cases are
formulated as parametric optimisation problems, namely as searching problems
for unknown structural parameters, whose provide an extreme value of the
specified purpose function in the feasible region defined by the specified

© Yurchenko V.V., Peleshko L.D.
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constraints. In this case structural optimisation performs by variation of the
structural parameters when the structural topology, cross-section types and node
type connections of the bars, the support conditions of the bar system, as well as
loading patterns and load design values are prescribed and constants. Besides,
the mathematical model of the parametric optimization problem of the structures
includes the set of design variables, the objective function, as well as constraints,
whose reflect in general case non-linear interdependences between them [13].

In cases 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-based non-linear methods [14, 16]. The gradient-based methods operate
with the first derivatives or gradients only both of the objective function and
constraints. The methods are based on the iterative construction such sequence of
the approximations of the design variables that provides the convergence to the
optimum solution (optimum values of the structural parameters) [5, 6].

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 [10].

Although many papers are published on the parametric optimization of steel
structures, the development of a general computer program for the design and
optimization of building structures according to specified design codes remains
an actual task. Therefore, the main research goal is the development of a
methodology for solving parametric optimization problems of steel structures
with orientation on software implementation in a computer-aided design system.

In this paper, steel structures are considered as research object, which
investigated for the searching for optimum parameters of the structural form.
The following research tasks are formulated: to develop a mathematical model
for parametric optimization of steel structures taking into account load-
carrying capacities and stiffness constraints; to propose a numerical algorithm
for parametric optimization of steel structures based on the gradient projection
method; to confirm the validity of the optimum solutions obtained using the
proposed methodology based on numerical examples.

1. Problem formulation for parametric optimization of steel
structures. Let us consider a parametric optimization problem of a structure
consisting of bar members. The problem statement can be performed taking
into account the following assumptions widely used in structural mechanic
problems: the material of the structure is ideal elastic; the bar structure is
deformable linearly; external loadings applied to the structure are quasi-static.

Let us also formulate the following pre-conditions for calculation: cross-
section types and dimensions of structural members are constant along
member lengths; external loadings are applied to the structural members
without eccentricities relating to the center of mass and shear center of its
cross-sections; an additional restraining by stiffeners are provided in the design
sections where point loads (reactions) applied with the exception of cross-
section warping and local buckling of the cross-section elements; load-carrying
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capacity of the structural joints, splices and connections are provided by
additional structural parameters do not covered by the considered parametric
optimization problem.

A parametric optimization problem of the structure can be formulated as
presented below: to find optimum values for geometrical parameters of the
structure, member’s cross-section dimensions and initial pre-stressing forces
introduced into the specified redundant members of the bar system, which
provide the extreme value of the determined optimality criterion and satisfy all
load-carrying capacities and stiffness requirements. We assume, that the
structural topology, cross-section types and node type connections of the bars,
the support conditions of the bar system, as well as loading and pre-stressing
patterns are prescribed and constants.

The formulated parametric optimization problem can be considered
integrally using the mathematical model in the form of the non-linear
programming task including an objective function, a set of independent design
variables and constraints, which reflect generally non-linear dependences
between them. The validity of the mathematical model can be estimated by the
compliance of its structure with the design code requirements.

The parametric optimization problem of steel structures can be stated in the
following mathematical terms: to find unknown structural parameters

X = {XZ}T, 1=1L N, , providing the least value of the determined objective
function:

S =X =min f(X), (1.1)

in a feasible region (search space) I defined by the following system of
constraints:

w(X)={y, (X)=0|x=1N,}, (1.2)
0(X)={9,(X)<0[n=N, +LN,}. (1.3)

where X is the vector of the design variables (unknown structural
parameters); f, ., ¢, are the continuous functions of the 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-
equalities l//K(X’ ), whose define hyperplanes of the feasible solutions; N,. is

the number of constraints-inequalities ¢, (X), whose define a feasible region

in the design space 3.
The vector of the design variables comprises of unknown geometrical

- T
parameters of the structure X, ={XG’Z} , x=LN, ., unknown cross-

.G
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. . . e T
sectional dimensions of the structural members X, = {X Cs’a} ,a=1LN

as well as unknown initial pre-stressing forces X by = {X - ﬁ}r, B=LN

introduced into the specified redundant members of the structure (see
Figure 1.1):

X = {X,Gaicsaim}r :{{XG,Z}’{XCS,a}’{XPS,[i}}Ta (1.4)

where N, . is the total number of unknown node coordinates of the steel
structure; N, . is the total number of unknown cross-sectional dimensions of
the structural members, N, ,¢ is the total number of unknown initial pre-

stressing forces introduced into the specified redundant members of the bar
system, N, .+ Ny s+ Ny oo =N,

he
¢
>
» Xes
| °
N 5
>: > Xps1
Xeso N
3 <
[ -
& T
Xesa
XG,4
A
70 y Xosi

Xcss Xesa3
Fig. 1.1. The unknown (variable) parameters of the structure considered as design variables

In cases when vector of the design variables X consists of unknown cross-
sectional dimensions only:

X=X, ={Xe.)'s (1.5)

then optimum material distribution problem (1.1)—(1.3), (1.5) for the steel
structure is under consideration. The vector of the design variables X can also

. e T
consists of unknown initial pre-stressing forces X, = {X - ﬁ} s B=1LNy s,

introduced into the specified redundant members of the structure:

T

X ={Xe Xy} ={{Xesa 1 (X )} (1.6)
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where N, o+ N, ,c =N,. In cases when vector of the design variables X

consists of unknown cross-sectional dimensions and unknown initial pre-
stressing forces, then optimum material and internal forces distribution
problem (1.1) — (1.3), (1.6) for the steel structure is under consideration.

The specific technical-and-economic index (material weight, material cost,
construction cost etc.) or another determined indicator can be considered as the
objective function (1.1) taking into account the ability to formulate its

analytical expression as a function of design variables X .

Load-carrying capacities constraints (strength and stability inequalities) for
all design sections of the structural members subjected to all design load
combinations at the ultimate limit state as well as displacements constraints
(stiffness inequalities) for the specified nodes of the bar system subjected to all
design load combinations at the serviceability limit state should be included
into the system of constraints (1.2)—(1.3). Additional requirements whose
describe structural, technological and serviceability particularities of the
considered structure can be included into the system (1.2) — (1.3) as well.

The design internal forces in the structural members used in the strength
and stability inequalities of the system (1.2) —(1.3) are considered as state

variables depending on design variables X and can be calculated from the
following linear equations system of the finite element method [7]:

K(XG’XCS) X ZULS,k = ﬁULS,k(XG’XPS) , k= LN%S > (1.7)
where K(X,,X) is the stiffness matrix of the finite element model of the
bar system, which should be formed depending on the unknown (variable)

cross-sectional dimensions of the structural members X as well as

cs o
unknown (variable) node coordinates of the structure X, 63 Duisk ()? G,)? ps) 18

the column-vector of the node’s loads for k™ design load combination of the
ultimate limit state, which should be formed depending on unknown (variable)

-

initial pre-stressing forces X,;, as well as unknown (variable) node
coordinates of the structure X ; Zys, 1 the result column-vector of the node
displacements for k™ design load combination of the ultimate limit state,
Zrss = Lo (X oy X o, X pg) = 205, (X) 5 NI is the number of the design
ultimate load combinations. For each ;™ design section of ;™ structural

member subjected to k " ultimate design load combination the design internal
forces (axial force, bending moments and shear forces) can be calculated
depending on node displacement column-vector Z , .

The node displacement of the bar system used in stiffness inequalities of
the system (1.2) —(1.3) are also considered as state variables depending on
design variables X and can be calculated from the following linear equations
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system of the finite element method [7]:

K(XG’XCS)XZSLS,k = ﬁSLS,k(XG’XPS) , k= LNSLS (1.8)

LC >

where P, (X »s) is the column-vector of the node’s loads for k™ design
load combination of the serviceability limit state, which should be formed

depending on unknown (variable) initial pre-stressing forces X, , as well as

PS>
unknown (variable) node coordinates of the structure X;; Z,,¢, is the result
column-vector of the node displacements for k™ design load combination of

the serviceability limit state, Z;,¢, = Zeny (X s Xego X ps) = Ly, (X); Ni&

is the number of the design serviceability load combinations. For each m ™
node of the finite element model subjected to k™ serviceability design load
combination the design vertical and horizontal displacements can be calculated
depending on node displacement column-vector Zg , .

The system of constraints (1.2) — (1.3) should cover strength and stability
constraints formulated for all design sections of all structural members of the
considered steel structure subjected to all design load combinations at the
ultimate limit state. The following strength constraints should be included in
the system of constraints (1.2) —(1.3), formulated for all design sections,

Vi =1,_NDS, of all structural members, Vj=1,N, , subjected to all ultimate

B °

load case combination, Yk =1, N, , namely:
- normal stresses verifications:
o (X
M() -1<0; (1.9)
Ryy.

- shear stresses verifications:

T (X
T (X) )—1s0; (1.10)
0.58Ry.

- as well as equivalent stresses verifications:

Oy (X) | O, (0+30, (D)

<0, (1.11)
LISRy, LISRy.

where o, .« (X) are Tk (X) are the maximum value of the normal and

shear stresses respectively caused by internal forces (axial force, bending
moments and shear forces) acting in i ™ design section of ;™ structural

member subjected to & ™ ultimate load case combination calculated from the
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linear equations system of the finite element method (1.7); y, is the safety
factor [4]; R, is the design strength for steel member subjected to tension,
bending and compression; Ry, , 0.58R y, and 1.15R y, are allowable values
for normal, shear and equivalent stresses respectively [4]; N, is the number
of design sections in structural members; N, is the number of structural

(X), 7,,(X) and o

members; o o (X) are normal, shear and equivalent

x,ijk
stresses respectively at the specified cross-section point caused by internal
forces acting in i ™ design section of ;™ structural member subjected to & "

ultimate load case combination calculated from the linear equations system of
the finite element method (1.7). The maximum value of the normal o, ., (X)

and shear stresses 7, .. (X), as well as normal O, (X), shear T ik (X) and

equivalent o, (X) stresses at the specified cross-section point should be
calculated depending on the variable geometrical parameters of the structure

X, variable initial pre-stressing forces X,; and variable cross-sectional

dimensions of the structural members X, .
The following stability constraints should be included in the system of
constraints (1.2) —(1.3), formulated for all design sections, Vi=1,Np,

subjected to all ultimate load case combination, Vk =1, N/-’ , namely:

- flexural buckling verifications for all column structural members,
Vi=1,Ng, :

(X
Fnan (X -1<0, (1.12)
(py,j (XG 4 XCS )Ryyz‘
(X
P (X) 1<0; (1.13)

9., (X5 X5R Y.

- torsional-flexural buckling verifications for all column structural
members, Vj=1,N,, :

O-max,[/‘k (‘XI) _
(pL‘,j (XG 4 XCS )Ryyl‘

- lateral-torsional buckling verifications for all beam structural members,

1<0; (1.14)




ISSN 2410-2547 199
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

O-max,zf/‘k (‘X/) _
(pb,j (XG 4 XCS )Ryyl‘

1<0, (1.15)

where ¢ (X, X5) and ?.; (X.,X.) are column’s stability factors
corresponded to flexural buckling relative to main axes of inertia and calculated
depending on the design lengths / / cross-section type and cross-

ofy.j’ Tefzj?
section geometrical properties for the j ™ structural member [4]; (pL,’j()%( o> Xes)
is the column’s stability factor corresponded to torsional-flexural buckling and
calculated depending on the design lengths !/ / / cross-section

type and cross-section geometrical properties for the ;j ™ structural member[4];

o y.i> ez T T
Ny, is the number of column structural members; @, (X, X ) is the beam’s

stability factor corresponded to lateral-torsional buckling and calculated
depending on the design length /,, ., cross-section type and cross-section

geometrical properties for the ;™ structural member [4]; N oy 18 the number of
beam structural members. The flexural buckling factors ¢ (X4 Xg) and
?.; (X, Xcs) » as well as torsional-flexural buckling factor (pL,’j()%( > X o) and
the lateral-torsional buckling factor ¢, (X,,X.5) should be calculated
depending on the variable geometrical parameters of the structure X, . and

variable cross-sectional dimensions of the structural members X .
The following buckling verifications for beam-column structural members
should also be included in the system of constraints (1.2) — (1.3), formulated for

all design sections, Vi =1,_NDS, of all beam-column structural members,

Vj=1,N,,, » subjected to all ultimate load case combination, Vk =1,N/-" ,
namely:
o (X
M -1<0, (1.16)
(pe,ijk (X)Rny
o (X
= “E‘W( )4 -1<0, (1.17)
(py,j (XG B Xcs )c,;,’k (X)Ryyc
where @, (X) and i (X) are beam-column’s stability factors corresponded

to in-plane and out-of-plane buckling and calculated depending on the internal
forces (ration of the bending moment to the axial force), as well as depending
on the design lengths /, ., !/ cross-section type and cross-section

geometrical properties for the ;™ structural member [4]; N, son 18 the total

of .z,

number of beam-column structural members, N, + N, +N,, =N,. The
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beam-column’s stability factors ¢, (X) and i (X) should be calculated

depending on variable geometrical parameters of the structure X, variable

G

cross-sectional dimensions of the structural members X, and variable initial

pre-stressing forces X, .

The following local buckling constraints should also be included into the
system of constraints:

A (X

L) (1.18)
A’uw,_j(X)

A (X

M—lso, (1.19)
A’uf,f(X)

where Iw’j(i o) and I i (X,s) are the non-dimensional slenderness of the

web and flange respectively of the cross-section for ;™ structural member;

)_LWJ()? ) and )_W’j(f( ) are the maximum values for corresponded non-

dimensional slenderness for column, beam and beam-column structural
members calculated depending on the internal forces (ration of the bending
moment to the axial force), as well as depending on the design lengths /

l

of.y.j>
..., » Cross-section type and cross-section geometrical properties for the j th
structural member [4]. The non-dimensional slenderness )_uw’j()ﬁ(cs) and
ZN()? cs) should be calculated depending on the variable cross-sectional

dimensions of the structural members X, only. At the same time, the

maximum values for corresponded non-dimensional slenderness A .(X) and

uw, j

)_ul i (X) should be calculated depending on the variable geometrical
parameters of the structure X, and variable cross-sectional dimensions of the

structural members X, and variable initial pre-stressing forces X .

The system of constraints (1.2) — (1.3) should also cover the displacements
constraints (stiffness inequalities) for the specified nodes of the considered
steel structure subjected to all design load combinations at the serviceability
limit state. The following horizontal and vertical displacements constraints
should be included into the system of constraints (1.2) — (1.3), formulated for
all nodes, Vmm=1,N,, , of the steel structure subjected to all serviceability load

SLS
LC >

5x,mk (y) _
o)

ux,m

case combination, Vk =1, N namely:

1<0, (1.20)
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S.u(X)
o)

uz,m

1<0, (1.21)

where 6, (X) and 0. 4 (X) are the horizontal and vertical displacements

respectively for/ ™ node of the steel structure subjected to & ™ serviceability load
case combination calculated from the linear equations system of the finite
element method (1.8); J,,, and 6, , are the allowable horizontal and vertical

displacements for /™ structural node; N, is the number of nodes in the

considered steel structure.

Additional requirements, whose describe structural, technological and
serviceability particularities of the considered structure, as well as constraints
on the building functional volume can be also included into the system (1.2) —
(1.3). In particular these requirements can be presented in the form of

constraints on lower and upper values of the design variables, Vi=1,N, :

X
1= <0, (1.22)

1

X
— 10, (1.23)

where X/ and X are the lower and upper bounds for the design variable X, .

2. An improved gradient projection method for solving the formulated
parametric optimisation problem. The parametric optimization problem
stated as non-linear programming task by (1.1) — (1.3) can be solved using a
gradient projection method. The method of objective function gradient
projection onto the active constraints surface with simultaneous correction of
the constraints violations ensures effective searching for solution of the non-
linear programming tasks occurred when optimum designing of the building
structures [9, 11].

The gradient projection method operates with the first derivatives or
gradients only of both the objective function (1.1) and constraints (1.2) — (1.3).
The method is based on the iterative construction of such sequence (2.1) of the

approximations of the design variables X = {X : }T , 1=1,N, , that provides the

convergence to the optimum solution (optimum values of the structural
parameters):

Xt+l=Xt+AX;a (21)
where )?t ={XI}T, 1=1,N, is the current approximation to the optimum

solution X~ that satisfies both constraints-equalities (1.2) and constraints-
inequalities (1.3) with the extreme value of the objective function (1.1);
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AX, = {AX : }T , 1=1,N, , is the increment vector for the current values of the

design variables X .5 t 1s the iteration’s index. The start point of the iterative

searching process X, , can be assigned as engineering estimation of the

admissible design of the structure.
The active constraints only of constraints system (1.2) —(1.3) should be
considered at each iteration. A set of active constraints numbers A calculated

for the current approximation X . to the optimum solution (current design of
the structure) is determined as:

A=xuUn, K={K‘ I//K(/\_}t)‘z—g}, n:{NEC+n ‘ 9, ()?t)z—s}, (2.2)

where ¢ is a small positive number introduced here in order to diminish the
oscillations on movement alongside of the active constraints surface.

The increment vector AX, for the current values of the design variables

X . can be determined by the following equation:

AX, = AX'| +AX/, (2.3)
where AX ' is the vector calculated subject to the condition of elimination the
constraint’s violations; AXH' is the vector determined taking into consideration

the improvement of the objective function value. Vectors A)?HI and AX " are

directed parallel and perpendicularly accordingly to the subspace with the
vectors basis of the linear-independent constraint’s gradients, such that:

(a¥:) A%y =o0. (2.4)

The values of the constraint’s violations for the current approximation X,

of the design variables are accumulated into the following vector:
V= (WK()?)VK €XK; ¢n()?)Vn € 1]) .

Let us introduce a set L, L < A, of the constraint’s numbers, such that

the gradients of the constraints at the current approximation )?t to the
optimum solution are linear-independent.

Component AX ' is calculated from the equation presented below:

AX! =[Voli,, (2.5)
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og,

and ——, here
oX

1 1

oy,

where [Vgo] is the matrix that consists of components

t=LLN,, keL, nelL; 4, is the column-vector that defines the design
variables increment subject to the condition of elimination the constraint’s
violations. Vector fi, can be calculated as presented below.

In order to correct constraint’s violations V, vector AX " to a first
approximation should also satisfy Taylor’s theorem for the continuously
differentiable multivariable function in the vicinity of point )?t for each
constraint from set L , namely:

-V =[Vo] AX'. (2.6)

With substitution of (2.5) into (2.6) we obtain the system of equations to
determine column-vector i, :

[Vgo]r [Voli, =-V. 2.7

Component A)?HI is determined using the following equation:
X[ =Ex By, =&(V -[Vold ), (2.8)

where Vf is the vector of the objective function gradient in the current point

(current approximation of the design variables) X, S favf is the projection of
the objective function gradient vector onto the active constraints surface in the
current point X, ; #y is the column-vector that defines the design variable’s

increment subject to the improvement of the objective function value. Column-
vector F‘H can be calculated approximately using the least-square method by

the following equation:
[Vold,~VF . 29)

or from the equation presented below:
Vol [Vold =[Ve] Vf | (2.10)

where £ is the step parameter, which can be calculated subject to the desired
increment Af of the purpose function on movement along the direction of the

purpose function anti-gradient. The increment Af can be assign as 5...25%

from the current value of the objective function f ()? t) :
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_y
()7

where in case of minimization (1.1) Af and & accordingly have negative

af =&(VF) vF, &= @.11)

values. The parameter £ can be also calculated using the dependency
presented below:

-
T (2.12)

that follows from the condition of attainment the desired increment of the
objective function Af on the movement along the direction of the objective

function anti-gradient projection onto the active constraints surface. Step
parameter £ can be also selected as a result of numerical experiments

performed for each type of the structure individually [6, 15].
Using (2.5) and (2.8), (2.3) can be rewritten as presented below:

AX, =[Vo] i, +§(Vf‘—[Vco] ﬁH) (2.13)
or

AX, =& Vf +[Vo)(d, -& i), (2.14)

where column-vectors fi, and F‘H are calculated using (2.7) and (2.9) or
(2.10), respectively.

The linear-independent constraints of the system (1.2) —(1.3) should be
detected when constructing the matrix of the active constraints gradients [Vgo]
used by (2.7) and (2.9) or (2.10). Selection of the linear-independent
constraints can be performed based on the equivalent transformations of the

resolving equations of the gradient projection method using the non-degenerate
transformation matrix H, such that the sub-diagonal elements of the matrix

H[V¢] equal to zero. An orthogonal matrix of the elementary mapping

(Householder’s transformation) [17] has been used to select linear-independent
constraints of the system (1.2) — (1.3) as well as to form triangular structure of

the nonzero elements of matrix H[V¢] [12].

Using Householder’s transformations described above triangular structure
of the nonzero elements of matrix H[V¢] is formed step-by-step. Besides,
(2.7) and (2.9) can be rewritten as follow:

([Vgo]T H’ )(H[Vgo])ﬁl -V, (2.15)
H[Vo]i ~HVf . (2.16)

Equivalent Householder transformations of the resolving equations (2.15),
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(2.16) have been proposed by the paper [12]. They increase numerical
efficiency of the algorithm developed based on the considered method.

In order to calculate column-vectors £, and [iH, it is required only to
perform forward and backward substitutions in (2.15) and (2.16).

To accelerate the convergence of the minimization algorithm presented
above, h™ columns should be excluded from matrix H[Vgo]. These columns

correspond to those constraints from (1.3), for whose the following inequality
satisfies:

My —Ex ey, >0. (2.17)

X, E,v‘f /‘Ykil
V(7.4 d0,) 7
/ e — _-/
Vﬁ(/ﬁ'égﬂ")
X, X,

(@) (b)
Fig. 2.1. The selection of the constraints-inequalities:
(3)7 HLh_élxﬂh <0 ;(b)7 HM_ézxﬂh >0.

Actually, when u,, —&x y, >0, then the return onto the active constraints
surface from the feasible region J is performed with simultaneous
degradation of the objective function value (see Fig. 2.1b). At the same time,
in case of u,, —&xu, <0, both the improvement of the objective function
value and the return from the inadmissible region onto the active constraints
surface are performed (see Fig. 2.1a).

When excluding 4™ columns from matrix H[Vgo] corresponded to those
constraints for whose (2.17) is satisfied, the matrix (H[Vgo])ml with a broken
(non-triangular) structure of the non-zero elements is obtained. The set L of
the linear-independent active constraints numbers transforms into the set L_,

respectively. At the same time, the vector of the constraint’s violations V
reduced into the vector V,, accordingly. In order to restore the triangular

7

structure of the matrix (H[Vgo]) . with zero sub-diagonal elements, Givens

transformations (Givens rotations) [17] can be used.
Considering Givens transformations, (2.15) and (2.16) for column-vectors
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(4, ),, and ( ﬁf)m} can be rewritten as:

(Vo] ") G'G(H[Vo]),, (), =V (2.18)

G(H[Ve]) (i)  ~GHVS. (2.19)

Equivalent transformations of the resolving equations (2.18), (2.19) using
Givens rotations (transformations with matrix G ) ensure acceleration of the
iterative searching process (2.1) in those cases when (2.17) takes into account
due to decreasing the amount of calculations [12].

The main resolving equation of the gradient method (2.13) and (2.14) can
be rewritten as presented below:

AX, =(H[Vo]) (7)., +&(V/ -(H[Ve]) , (4),) (2.20)

re

or

-

AY, = Vi +(B[Vo]) (7)), -4(R),,)- @20

It should be noted that the lengths of the gradient vectors for the objective
function (1.1), as well as for constraints (1.2) —(1.3), remain as they were in
scope of the proposed equivalent transformations ensuring the dependability of
the optimization algorithm [12].

The determination the convergence criterion is the final question when
using the iterative searching for the optimum point (2.1) described above.
Considering the geometrical content of the gradient steepest descent method,

we can assume that at the permissible point )?t the component of the
increment vector A)?Ht for the design variables should be vanish, AX, Ht —0,in

case of approximation to the optimum solution of the non-linear programming
task presented by (1.1) — (1.5). So, the following convergence criterion of the
iterative procedure (2.1) can be assigned:

y Z( AxY <e, (2.22)

where ¢, is a small positive number. In the paper [12] the convergence criteria

vk
ax;

for the iterative procedure (2.1) has been presented in detail.

3. A parametric optimization algorithm based on the gradient
projection method. Let us presented the following numerical algorithm to
solve the parametric optimization problem for steel structures formulated
above.

Step 1. Describing an initial design (a set of design variables) and initial
data for structural optimization.
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The design variable vector X P =()?6, X X »s); should be specified,

where k 1is the iteration index, £ =0. The structural topology, cross-section
types and node type connections of the bars, the support conditions of the bar
system, as well as loading and pre-stressing patterns, load case combinations
and load design values are prescribed and constants.

Initial data for optimization of the considered steel structure are design
strength for steel member R, safety factor y,, factors to define flexural

design lengths / ly.;

column structural members; factor to define lateral-torsional design length
ly,,; for all beam structural members; allowable values for horizontal and

vertical displacements 6,,, and J,_, of the specified nodes of the considered

cs»

o> and flexural-torsional design length /., for all

steel structure; lower X* and upper X" bounds for the design variables; as

well as specified objective function f ()? )

Step 2. Calculation of the geometrical and design lengths for all structural
members.

The geometrical lengths /, of all structural members are calculated based
on the node coordinates of the considered steel structure. The latter depend on
the unknown (variable) geometrical parameters of the structure X - The
design lengths / /

calculated using calculated geometrical lengths /; and initial data relating to

and [, . of all column structural members are

of.y.j> ez

the design length factors. Variation of the geometrical lengths /, and
/ and /[,
should be performed based on the current values of the variable (unknown)

corresponded design lengths !/ on the further iterations

o y.j2 Cefz.j
parameters X . of the geometrical scheme.

Step 3. Calculation of the cross-section dimensions and geometrical
properties for all design cross-sections.

Geometrical properties of the design cross-sections (areas, moments of
inertia, elastic section moments, radiuses of inertia, etc.), as well as non-
dimensional slenderness for cross-section elements (webs and flanges)
Iw’j(i cs) and ZN()? cs) should be calculated depending on the current

values of the unknown (variable) cross-section dimensions X .

Step 4. Linear structural analysis of the considered steel structure.
For each m™ node of the finite element model subjected to k™
serviceability load case combination the displacements and rotations, as well

as the design horizontal o, (X) and vertical 0. 4 (X) displacements can be

calculated using the linear equations system of the finite element method (1.8).
For each i™ design section of ;™ structural member subjected to & ™

ultimate load case combination the design internal forces can be calculated
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using the linear equations system of the finite element method (1.7).
Step 5. Calculation of the state variables (stresses, buckling factors,
allowable non-dimensional slenderness etc.).

The maximum value of the normal o, ., (X) and shear stresses

m

Tmax’ifk()?), as well as normal o Ak()a(), shear Tx,z;fk()?) and equivalent

X,y
O v ik (X) stresses at the specified cross-section point should be calculated
depending on the internal forces (axial force, bending moments and shear
forces) acting in i ™ design section of j ™ structural member subjected to & ™
ultimate load case combination as presented by the design code.
The flexural buckling factors ¢, (X, X5), @.,(X;.X), torsional-

flexural buckling factor (pL,’j()a( o> X ) for column structural members, as well

as the lateral-torsional buckling factor ¢,; (X4 Xog) for beam structural

members should be calculated depending on the corresponded design lengths,
cross-section type and cross-section geometrical properties for the structural

members according to the design code [4]. The stability factors ¢, (X) and

i (X) for beam-column structural members should be calculated depending on

the ration of the bending moment to the axial force, as well as depending on the
corresponded design lengths, cross-section type and cross-section geometrical
properties for the structural members according to the design code [4].

The maximum values for corresponded non-dimensional slenderness

Z M’j()ﬁ( ) and Z i (X) for column, beam and beam-column structural
members should be calculated depending on the internal forces (ration of the
bending moment to the axial force), as well as depending on the design lengths
ly, ;s L., cross-section type and cross-section geometrical properties for
the j "™ structural member [4].

Step 6. Verifications of the constraints and construction the set of active
constraints numbers A .

Verification of the constraints (1.9) — (1.17) should be performed for all
ultimate load case combinations and all design cross-sections of all structural
members. Verification of the constraints (1.20)—(1.21) should be also
conducted for all serviceability load case combinations and all design
structural nodes. Additional requirements (1.22)—(1.23) in the form of
constraints on lower and upper values of the design variables, as well as local
buckling constraints (1.18) —(1.19) should also be verified. Set of active
constraints numbers A calculated for the current approximation X . should be
constructed according to (2.2).

Step 7. Calculation of the current objective function value f ()? )

objective function gradient Vf ()? .) and determination of the desired
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decrement of the objective function value Af ()? o) -

The objective function gradient Vf ()?k) can be calculated by the
numerical differentiation with respect to the design variables using the finite
difference approximation. The desired decrement of the objective function

value Af ()? ) can be assigned as 5...25% from the current objective function

value f ()? )
Step 8. Construction of the constraint’s violations vector V and the matrix
of the active constraint’s gradients [Vgo]. The vector of the values of the

constraint’s violations V and the matrix of the constraint’s gradients [Vgo]
are constructed for active constraints only according to the set of active
constraints numbers A .

Step 9. Construction the matrix of active linear-independent constraint’s
gradients with triangular structure. The set of linear-independent constraint’s
numbers L and the matrix of active linear-independent constraint’s gradients
H[Vgo] with triangular structure are constructed according to the algorithm
presented by the paper [12].

Step 10. Step parameter & calculation. Step parameter & should be
calculated according to (2.10) or (2.11) and can be modified on the further
iterations depending on convergence of the iterative process (2.1).

Step 11. Calculation the column-vectors fz, and fii which define the
design variables increment subject to the condition of elimination the
constraint’s violations and subject to the improvement of the objective
function value. The vectors fi, and f, can be calculated using (2.19) and

(2.20) respectively.

If some /™ component of the column-vectors i, and ji, satisfies (2.12),
the corresponded constraint gradient V¢, should be excluded from the matrix
[Vgo] , and corresponded violations ¥, should be excluded from the vector V ,
as well as the return to step 9 has to be conducted. In contrary case transition to
the step 11 should be performed.

Step 12. Calculation the increment vector for the current design variables
and determination the improved approximation to the optimum solution. The
increment vector AX, for the current design variables values X, should be

calculated according to (2.20) or (2.21). The improved approximation X v tO

the optimum solution should be determined according to (2.1).

Step 13. Stop criteria verification of iterative searching for the optimum
solution. If all constraints (1.9) — (1.23) are satisfied with appropriate accuracy,
as well as inequality (2.22) or one of the stop criteria described by the paper
[12] is also satisfied, then transition to the step 13 should be performed. In
contrary case return to the step 1 should be conducted with £ <k +1.
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Step 14. Discretization the optimum solution X , obtained in the
continuum space of the design variables.
Step 15. Optimum parameters of the structure is X . with optimum value of

the objective function f ()? )

Figure 3.1 presents the flow chart for structural optimization according to
the searching technique describing by the gradient projection method
considered above.

4. Results and discussion. In order to estimate an efficiency of the new
methods or algorithms, a comparison with alternative methods or algorithms
presented by other authors using different optimization techniques should be
performed. Criteria to implement such comparison are described, e.g. by Haug
and Arora [6] and Crowder et al. [3]. Many of these criteria, such as
robustness, amount of functions calculations, requirements to the computer
memory, numbers of iterations etc. cannot be used due to lack of corresponded
information in the technical literature. Therefore, an efficiency estimation of
the proposed methodology for solving parametric optimization problems
presented above will be based on the comparison of the optimization results
obtained using the proposed numerical algorithm, as well as of the results
presented by the literature and widely used for testing. The initial data and
mathematical models of the parametric optimization problems considered
below were assumed as the same as described in the literature.

4.1. Geometry and cross-sectional optimization of a 19-bar cantilever
truss. Figure 4.1 shows a 19-bar cantilever truss designed for the vertical loads
P =10 kN. Table 4.1 presents initial data for truss optimum design. There
were no lower and upper bounds for the cross section areas for all truss
members.

Table 4.1
Initial data for optimization of the truss
Unit weight of the truss material pg 10* kg/m®
Modulus of elasticity E 2-10* kN/cm?
The allowable normal stresses o, in tension and 300 MPa

compression
The allowable displacement &, in the vertical direction for |50 mm
11" node
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Step 1. Describing an initial design (a set of design vanables) and initial data for
structural optimization. 4 is the iteration index, £ =0.

O—

Step 2. Calculation of the geometrical and design lengths for all members.

Y

Step 3. Calculation of the cross-section dimensions and geometrical properties for all
design cross-sections.

v

Step 4. Linear structural analysis

Step 5. Calculation of the state variables (internal forces, stresses, etc.)

Y

Step 6. Verifications of the constraints and
construction the set of active constraints numbers A

Y

Step 7. Calculation the current objective function value f ()? s

objective function gradient V# ()? .) and desired decrement

Y

Step 8. Construction of the constraint’s violations V and
the matrix of the active constraint’s gradients [Vgr)]

@—*\r

Step 9. Construction the matrix of active linear-independent constraint’s
gradients H[pr] with triangular structure and vector HV}’

Fig. 3.1. The flow chart for structural optimization
according to the searching technique based on the gradient projection method
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Step 10. Step parameter & calculation

Y

Step 11. Calculation the column-vectors , and z, determining the design

variables increment subject to the condition of elimination the constraint’s
violations and subject to the improvement of the objective function value

Excluding the constraint gradient
Vg, from the matrix [Vg] and

violation ¥, from the vector V

A

Verification (2.12) for
all columns of the

matrix [Vg|

yes

Step 12. Calculation the increment vector AX; . for the
current design variables and determination the improved

approximation to the optimum solution ¥, il

Iteration index
k<«k+1

Step 13. Stop
criteria verificat.

Step 14. Discretization optimum solution x s

Y

Step 15. Optimum parameters of the structure is b's . with

optimum value of the objective function f (A-} o)

Fig. 3.1 (continuation). The flow chart for structural optimization
according to the searching technique based on the gradient projection method
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Fig. 4.1. Design scheme of the 19-bar cantilever truss

Truss weight minimization has been considered as the objective function.
The geometry and cross-sectional optimization problem has been formulated
as searching for optimum values of the vertical coordinates z, for all nodes of
the truss lower chord, as well as for optimum value of the cross sectional area
A for all truss members. Variable unknown cross-sectional area A for all
truss members as well as unknown vertical coordinates z, for all truss lower

chord nodes, X = (4, zl.)T, i= m, were considered as design variables. The
system of constraints included the normal stress constraints formulated for all
truss members depending on axial forces and allowable value of the normal
stresses o . The following displacement constraints have been also

formulated for all nodes of the truss lower chord:

e <0 ———1<0; Vi=T..11;
ZH 8 zZ""+H—¢

where H is the height of the truss panel, H =200 cm; & is a the small

positive number, & =107 . The considered optimization problem dimensions
were 6 design variables and 29 constraints.

Figure 4.2a presents the optimum values for vertical coordinates of the
truss lower chord. The optimum cross sectional area for all truss members is
4,, =4.0626 cm’. The optimum structural weight for the considered 19-bar
cantilever truss is G,, =139.634kg. There were six active constraints in the
optimum point, namely normal stress constraints for the 5™, 6, 17, 18", 19"
truss members, as well as displacement constraint for the 11" truss node. The
considered geometry and cross-sectional optimization problem for 19-bar
cantilever truss has been solved by Czarnecki [1,2]. He obtained optimal
structural weight 187.945 kg.

The next geometry and cross-sectional optimization problem has been
formulated as searching for optimum values of the horizontal x, and vertical

coordinates z, for all nodes of the truss lower chord, as well as for optimum
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value of the cross sectional area A4 for all truss members. Variable unknown
cross-sectional area A4 for all truss members, as well as unknown horizontal

x, and vertical z coordinates for all truss lower chord nodes,

X = (4, x,, zl.)T, i= m, were considered as design variables. The system of

constraints included the normal stress constraints formulated for all truss
members depending on axial forces and allowable value of the normal stresses
O ,.. - The following displacement constraints have been also formulated for all

nodes of the truss lower chord:

X. Z. .
T start : SO’ start : _1§03 Vl=710,
x " —-L+e¢ " +L—-¢
Z. Z.
T start : S ’ start : _1§0’ Vl=711’
z;" =6, z"+H-¢

i max

where L is the length of the truss panel, L =200cm. The considered
optimization problem dimensions were 10 design variables and 37 constraints.
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Fig. 4.2. Optimum coordinates values for all nodes of the 19-bar cantilever truss lower chord:
(a) — when vertical coordinates are considered as design variable only;
(b) — when both vertical and horizontal coordinates are considered as design variable
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Figure 4.2b presents the optimum design values for vertical and horizontal
coordinates of the truss lower chord. The optimum cross sectional area for all
truss members is 4,, =4.0626 cm’. The optimum structural weight for the

considered 19-bar cantilever truss is G,, =131.11 kg. There were eight active

constraints in the optimum point, namely the normal stresses constraints
formulated for the 2", 3™ 4™ 5% 7% 16" and 19" truss members, as well as
displacement constraint formulated for 11™ node. The considered geometry
and cross-sectional optimization problems for 19-bar cantilever truss has been
solved by Czarnecki [1, 2]. He obtained optimal structural weight 178.842 kg.

The comparison of the optimization results presented by the paper confirms
the validity of the optimum solutions obtained using the proposed optimization
methodology. For those design cases when the purpose function and
constraints of the mathematical model are continuously differentiable
functions, as well as the search space is smooth, a gradient projection method
provides better optimum results comparing to the genetic algorithms.

4.2. Cross-sectional optimization of a 41-bar roof truss. Figure 4.3
shows a 41-bar roof truss designed for the vertical loads P =4 ton = 39.24 kN
applied to the upper truss chord and 1.5P =6 ton = 58.86 kN applied to the
lower truss chord. A parametric optimization problem for the roof truss by the
criterion of the material volume minimization has been solved by I-Cheng [8]
using a genetic algorithm. He obtained the optimum volume 0.121689 m® for
the considered roof truss.

Initial data (see Table 4.2) and mathematical model of the 41-bar truss
optimization problem are assumed as the same as described in the paper [8].
Cross-sectional areas for 21 stiffness types of the roof truss structural members
are considered as the design variables, )?z(Ai)T,izl,zl (see Figure 4.3).
Cross-sectional areas of the truss members assumed to be varying discretely
starting from 2 cm” until and including 64 cm” with step 2 cm”. The system of
constraints includes normal stresses verifications for all truss members, as well
as vertical displacement constraint for truss node «. Optimization problem
dimensions are 21 design variables, 80 constraints.

Fig. 4.3. Design scheme of the 41-bar roof truss with stiffness types numbers
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Table 4.2
Initial data for optimization of the truss

Modulus of elasticity £ 2.06-10° MPa
The allowable normal stresses o, in tension and 1250 kg/em” =

2
compression 12.2625kN/cm
The allowable value for the vertical displacement of the |6 mm
roof truss node a

The parametric optimization problem for optimum cross-section areas of
the 41-bar roof truss has been solved in the continuum space of the design
variables using the improved gradient projection method described above.
Table 4.3 presents the optimization result for the considered 41-bar roof truss.

The optimum volume for the optimum truss solution is ¥, =0.109 m’. The

optimum solution has been validated by the convergence of the optimization
algorithm in the same point subjected to the different start approximations to
the design variables. The optimum solution for the roof truss obtained in the
continuum space of the design variables has been further discretized. The
optimum volume for the optimum truss solution in discrete space of the design

variables is V7 =0.119 m’ (see Table 4.3).

The comparison of the optimization results presented by the paper confirms the
validity of the optimum solutions obtained using the proposed optimization
methodology. Start values of the design variables have no influence on the
optimum solution of the considered non-linear optimization problem confirming in
such way accuracy and validity of the optimum solutions obtained using the
proposed numerical algorithm developed based on the presented gradient
projection method. For those design cases when the purpose function and
constraints of the mathematical model are continuously differentiable functions, as
well as the search space is smooth, a gradient projection method provides better
optimum results comparing to the genetic algorithms.

Table 4.3
Optimization results for the 41-bar roof truss

Stiffness types Optimum 2Values fo? cross-section areas of.the truss members|
numbers . [cm ].dependmg on space of thf: d§51gn variables
1n continuum space in discrete space
1 17.8208 18
2 15.6555 16
3 36.3758 38
4 48.2494 50
5 54.5526 56
6 40.5101 42
7 2.0000 2
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8 2.0000 2
9 2.0000 2
10 26.3752 28
11 14.3494 16
12 40.1982 42
13 52.7656 54
14 56.8969 58
15 17.8746 18
16 13.0426 14
17 12.9413 14
18 5.4713 6
19 6.4781 8
20 2.9064 4
21 2.0000 2
Truss volume, cm’ 0.108997 0.118635

Conslusion. A new mathematical model for parametric optimization
problems of steel structures has been proposed by the paper. The design
variable vector includes geometrical parameters of the structure (node
coordinates), cross-sectional dimensions of the structural members, as well as
initial pre-stressing forces introduced into the specified redundant members of
the structure has been formulated by the paper. The system of constraints
covers load-carrying capacities constraints for all design sections of structural
members subjected to all ultimate load case combinations, as well as
displacements constraints for the specified nodes of the structure subjected to
all serviceability load case combinations.

The method of the objective function gradient projection onto the active
constraints surface with simultaneous correction of the constraints violations
has been used to solve the formulated parametric optimization problem for
steel structures.

A numerical algorithm for solving the formulated parametric optimization
problems of steel structures based on the gradient projection method has been
developed.

In order to estimate an efficiency of the proposed numerical algorithm, a
comparison of the obtained optimization results with the results presented by
the literature and widely used for testing has been performed. Good correlation
of obtained results with the results of the other authors confirms the validity of
the optimum solutions calculated using the proposed numerical algorithm.

It has been shown, that for those design cases when the purpose function
and constraints of the mathematical model are continuously differentiable
functions, as well as the search space is smooth, a gradient projection method
provides better optimum results comparing to the genetic algorithms.
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FOpuenko B. B., Ilenewrxo 1. /1.
MAPAMETPUYHA ONITUMIZALIS METAJIEBUX CTEP)KHEBUX KOHCTPYKIIIA
HA OCHOBI METO/IY ITPOEKIIIi TPAJTIEHTA

MeTol0 [OCHIDKEHHS € po3pobKa YHCENbHOI METONMKH Ui DO3B’A3Ky 3ajadi
HapaMeTpUYHOI ONTUMI3allii CTaJIeBUX CTEPXKHEBUX KOHCTPYKIIH IpH opieHTawil Ha 1i mporpamHy
peaizaiil0 y CHCTEMi aBTOMAaTH30BAHOTO I[POCKTYBaHHSA. Y CTATTI 3alpollOHOBaHa HOBa
MaTeMaTH4Ha MOJEIb JUIS PO3B’ 3Ky 3aadi MapaMeTpHYHOl ONTUMI3aLil METaJeBHX CTEPXKHEBUX
KOHCTPYKILii. BeKTop 3MIHHHX NPOECKTYBaHHS OXOIUIIOE IIapaMETPU TIE€OMETPUYHOI CXEMH
KOHCTPYKILIi (KOOpAMHATH BY31iB), PO3MIpH IONEPEYHHX IMEpepi3iB HECYYHX EICMEHTIB
KOHCTPYKIIii, @ TAKOXX 3yCHJUISA MONEPEAHbOr0 HANpPYKEHHS, LI0 BBOIATHCS Yy BHU3HAUYCHI 3aiiBi
B’s131  KOHCTPYKUil. VY cucreMy OOMEKEHb 3alydeHi OOMEXKEHHs Hecydoi 3[aTHOCTI,
copMysIbOBaHi A YCiX PO3paXyHKOBHX IMEPEPI3iB HECYYHX €IEMEHTIB METaJeBOi CTEP)KHEBOT
KOHCTPYKLILIi, 0 mijysirae il po3paxyHKOBHX KOMOIHAIii HaBaHTaXEHb IEPIIOr0 IPaHUYHOrO
CTaHy, a TAKOX OOMEXCEHHs IepeMillieHb, cHOPMYIbOBaHI Il BU3HAUYCHUX BY3JIB CTEPKHEBOL
CHCTEMH, IO MiyIsrae Jii po3paxyHKOBHX KOMOIHALI HABAHTAXXEHb JPYyroro rpaHUYHOro CTaHy.
Jliist po3B’sI3Ky IOCTABIICHOI 3a/adi MapaMeTpHYHOl ONTHMI3auil BUKOPUCTAHUH METOJ MPOCKLl
rpajieHTa GyHKIii METH HA MTOBEPXHIO aKTHBHUX OOMEKEHb 3 OJHOYACHOIO JIIKBiJaLi€I0 HEB SI30K
B IOPYLICHHX OOMEKEHHSAX. Y CTAaTTI TAaKOX 3alpOINOHOBAHMH YHCENbHHH aarOPHUTM UL
PO3B’S3Ky MOCTaBJICHOI 3a/adi MmapaMeTpUYHOl ONTHUMI3aLil CTaJeBMX KOHCTPYKIii. Pe3ynabratn
ONTUMI3aLifHUX pO3PaxyHKIB CTAIBHUX (epM, SIKI MPEACTABICHI Yy CTaTTi, MiATBEPIHIH
JIOCTOBIPHICTh ONTHMAJBHHUX DIIICHb, OTPUMAHUX 3 BUKOPHCTAHHSIM 3allPOIIOHOBAHOI YHCENBHOL
MCTOJUKH.

Kiaro4oBi ciioBa: napamerpuyHa ONTHMI3allisl, CTaJIEBI CTEPXKHEBI KOHCTPYKIIiT, HeliHiiHEe
IpPOrpaMyBaHHs, OOMEXKEHHs CTIMKOCTI, 3YyCHJUIL IONEPEIHbOr0 HANpyXKEHHs, KOOPAWHATH
BY3JIiB, IPpa/liEHTHUH METO/I, METOJ] CKIHUEHHX CJICMEHTIB, UM CEIIbHUI aJIrOPUTM.

Yurchenko V. V., Peleshko I. D.
PARAMETRIC OPTIMIZATION OF STEEL STRUCTURES BASED ON GRADIENT
PROJECTION METHOD

The main research goal is the development of a numerical methodology for solving
parametric optimization problems of steel structures with orientation on software implementation
in a computer-aided design system. The paper has proposed a new mathematical model for
parametric optimization problems of steel structures. The design variable vector includes
geometrical parameters of the structure (node coordinates), cross-sectional dimensions of the
structural members, as well as initial pre-stressing forces introduced into the specified redundant
members of the structure. The system of constraints covers load-carrying capacities constraints
formulated for all design sections of structural members of the steel structure subjected to all
ultimate load case combinations. The displacements constraints formulated for the specified nodes
of the steel structure subjected to all serviceability load case combinations have been also included
into the system of constraints. The method of the objective function gradient projection onto the
active constraints surface with simultaneous correction of the constraints violations has been used
for solving the parametric optimization problem. A numerical algorithm for solving the formulated
parametric optimization problems of steel structures has been developed in the paper. The
comparison of the optimization results of truss structures presented by the paper confirms the
validity of the optimum solutions obtained using the proposed numerical methodology.

Keywords: parametric optimization, steel structures, nonlinear programming, buckling
constraints, pre-stressing forces, node coordinates, gradient projection method, finite element
analysis, numerical algorithm.
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FOpuenko B. B., Ilenewxo U. /1.
IMAPAMETPUYECKAS OIITUMHU3ALUA METAJJIMYECKUX CTEP)KHEBBIX
KOHCTPYKIUI1 HA OCHOBE METO/IA ITPOEKI[AY FT'PATUEHTA

Lenbto uccnenoBaHus sBiseTcs pa3pabOTKa YMCIEHHOW METOAMKHM JUIS pELIeHHs 3anad
HapaMeTPUUECKOH ONTHMHU3ALUK CTAJIbHBIX KOHCTPYKLMH NPU OPHUEHTALMH Ha €€ IPOrpaMMHYI0
peayM3aluio B CHCTEME aBTOMAaTH3MPOBAHHOIO NPOEKTHPOBaHUs. B craThe mnpesoxeHa HoBas
MaTteMaTH4ecKas MOJENb JUIi pPELIeHHMs 3aJay I[apaMeTPUYecKOW ONTHMH3ALUKM CTAJIbHBIX
KOHCTPYKLMI. BekTop nepeMeHHbIX NPOEKTHPOBAHUS OXBATHIBAET IapaMeTPbl I€OMETPUUECKOM
CX€MbI KOHCTPYKIMU (KOOPAMHATHI Y3JI0B), pPa3Mephbl MONEPEUHbIX CEYEHUH HECYIMX 3JIEMEHTOB
KOHCTPYKLIMH, a TAKXKE YCHIIMS NPEIBAPUTEIBHOIO HATSHKEHUS, BBOAUMBIC B YKa3aHHBIE JIMIIHHUE
CBSI3U KOHCTPYKLMH. B cuCTeMy OrpaHMYeHHH BKJIIOYEHBI OIPaHUYEHHs HECylleld CHOCOOHOCTH,
copMyIMpOBaHHbIE TS BCEX PACUCTHBIX CEUCHHH HECYIIMX JJIEMEHTOB CTAJbHON CTEpPIKHEBOH
KOHCTPYKLIMH, IOABEPKEHHOH JEHCTBUIO pAacUyeTHbIX KOMOMHALMH HArpy3oKk IEpBOro
IPEAEIbHOr0 COCTOsIHUSL. OrpaHHYeHus IepeMelleHnH, chOopMyIHpPOBaHHbIC ISl ONPEETCHHBIX
Y3JI0B CTEPXKHEBOH CHUCTEMbI, IOABEPKEHHOH IEHCTBUIO pacYeTHbIX KOMOWHALMH Harpy3ox
BTOPOI'0 MNPEJEIbHOr0 COCTOSHHS, TAaKKEe BKJIOYEHBI B CUCTEMY OrpaHMueHui. Jlns pemeHus
MOCTaBJICHHON 3aJlayM MapaMeTPUYecKOW ONTUMM3ALMK ObLI MCIOJIb30BaH METOJ IPOEKLUH
rpagueHta (GYHKIMM LEIM Ha I[IOBEPXHOCTh AKTHBHBIX OFPAaHHYCHHH C OJHOBPEMEHHOM
JIMKBUJALMEN HEBSI30K B OrPaHUUYCHUSX. B cTaThe TakxkKe MPEJIONKEH YUCICHHBIH aJrOPUTM IS
pelIeHHs] IIOCTaBJICHHOM 3a/aud I1apaMeTPUUYECKOW ONTHMMHU3ALUU CTAJbHBIX KOHCTPYKIMH.
Pe3ynbTaThl ONTUMHU3ALMOHHBIX PACYETOB CTAJbHBIX (epM, MpPEICTaBICHHBIE B CTaThbe,
HOATBEPIMIIM  JIOCTOBEPHOCTb ONTUMAJIbHBIX PEIUCHUH, IOJIy4aeMbIX C MCIOJIb30BAaHHEM
MPEIIOKESHHON YUCIICHHON METOIMKH.

KirodeBble cjioBa: napaMerpudeckas ONTUMM3ALMS, CTAJIbHbIE CTEPKHEBBIE KOHCTPYKLMH,
HEJIMHEHHOe NpPOrpaMMHPOBAHUE, OrPAHUYEHUS YCTOMYMBOCTH, YCHJIMS IPEIBAPUTEIHLHOIO
HATSDKEHUsI, KOOPJIMHATBI Y3JI0B, TPAJANEHTHBIH METOJ, METOJl KOHEYHBIX 3JIEMEHTOB, YUCICHHbIH
AITOPUTM.

YK 624.04, 519.853

FOpuenko B. B., Ilenewrxo I. /{. TlapameTpuuHa onTuUMi3amiss MeTaJleBUX CTEPKHEBHX
KOHCTPYKIIiii Ha 0CHOBI MeTOy mpoekuii rpagienTa // Omip MaTepiaiiB i Teopist COpy/: HayK.-
Tex. 36ipH. — K.: KHYBA, 2020. — Bumn. 105. — C. 192-222.

Y cmammi  3anpononosana nosa mamemamuuyna Mmolenv 0N PO36 A3KY 3404yl
napamempuyHoi onmumizayii - Memaneeux CmepicHesux KOHCMpPYKyiu. Bexmop  3minnux
NPOEKMy6antsi OXONMOE NAPAMempU 2eOMEeMPUYHOT cxeMu KOHCMPYKYii (Koopounamu 6y37is),
PO3MIpU NONEpeyHUX nepepizie HeCyuux enemMenmie KOHCMpPYKYii, a makoic 3yCuiis HOnepeoHb020
HAnpyIcenHs, wjo 6800SMbCS V GU3HAYEHI 3au6i 6’53 Koncmpykyii. YV cucmemy obmedicens
3anyHeHi 0OMENCeHHs. Hecyuoi 30amHOCMI, CHOPMYIbO6aHi OIS YCIX PO3PAXYHKOBUX Nepepizie
Hecyuux eneMenmie Memanegoi cmepoicHesoi KOHCMpPYKYil, wo nionseac Oii po3paxyHKOBUX
KOMOTHAYIU HABAHMAdICEHb NEPUIO20 SPAHUYHO20 CMAHY, A MAKONC 00MeddCeHHs nepemiujens,
ChOpMYILOBAHI 0Nl BUZHAUEHUX BY3/IE CIMEPICHEBOI cucmemu, wo nioaseae Oii po3pPaxyHKOGUX
KOMOIHayitl Haganmasicenb Opy2020 2pAHu¥Ho20 cmawy. s pos3e a3y nocmaenenoi 3a0adi
napamempuuHoi OnMUMI3ayii SUKOPUCMAHULL MemoO NpoeKyii epadichma @yHKyii memu Ha
NOGEPXHIO AKMUBHUX 0OMEdICeHb 3 00HOUACHOIO TIKEIOAYICIO HEe6 30K 8 NOPYUIEHUX 0OMEICEHHSIX.
Y ecmammi makooic 3anpononosanuii uucenrbHuli areopumm O po3e 3Ky nocmaenenoi 3adaui
napamempuyHoi onmumizayii cmanesux KOHCmpYKyii.

L. 6. Ta6x. 3. bi6mior. 17 Ha3s.
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Yurchenko V. V., Peleshko I. D. Parametric optimization of steel structures based on gradient
projection method // Strength of Materials and Theory of Structures: Scientific-and-technical
collected articles — Kyiv: KNUBA, 2020. — Issue 105. — P. 192-222.

The paper has proposed a new mathematical model for parametric optimization problems of
steel structures. The design variable vector includes geometrical parameters of the structure (node
coordinates), cross-sectional dimensions of the structural members, as well as initial pre-stressing
forces introduced into the specified redundant members of the structure. The system of constraints
covers load-carrying capacities constraints formulated for all design sections of structural
members of the steel structure subjected to all ultimate load case combinations. The displacements
constraints formulated for the specified nodes of the steel structure subjected to all serviceability
load case combinations have been also included into the system of constraints. The method of the
objective function gradient projection onto the active constraints surface with simultaneous
correction of the constraints violations has been used for solving the parametric optimization
problem. A numerical algorithm for solving the formulated parametric optimization problems of
steel structures has been developed in the paper.

Figs. 6. Tabs. 3. Refs. 17.
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FOpuenko B. B.,  Ilerewko Y. /[, Tlapamerpuueckasi  ONTHMH3AaIHUs  MeTAJJIMYECKHX
CTEPKHEBBIX KOHCTPYKIHUI Ha OCHOBE MeTOAa mpoekuun rpagmeHTta // ConpoTuBieHHE
MaTepHaloB M TEOPUsl COOpYXeHuil: Hayd.- Tex. coopH. — K.: KHYCA, 2020. — Bem. 105. —
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The results of numerical investigation of shafts transverse oscillations with account of
gyroscopic inertia forces are presented. It is shown what the action and how the gyroscopic forces
influence on the transverse oscillations of the shafts during rotation. The study has been done with
computer program with a graphical interface that is developed by authors. The process of
numerical solution of the differential equations of oscillations of rotating rods using the method of
numerical differentiation of rod's bend forms by polynomial spline-functions and the Houbolt time
integration method is described. A general block diagram of the algorithm is shown. This
algorithm describes the process of repeated (cyclical) solving the system of differential equations
of oscillations for every point of mechanical system in order to find the new coordinates of
positions of these points in each next point of time 7+Az. The computer program in which the
shown algorithm is realized allows to monitor for the behavior of moving computer model, which
demonstrates the process of oscillatory motion in rotation. Moreover, the program draws the
graphics of oscillations and changes of angular speeds and accelerations in different coordinate
systems. Defines the dynamic stability fields and draw the diagrams of found fields. Using this
program, the dynamics of a range of objects which are modeled by long elastic rods have been
studied. For some objects is shown that on special rotational speeds of shafts with different
lengths, in the rotating with shaft coordinate system, the trajectories of center of the section have
an ordered character in the form of n-pointed star in time interval from excitation to the start of
established circular oscillation with amplitude that harmoniously changes in time. It is noted that
such trajectories are fact of the action of gyroscopic inertia forces that arise in rotation.

Keywords: shafts, transverse oscillations, numerical differentiation, bend forms, gyroscopic
forces.

Introduction. The tasks of dynamics of elastic shafts’ systems that rotate
in fields of inertia forces have actuality while structural elements of machines
and devices are designed. The rotating shafts are responsible elements in the
constructions of engines, turbines, wind and hydropower plants, other
machines. For these objects, in many cases, the cause of oscillations is the
periodic changes of the gyroscopic inertia forces of system per time.

When the shaft rotates and begins to bend under the action of external
loads, the gyroscopic forces start to transmit energy in direction that is
perpendicular to the plane of bending. After it the shaft begins to oscillate in
two mutually perpendicular planes of the coordinate system that rotates with it.

The behavior of rotating elastic systems that consist of shafts, rods and
rotors is described by complex differential equations systems with partial
derivatives with account of gyroscopic inertia forces. Low rigidity, large

© Lizunov P.P., Nedin V.O.
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length, relatively high values of the excitation intensity parameters, in which
the structural elements are used, all of these make the necessary to analysis of
oscillatory motion around of critical and overcritical rotational speeds. Also,
these make the necessary to search the natural oscillation frequencies range
and range of critical rotational speeds with account of gyroscopic forces, and
stability analysis in the study of different motion modes.

In recent years, the dynamic tasks of oscillations of shafts and rotating rods
were investigated in works of many authors. The task of rotating shaft with
influence of axial loads to the propagation characteristics of the elastic waves
is studied in paper [14]. The shaft is viewed with non-uniform cross-sections
per length. Axial loads considered with constant values.

The paper [8] presents the study of problems with elastic stabilization and
long-term strength of the system under cyclically changing external impacts that
are appearing because of eccentricities. Task is considered taking into account
the gyroscopic loads, in linear statement. The paper [7] presents the results of
study of space bending oscillations of horizontal rod that is rotating around its
axis. Rod is under the action of periodic harmonic force of self-weight per
length. The task is considered with account of the gyroscopic loads, too.

Questions about the transverse oscillations of the rods under the action of
axial periodic loads, also the tasks of longitudinal-transverse oscillations under
the action of beat loads are considered in papers [5, 6]. But in them the
investigated rods don’t rotate.

The analysis of presented in scientific literature results shows that the task
of investigation of dynamics and strength of rotating elastic systems, with
account of gyroscopic forces, is actual. Many authors are paid attention to
calculation of critical rotational speeds and natural oscillation frequencies by
different system parameters. But the nature of the oscillation process itself and
how the certain parameters of the system influence on the development of
oscillations almost is not considered. Therefore, it is interesting to study the
dynamic behavior of the consider systems and define what kind of effects the
gyroscopic forces generate.

Problem statement. In the process of oscillation of rotating shafts or rods
with considerable lengths with different physical, geometric and dynamic
parameters, the various bend forms that change in time are possible.

As a dynamic model is considered a rod with length / (Fig. 1) that can be
exposed by action of an axial load P(f). The rod is rotated on angular speed w

around the rectilinear

Y Py mn ~ .
|I (Y OX,X. axis 0,X, of . the
wt-J] ot stationary  coordinate
S system O.X Y Z;. The
0,0, . rotating coordinate

system OXYZ is tied to
the rod and rotates with
it. The direction of OX
Fig. 1. Dynamic model of system axis coincides with

N S
wt -,,Z-\\\z‘\ Z|
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direction of O.X; axis. Axis of rod in deformed state is coincided with the OX
and O.X, axis. The oscillatory motion of the rod in the OXYZ coordinate system
is characterized by y(x,7) and z(x, ) displacements of the points, that belong to the
axis of rod in the OY and OZ coordinate axes’ direction, respectively.

The oscillations of rotating rod in space are described by the corresponding
system of differential equations, which taking into account the geometric
nonlinearity and the axial force [2, 3] have a form:

EI 4 2
d2 [P | of dhy | ad7y _dz d’y
L | 4 0?2 | 20m%E - nw? y+ m—s—+ P(t
2[ Py J (dtzdxz dx’ dt e () dx’

2
(1)

%) dr*dx* dx? dt
where E — elastic modulus of rod’s material; /;, /, — inertia moments of rod
section in mutually perpendicular planes; » — radius of gyration; m —mass of
unit per length; © — rotational speed of rod around the axis that coincides with
the axis of rod in undeformed state; P(¢) — periodic axial force; 1/p,, 1/p, —

2 ( EL 4
d_z[ 2(X).J_;1—1r2( dz +a)2u)+2wmdy—mw Z+n_1fi Z+P(t)d 5=
l

main curvatures of rod’s axis in mutually perpendicular planes.

Technique. The solving of differential equations of rotating rods
oscillations for searching their geometric position in space in the process of
oscillation and analysis of dynamic behavior is carried out using the method of
numerical differentiation described in papers [10, 11], and the Houbolt time
integration method [13] in form:
yt+At 1 [2yt+At —5y,, +4yt At y:l—ZAtl

n

yt+At 1 [1 1yt+At_18yn +9yt At 2y;—2Atl
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Such solution
executes in order to yidt gt o 5
find the coordinates T A g™

¥ tedt L teAt '

y£l+A[’ ZZ+A[ Of rod /X YoerrZars
axis for next point of ( tedt toat
. . Z Hn n r.dtzi Al
time t+A¢ (Fig. 2). . S

To apply the st st : ’.yr:;sngm
Houbolt method need Yorr 2ot 0. .

to know at least the

first three points of Y222 /.
time integration. To .

find these points, it is Fig. 2. Rod’s motion trajectory
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advisable to use the finite differences method with initial conditions, namely,
to make the assumption that at time =0, when the system start out of
equilibrium, the initial deviation value for each point of the rod axis is known:

=0 _ =0 _ . o At _ A
Y, =a,, z, =0, where a, is random deviation, and values y, =y, ,
A _ M
Z, =Z, .

The solving of the dynamic tasks of the oscillatory motion for rotating
shafts and rods, based on described technique, has been done with computer
program with a graphical interface. The general block diagram’s algorithm of
the program is shown in Figure 3.

Input data
(system parameters and
boundary conditions)

| Initial bend form determination | Block D. The time approximation
T of the second derivatives’
functions from bend forms. j,, Z;

values calculation.

Block E. Solving of equations of

For =0 to 1, step Af

‘ Loop for ¢ |

no oscillations and ¥, , z."™ values
calculation for new bend form.
yes |
Block A. The time approximation Block F. The stress-strain state
for  predictable bend  form analysis.
determination. ]
[
no Display current
graphics
yes
Block B. The time approximation ‘ ‘
for speeds and accelerations Loop for 1
determination.
<
End

Block C. The current bend form
approximation and differentiation
of found functions. Calculate
derivatives.

[

Fig. 3. The general block diagram algorithm of the program

This algorithm describes the process of repeated (cyclical) solving the system
of differential equations of oscillations for every point of rod elastic line in order
to find the new coordinates for these points in each next point of time #+Az. This
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is performed with the show of current calculations’ results as a moving computer
model, which displays the oscillating process of rotating rod in real time.

Results. Using specified program, the dynamics of a range of objects
which are modeled by long elastic rods have been studied. For research objects
is shown that on special rotational speeds of shafts with different lengths the
trajectories of center of the section have an ordered character. For example, for
a transmission shaft with outer diameter D=0.1 m, inner diameter ¢=0.06 m,
length /=3 m, on rotational speed w=31.79 s the motion trajectory of center of
the section on the middle of shaft, in rotating coordinate system, it will look
like a five-pointed star (Fig. 4). On rotational speed w=52.95 s in rotating
coordinate system the motion trajectory will look like a tree-pointed star
(Fig. 5). On rotational speed ©=79.35 s in rotating coordinate system the
motion trajectory will look like a four-pointed star (Fig. 6). Herewith, the
trajectories of motion in a stationary coordinate system will have a similar
character (Fig. 7, 8, 9). The same trajectories of motion are observed for other
objects with different parameters, but on other rotational speeds.

The shown below on diagrams trajectories due to the action of gyroscopic
inertia forces that are arisen in rotation.

wy,mm‘

05 05
00 H - o |
-0.5 H HI ‘ ‘ 0.5
1.0 -1
0 1 2 3 4 5 -1 -0.5 0 0.5 1
(@) (b)

Fig. 4. Shaft oscillation diagrams in rotating coordinate system, on speed @=31.79 s™':
(a) oscillation; (b) the motion trajectory
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10 ts. -1
0 1 2 3 4 5 -1 -0.5 0 0.5 1
(a) (b)

Fig. 5. Shaft oscillation diagrams in rotating coordinate system, on speed @=52.95 s™':
(a) oscillation; (b) the motion trajectory
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Fig. 6. Shaft oscillation diagrams in rotating coordinate system, on speed @=79.35 s™':
(a) oscillation; (b) the motion trajectory
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Fig. 7. Shaft oscillation diagrams in stationary coordinate system, on speed w=31.79 s
(a) oscillation; (b) the motion trajectory

Y1, mm,

05
0 Z,, mm.
-0.5
t, s.
-1.0 -1
0 1 2 3 4 5 -1 -0.5 0 0.5 1
(@) (b)

Fig. 8. Shaft oscillation diagrams in stationary coordinate system, on speed @=52.95s":
(a) oscillation; (b) the motion trajectory
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Fig. 9. Shaft oscillation diagrams in stationary coordinate system, on speed w=79.35s":
(a) oscillation; (b) the motion trajectory

Conclusion. Studies of the transverse oscillations of rotating shafts with
developed computer program indicate the influence of gyroscopic forces on
the nature of oscillatory motion. Depending on the rotational speed the
oscillatory motion of the shaft occurs with different trajectories, which at
certain speeds have a definite periodicity.

The rotational speeds at which the motion trajectories during transverse
shaft oscillations have an ordered character in the form of an n-pointed star are
found. Such motion happens in the time interval from the moment of excitation
to the start of the established circulation with amplitude that harmoniously
changes in time.
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Jizynoe I1.11., Hedin B.O.
BILJTUB I'POCKOIIYHUAX CUJI HA KOJIMBAJIBHUI PYX BAJIB TP
OBEPTAHHI

IpencTaBieHo pe3yJNbTaTH YHCEIBHOTO JIOCHI/KCHHS IIONEPEYHUX KOJIMBaHb BalliB 3
ypaxyBaHHSM TipOCKOMIYHUX CUJI iHepuii. [Toka3aHo, SKWi BIUIMB TipOCKOIMIYHI CHJIM OKa3ylOTh Ha
HOMepeyHi KOJIMBaHHSA BamiB npu obOepranHi. JlocmimkeHHs 3IilicHEHI 3a JOIOMOIOIO
KOMIT'F0TepHOI mporpamu 3 rpadiuHuM inTepdeiicom, mo pospodieHa asropom. OnucaHo mporec
YHCENBHOTO PO3B’sI3aHHS PIBHSIHB KOJIHMBAJIBHOTO PYXY 3 BUKOPHUCTAHHSIM METOIMKH YHCEIbHOIO
nudepeHitoBaHH s, B Kl pOPMI BUTHHY CTEPIKHIB OMUCYIOTHCS 3a JOMOMOIOK0 MOMIHOMIaIbHUX
CIUIaiH-QYHKINH, a TAKO)K METOJa YMCEIbHOro iHTerpyBaHHs 3a yacom Xy0OOonara. HaBemena
3arajibHa OJIOK-CXeMa JITOPUTMY, SIKUH OMHCY€E Hpolec 6araTOKpaTHOro (LHKIIYHOTO) PO3B’S3KY
CHCTEMHU DIBHSHb KOJIMBAIBHOIO PyXy Ui KOXKHOI TOYKH CHCTEMH 3 METOI0 IOLIYKY HOBHX
KOOPJIMHAT MOJIOKEHHS LUX TOYOK B KOXKHMH HAcTymHMH MoOMeHT wacy t+At. Kommn’rorepHa
nporpama, B sKiii peani3oBaHO HaBEICHHIl aIrOPHTM, HO3BOJSE CIIOCTEPIraTH 3a MOBEAIHKONO
PYXOMOi KOMIT IOTepHOI MOJEI, siKa AEMOHCTPYE MPOLEC KOIMBAILHOIO PyXy HpH OoOepTaHHi, a
Takox OymyBaTH rpadikv KOJIMBAJIBHOTO PyXy, rpadikd 3MiHM IIBHAKOCTEH Ta MPHCKOPEHb B
pI3HMX CHCTeMaxX KOOpJAMHAT, BHM3HAa4YaTH o0O0JacTi JUHAMIYHOI CTIMKOCTI 00’€KTiB, IO
PO3MILLAAIOTECS. BUKOpHCTOBYIOUH 3a3HaueHy IPOrpamy, 3AifICHEHO JOCIIKEHHS JUHAMIKH Py
00’ekTiB, poOOYi OpraHu SIKMX MOJICIIOIOTHCS JOBFOMIPHHMH MPYXHHMH CTEpXKHSIMH. s
00’€KTIB JOCIIKEHHS MOKa3aHO, 10 MPH MEBHHUX IUBHAKOCTAX OOCpTaHHS BaliB Ta CTEPXKHIB
pi3HOI [OBXKHHHM B CHCTEMi KOOpAMHAT, IO OOEPTAETHCH pa3oM 3 BajoM abo CTEpKHEM,
TPAEKTOPIist pyXy LEHTpa Mepepidy Baja Mae YIOPSIKOBAHHI XapaKTep Y BUIJILAI #-KIHLEBOT 3ipKH
Ha {HTepBaJi Yacy BiJ MOMEHTY 30YKEHHS 0 [0YaTKy BCTAHOBJICHOIO KPYrOBOI'O KOJIMBAJILHOTO
PYXy 3 aMILTITYZOI0, 1110 FapMOHIHHO 3MIHIOETHCS 32 yacoM. BimmiueHo, 1o Taxi TpaekTopii pyxy
00yMOBIICHI [i€10 TIPOCKOIIYHUX CHJI IHEpLii, IKi BHHUKAIOTh PU 00epTaHHI.

KutiouoBi ci10Ba: Banu, onepeyHi KOJIMBAHHS, YUCEIbHE A1 epeHLitoBaHHs, (OPMU BUTHHY,
ripOCKOMIYHI CHIIH.

Jlusynoe I1.11., Heoun B.O.
BJIUSAHHUE 'THPOCKOIIMYECKUX CUJI HA KOJIEBATEJIBHOE IBUKEHUE
BPAILIAIOIIIUXCSI BAJIOB

HpeﬂCTaBﬂeHbl PE3yiabTaThl YUCJICHHOI'O HCCICAOBAHUA IMONCPEYHBIX KOJ'ICGaHl/lﬁ BaJIOB C
y4€TOM rupockonuyeckux cui. Iloka3aHo, kakoe BIMSAHME THPOCKOITMUECKUE CUIIbl OKA3bIBAIOT Ha
HonepeyHble KonedaHus BpallarolMXcs BaJloB. MccnenoBaHUs OCYLIECTBIECHBI C I[TOMOLIBIO
KOMITBIOTEPHON MPOrpaMMBl ¢ TpapudeckuM uHTEepdeiicom, KoTopast Oblia pa3paboTaHa aBTOPOM.
OnMcaH mpouecc YHUCICHHOTO  pelIeHHs  ypaBHEHMH  KoneOaTeNbHOrO  JBWXKEHHS €
HCIIOJIb30BaHHEM METOMMKH YHCICHHOro au(depeHunpoBanus, B KOTOpOil (opmbl n3ruda
CTEPXKHEH OIKMCHIBAIOTCS C IOMOIIBIO TMOJMHOMHAJIBHBIX CIUIAMH-QYHKIKM, a Takke MeToja
YUCIICHHOTO MHTErpupoBaHus 1o BpeMeHn XyOOonra. [Tokazana oOas Gi0K-cXema ajropuTMa
HPOrpaMMbl, KOTOPbIH ONUCBHIBAET MPOLECC MHOTOKPATHOrO (LMKIMYHOIO) PEIUCHUS CHCTEMBI
ypaBHeHl/lﬁ KOJ'ICﬁaTCJ'IbHOFO JABMIKCHHUSA 1L Ka)K):lOﬁ TOYKH CHCTEMbI C LECJIBbKO ITOHMCKa HOBBIX
KOOpJMHAT TMOJOXKEHUSI OTHX TOYEK B KaXKIbIH CICAYIOIIMHA MOMEHT BpeMeHH [+Af.
KoMnbrorepHasi mporpamma, B KOTOPOH peajn30BaH IPEICTABICHHBIA alropuT™, IO3BOJSET
HaOMIO#aTh 32  IOBEACHHEM  KOMIIBIOTEPHOH  MOJENH, JIEMOHCTPHUPYIOIIEH  Ipolecce



ISSN 2410-2547 231
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

KOJIe0ATENBHOrO JBHXKCHHMS IPU BpAIICHUH, a TaKXKe CTPOUTh TrpaduKkd KoJeOaTelbHOro
IBIDKEHUSI, IpadUKH H3MEHEHHs CKOPOCTEHl M YCKOPeHHH B pasHBIX CHCTEMax KOOPIMHAT,
omnpezeniTs o0IacTi ANHAMUYCCKO HEYCTOHYMBOCTH paccMaTpUBaeMBIX 00BEKTOB. Mcmonb3ys
YKa3aHHYIO IPOrpaMMy, BBIIIOJIHEHO MCCIIENOBAHUE AMHAMUKU Pl 00bEKTOB, pabouue opraHbl
KOTOPbIX MOJEIUPYIOTCS JJIMHHBIMU YIPYTUMH CTEpXHAMHU. [lig OOBEKTOB HCCIEIOBaHUS
MI0Ka3aHo, YTO MPU ONPEeNIEHHBIX CKOPOCTSX BpALIEHHs, B CUCTEME KOOPAMHAT, BPaILArOLIEeHCs
BMECTE C BaJIOM, TPAEKTOPHs JIBHIKEHUS €ro LEHTPAa CEYEHHUs MMEET YIOPsI0YECHHbIH XapakTep B
BUJIC #N-KOHEYHOH 3BE3[lbl Ha MHTEpBAJIC BPEMEHHM OT MOMEHTa BO30YyXJIEHHUs H0 Hadaia
YCTaHOBUBLIETOCSA KPYroBOIr'o KoJie0aTeIbHOr 0 JABHXXCHUSA C TapMOHHUYECKU M3M6Hﬂi0meﬁcﬂ BO
BpeMeHH aMIuMTy0i. OTMEYEHO, YTO TaKUE TPACKTOPHM JIBMIKEHUS OOYyCIIOBIIECHBI JeHCTBHEM
I'MPOCKOIMYECKUX CUJI, KOTOPbIE BO3HUKAIOT IPH BPAILEHHH.
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ANALYSIS OF THE START-UP PROCESS OF THE TOWER CRANE
SLEWING MECHANISM WITH A STEADY STATE MOTION MODE
OF ITS LOAD TROLLEY
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A mathematical model of the tower crane’s slew is developed under the condition of constant
velocity of the trolley motion along the boom. The model is derived from the second-order Lagrange
equations, calculates the tangential and radial load oscillations on a flexible suspension. An analysis
of the system motion with the trolley movement to and from the tower has been conducted. A set of
estimated figures has been proposed, which made it possible to establish the level of dynamic and
energy load of the crane slewing mechanism, as well as to analyze the evolution of the load
oscillations on a flexible suspension.

Keywords: mathematical model, slewing, tower crane, load oscillations, analysis, Lagrange
equations.

Introduction

Tower cranes are widely used in many sectors of the farming industry.
They are especially often used in the construction of civil engineering objects.
The tower crane slewing mechanism is one of the main. The effective
exploitation of this mechanism is related to the dynamic and energy processes
that occur in the transient modes of mechanism motion. It is during the starting
and braking of the slewing mechanism in the crane elements (shafts, toothed
gears, clutches, etc.), the considerable dynamic loads occur. They have a
negative impact on the longevity of the mechanism. In addition, one of the
important issues for research is the energy efficiency of the crane slewing
drive mechanism. These and others factors cause the need to study the
dynamic and energy processes in the crane slewing mechanism. Previous
studies have found that they have the greatest impact during transient modes of
motion.

Moreover, we specify a factor that has a negative impact on the crane
performance - the load oscillations on a flexible suspension. In case of crane’s
slew, the load oscillations occur in the plane of trolley motion and
perpendicular to it. In order to develop methods for their elimination, it is
necessary to conduct their study and establish the basic laws of their origin and
development.

© Loveikin V.S., Romasevych Yu.O., Kurka V.P. Mushtyn D.I., Pochka K.I.
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Analysis of publications

In the paperwork of Vaynson A.A. [1] the calculation of dynamic loads
during the operation of the crane slewing mechanism is performed on the basis
of a dynamic model with concentrated masses. The integration of the
corresponding mathematical model under the condition of starting motion from
the quiescent state and with constant driving force allowed to obtain an
expression for determining the elastic torque in the crane slewing mechanism.
Its analysis allowed the author to make recommendations for reducing
dynamic loads in crane elements: it is necessary to increase the inertial features
of the drive and to reduce the excess torque (force) of the drive mechanisms.
The first method is constructively lies in the insertion of the flywheel to the
kinematic chains. This leads to an increase in the start-up time of the
mechanisms, which adversely affects its energy indicators. Therefore, the
rational way to ensure an acceptable level of dynamic loads at low energy
consumption in drive is to control its excessive torque.

In the research of Gaidamaka V.F. [2] the expression of determining the
maximum dynamic loads is carried out in the same way: first of all, a dynamic
model of the mechanisms is executed, equations of motion of the system
reduced masses are recorded, and then the equations are integrated at zero
initial conditions and the condition of constancy of the driving factor (torgue
or force). The difference in calculations with previous work lies in the moment
which is created by the friction forces,the crane tilt and wind. Aside from this,
Gaydamaka V.F. did not take into account the effect of centrifugal force in the
calculations.

In Scheffler M., Dresig H., Kurt F. [3] the emphasis is on establishing the
magnitudes of the deviation of the load from the vertical in radial and
tangential directions. This approach is due to the fact that in many calculation
methods for the elements of tower cranes it is necessary to know the values of
the angles of alteration of the load from the vertical. The authors have shown
the results of their own researches and compared them to what is already
known.

In general, the approach of determining the dynamic loads at which the
driving force is assumed as constant is quite simplistic. It does not reflect the
features of the mechanical characteristics of the drive mechanisms, which in
many cases are a significant factor in the study of the dynamics of the
mechanisms of the crane’s slew and changes in load’s fly out.

Gohberg M.M. in his work [4] indicated the combinations of load actions
that should be used in the calculations of tower crane mechanisms: self-weight,
load weight with gripping unit ,inertial loads, tilt forces, forces caused by wind
loads, as well as mounting and transport loads. The author points out that in
the case of low angular velocity of crane’s slew, it is permissible to use
expressions related to the dynamics of two-mass systems described in [5, 6]. In
this case, the excess effort must be replaced at the appropriate time divided by
the magnitude of load’s fly out.

One of the important factors that determine the dynamic loads in tower
crane eclements is the load oscillation on a flexible suspension. Such
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oscillations are complex
in nature and occur in
radial and tangential
directions. In addition,
they cause difficulty in
load positioning . Their
elimination is quite a
difficult task, which
experienced crane
operators managed to
cope with by constant

\ monitoring of  the
¢ AT ™8 mechanisms of tower
X ~ Y crane’s slew and change
of load’s fly out. In order

Fig. 1. Dynamic model of the slewing mechanism with to establish the main

steady state mode of the fly out change factors that influence
their appearance, it is necessary to synthesize mathematical models of the joint
masses motion of the tower cranes mechanisms.

In [7, 8], a mathematical model of a crane’s boom(jib) system with two
degrees of freeness was developed. The authors examined the uniformly and
non-uniforly accelerated tilt of the guide link (crane’s boom). Nonlinear
models have also been used to study oscillations on a flexible suspension [9].

In [10], the dynamics of a tower crane under the condition of pendular load
oscillations (they are modeled as linear) was investigated. The construction of
the tower crane is described with the finite element method. Dynamic load
analysis was performed using an author-developed approach based on
numerical method. It is established that the crane metal structure is most
responsive to the influences which have the frequencies of the first several
harmonics of metal structure oscillations and load oscillations as well. In
addition, dynamic loads tend to increase as the angle of pendulum (load)
deflection increases too.

In [11], a crane rotation simulation was performed based on the Euler-
Lagrange equations. The analysis of the obtained results made it possible to
trace the nature of the pendulum oscillations of the load on a flexible
suspension and to compare them with the results of experimental studies. To
minimize the load oscillatons, authors have come up with a method for
controlling the driving torque of the crane slewing mechanism.

In the dissertation work [12] the influence of pendulum load oscillations on
mechanical stresses of crane metal structure for different modes of its motion
is investigated. On the basis of the analysis the author made a recommendation
as to the position of the trolley on the boom in the condition of wind gusts for
reducing the risk of emergency crane collapse.
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Purpose and research task statement

The purpose of the work is to establish the level of dynamic and energy
load of the tower crane slewing mechanism, as well as to study the load
oscillations on a flexible suspension. To achieve this goal it is necessary to
solve the following problems: 1) to develop a dynamic model of the tower
crane slewing mechanism; 2) to synthesize a mathematical model, which is
suitable for research, by using a second-order Lagrange equation; 3) to analyze
the dynamic and energy load of the tower crane slewing mechanism; 4) to
investigate the appearence and evolution of the load oscillations on a flexible
suspension and to determine the main factors that affect it.

Research results

The tower crane in the process of starting-up the slewing mechanism in
steady-state mode of fly out change will be presented as a holonomic
mechanical system (Fig. 1), which consists of absolutely rigid bodies, except
for load flexible suspension, which oscillates in the vertical plane of fly out
change and when crane is slewing. In the selected dynamic model of the crane
we have generalized coordinates, accepted angular coordinates of the crane
slew ¢ and the load y, as well as the linear coordinate of the load movement
thoughout the plane of fly out change x.

For such a dynamic model, we define the deviation of the load rope from
the vertical. In this case, we assume that the deviation of the rope from the
vertical, as in the plane of fly out chang, as the crane slew is negligible and
does not exceed 12°. Therefore, the arc load movement during its oscillations
is replaced by straight lines. As a result we will have next:

AB=x—-vt, e))
BC=x(¢-y), (2)
AC=~AB*+BC?~24B-BC-cos ZABC, (3)

where ¢ is time; v - steady linear speed of the trolley movement.
For expression (3) we will find Z4BC :
LABC:”_(W_(/)):” l//—(D (4)
2 2 2
As a result of substituting dependencies (1), (2) and (4) into expression (3)
we will obtain:

AC= \/(x—vt)z 22 (=) —2x(x—v)(W—) cos(%—gj =

- \/(x—vt)2+x2(l//—(p)2—2x(x—vl)(l//—qo)sin(W;(pj.

Then the angular coordinate of the deviation of the load rope from the
vertical is determined by the dependence:

\/(x—vt)2+x2(l//—(p)2—2x(x—vt)(l//—(0)sin(W_(p)

2

_AC_
L L

)

\%
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The motion level of the crane’s boom system is represented by the dynamic
model shown in Fig. 1, we construct on the basis of the Lagrange equations of
the second order:

d oT JoT _ oIl

dtop dp ¢ 9’

dt oy Jdy Iy ©
aor or__an
dt ox Ox ox’

where T, II is the kinetic and potential energy of the boom system,
respectively; Qg is a non-potential component of the generalized force that
corresponds to the generalized coordinate ¢ of the crane’s slew.

The potential energy of the boom system looks like:

IT=m gL+mgL(1—cos V), (7N
where m;, m — respectively the weight of the trolley and the load; g -
acceleration of free fall. Taking partial derivatives of expression (7) with
respect to the dependence (5) of the generalized coordinates ¢, y and x, we
have:

%z—%xvt(x—(p), (8)
g—ll;:%xvt(x—(p), 9)
a_mg, . (x—¢)
L (e-vt(1=—P0), (10)

The kinetic energy of the boom system is expressed by next dependency:
I 1 1 1
T=2" v +—m? 1+ @* ) +—L¢* +—m(3> +x259°). 11
D221(¢)22¢2( V) (11)

Taking the necessary systems (6) derivatives from the expression (11), we
obtain:

aT T . oT .,
o, Lo, Ly, 12
o oy ek MV (12)
aT_ 2.2 . 2. .
a_.—ml" O t+Lo=(my-et+1,), (13)
¢
al=mx2¢, (14)
oy
aa—izmx, (15)
AT v+ L)+ 2m 16, (16)

dt 9
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d oT

Ew=mx2l])+2mxfcl//, a7
d oT
2 ik 18
i ox (18)

The nonpotential component of the generalized force which corresponds to
the generalized coordinate ¢ is determined by the following dependency:

_ 2M ,un(l+as,, )
G )
1—(pu/w,) Ser
where M, maximum (critical) moment on the electromotor’s shaft of the

M,, (19)

+2as,,

crane slewing mechanism; u and # are respectively the gear ratio and the
efficiency coefficient of the crane slewing mechanism; @, synchronous
angular velocity of the rotor of the electromotor of the crane slewing
mechanism; s, critical slippage of the engine of the slewing mechanism,

which is determined by the following dependency:
50 = (1210 24221y, (20)
20

where g = R/ R, dimensionless parameter, which is the ratio of the resistance
of the stator R to the resistance of the rotor R,’, reduced to the stator windings;
®,,n the nominal angular velocity of the motor rotor; A=M.,/M,,, is a torque

capacity; M,,,, the nominal moment on the motor shaft.

After substitution of expressions (8)-(19) to a system (6) we obtain a
system of differential equations of start-up of the crane slewing mechanism at
the steady state mode of the load trolley motion:

2M ,un(l+as,,.)

Lyt 2 )ip+ 2m o= M+ E(y=g);

5, (=214 (1= v 2as,,
@, @y

mx’ tf/+2mx5cl//=%xvt(l//—(p); (21)
T =%(x—vt(1("’—;”))).

In the following presentation with the model (21), the results of the process
of starting-up the tower crane slewing mechanism with the steady state mode
of movement of the load trolley were analyzed.

All calculations were made for the parameters of the crane Liebherr 140 he
[13], which are shown in the Table 1.
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Table 1
Calculated parameters of the tower crane Liebherr 140 he
Parameter Unit of Value
measurement
Trolley weight, m, kg 300
Load weight, m kg 5000
The moment of inertia of the turnable part of the 2 6
. . . . kg'm 5,5-10
crane relative to its own slewing axis, [,
The moment of inertia of the rotor of the
electromotor of the load fly out change mechanism, kgm? 0,3
1
The moment of inertia of the rotor of the Keom 0.056
electromotor of the crane slewing mechanism, /, £ ’
The force of static resistance of the trolley N 5500
movement, W
Ele moment of static resistance of the crane slew, Nm 50100
0
The maximum torque on the electromotor shaft of
. . . Nm 120
the drive mechanism slewing crane, M.,
The dimensionless parameters of the electromotor
. : . - 0,2
of the driving mechanism slewing crane, @,
The dimensionless parameters of the electromotor
. : . - 0,2
of the driving mechanism slewing crane, a,
Critical slippage of the engine of the crane slewing i 037
mechanism s, ’
The gear ratio drive mechanism of the crane slew,
U - 1429
2
The synchronous angular velocity of the engine
. . rad 104,7
shaft of the slewing crane mechanism, w,
The drum diameter of the slewing crane m 03
mechanism of the trolley movement, D ’
The length of the load’s flexible suspension, L m 10
Efficiency coefficient of the drive mechanism of i 0.80

the crane slew, 7,

In order to analyze the tower crane slewing mode with the constant velocity
of the load trolley motion we have to build following graphical dependencies

(Fig. 2).




ISSN 2410-2547 239
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

X, v, m/s X, v, m/s

/\/\/\/\/\/\/\/ 0 DA A
AERAAVEVAVAVAVIY

10

=

06

04
02 02
t,s t,s
10 2 30 40 50 10 20 30 40 0
(@) (b)
@, ¢, rad/s
0.10 @, ¢, rad/s
007
008 o
006 03
0.04
004 0
002
002
001
ts ts
10 20 30 40 50 10 20 30 40 0
© ()

V=X, mfs
0.04
002
= vt-x,m

004
06

(e ®

Fig. 2. Graphical dependencies of the crane start-up mode characteristics:
(a) velocity of the trolley (grey line) and the load (black line) in
the radial direction at xp=3 m;
(b) the same at xp=30 m;
c¢) angular velocity of the tower (black line) and the load (grey
line) in the tangential directionx(=3 m;
d) the same x,=30 m;
¢) the phase portrait of radial load oscillations at x¢=3 m;
f) the same at x)=30 m;
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Fig. 2 (continuation). Graphical dependencies of the crane start-up mode characteristics:
g) the phase portrait of the load oscillations in the tangential
direction at xo=3 m;
h) the same at xp=30 m;
i) the driving torgue of the drive mechanism of the tower at
Xo=3 m; j) the same at xo=30 m;
k) the drive power of the crane slewing mechanism at xy=3 m;
1) the same at xp=30 m

Graphical dependencies in Fig. 2 we show as follows: in the left column
the graphs correspond to the case x¢=3 m, and in the right - case x;=30 m.

To establish the quantitative characteristics of the movement of the system,
the numerical data that were entered in the Table 2, were calculated.



ISSN 2410-2547 241
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

Table 2
Kinematic, power and energy characteristics of start-up of the tower crane
mechanism
Parameter Unit of Value at x,

measurement 3m | 30m
Max1mur? torque value of the drive of Nm 137253
the crane’s slew
The max1m?m value of the drive power W 6993
of the crane’s slew
The maximum amplitude of the load
deviation in the radial direction m 0,294 0,336
Max1mgm a.mphtude of load deviation in rad 0.0501 | 0.0138
tangential direction ’ ’
The root-mean-squ,are value of the drive Nm 112213 | 111001
torque of the crane’s slew
The root-me’:an-square drive power value W 4456 4837
of the crane’s slew
The root-mean-square deviation value of
the load in the radial direction m 0,00093 1 0,10744
The root-mean-square deviation value of
the load in the tangetial direction rad 0,0306 10,0076

Analysis of the graphical dependencies, which are presented in Fig. 2, and
the numerical data entered in the Table 2, shows that the maximum torque and
power values for the cases xp=3 m and x;=30 m are the same. This derives
from the overload capability of the crane slewing mechanism. In addition,
practically equal root-mean-squere values of these characteristics can be
observed.

For the case xy=30 m, as we can see from Fig. 2 (j) and Fig. 2 (1), the torque
and power of the mechanism’s slew after the end of transient mode are higher.
Thus, the magnitude of the initial load fly out causes the increase of these
characteristics. This is due to the fact that with increasing the distance of the
trolley relative to the rotational axis, firstly, the moment of system inertia
increases, and secondly the angular speed of the crane’s slew decreases. To
compensate the speed reduction, it is necessary to provide the system with
angular acceleration. The product of this acceleration at the increasing moment
of inertia caused by the increase in the distance from the trolley to the axis of
the crane’s slew, causes an increase (compensating) of the engine driving
torque. Moreover, the torgue increase causes a slight decrease in the angular
speed of the crane’s slew (Fig. 2 (c) and (d)).

Inspite of this, a larger value of x, causes an increase in the amplitude of
the pendulum oscillations of the load in the radial direction. Here, the reason
for such an increase is the centrifugal force, which will be as much as value of
xo. Indeed, as can be seen from Fig. 2 (f), the load over the time deviates more
radially from the vertical due to the centrifugal force.
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On the other hand, the amplitude of the load oscillations in the tangential
direction is smaller, which is obviously the reason that, in the case of x;=30 m,
the crane mechanism's starting time is much longer (again, this is caused by an
increased moment of the system inertia at a larger value of x;). Similar
tendencies are observed when analyzing the root-mean-square values of the
load oscillations in both planes.

Conclusions

1. A dynamic model and an adequate mathematical model for the
movement of the crane slewing mechanism with a constant velocity of the
trolley movement have been developed. The torgue (force) of the drive is
modeled using the Kloss equation.

2. A complex of kinematic, power and energy parameters were proposed,
which made it possible to characterize the movement of the cranes lewing
mechanism. These metrics reflect maximum and root-mean-square values.

3. The analysis of the modes of joint movement of mechanisms is carried
out and it is established that the drive of the mechanism’s slew during the
transitional mode of movement is overloaded by torque and power. The set
power value of the crane slewing mechanism is proportional to the distance
from the trolley to the rotational axis. This is the same what refers to the drive
torgue.

4. The maximum value of the total power of the mechanisms of the load
fly out change and the crane’s slew at different x, is approximately the same,
although the moment of occurrence of the maximum depends on the value x,.

5. The basic regularities of the load oscillations appearance in the radial
and tangential directions, which are in the subsidence of oscillations, which are
related to the damping ability of gears, the action of centrifugal force and
Coriolis force.
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Jlosetixin B.C., Pomacesuy FO.0., Kypxa B.I1., Mywmun J].1., [louka K.I.
AHAJII3 TPOLIECY ITYCKY MEXAHI3MY IOBOPOTY BAIITOBOI'O KPAHA IIPU
YCTAJIEHOMY PEKUMI PYXY BAHTAKHOI'O BI3KA

Po3pobiieHo TUHAMIYHY MOEIb IIPOLECy MOBOPOTY OAIITOBOrO KpaHa 3 Gal0YHON CTPIJIO
IPH yMOBI, [0 BAaHTAXXHHH BI30K BUKOHYE PyX i3 YCTaJeHOI MBHAKICTIO. Ha OCHOBI piBHSHB
Jlarpanxa Japyroro poiy OTPUMAHO BiJIOBiJHY MareMaTHYHY MOJEIb, SIKa, KPIM TOr0, OIHUCY€E
KOJIMBAHHS BAaHTaXy Ha THYYKOMY MifgBici y TaHreHUIaJbHOMY Ta pafialbHOMY HampsMKax.
PywiiiiHuii MOMEHT, IPUKJIAJICHUI 10 CHCTEMH, 3MOJICIIbOBAHO 3a JOMOMOrow piBHsAHHs Kiocca.
OTpuMaHa MaTeMaTHYHa MOJENb  HPEICTABIAETCS  CHCTEMOK  YOTHPHOX  HENIHIMHUX
nudepeHniagbHUX PIBHAHb APYroro MOPSAKY, TOMY Ui 1i iHTErpyBaHHS BUKOPHCTaHO YHCENbHI
MECTOIH. Hﬂﬂ Ol.liHKl/l piBHﬂ Lll/lHaMi’-lHl/lX Ta CHEPreTUYHMUX HABAHTAXCHb Yy €JIEMCHTaxX CHUCTEMHU
3aIPOIIOHOBAHO KOMILIEKC [TOKa3HHUKIB, SIKi Bi1OOpakaloTh MaKCHMaJbHI Ta CepeAHbOKBAAPATHYHI
BEJIMYHMHU. 3aNPOIIOHOBAHO PO3IJISAATH CBOJIIOLII0 CHCTEMH ISl ABOX BHITQIKIB: MOJOKEHHS Bi3Ka
61151 GawTH (Bi30K pyXa€eThesl Bifl HEl) Ta MOJIOXKEHHS Bi3Ka 011 KiHIS cTpUTH (Bi30K PyXaeThes 10
Gamrru). [yt 000X BUMAAKIB OyJI0 pO3paxoOBaHO 3HAYCHHS OLIIHOYHMUX MOKA3HHKIB, sKi pa3oM i3
BIAMOBIAHUMH rpadiyHUMHU 3aJCKHOCTSIMH J03BOJIMIIM BUSIBUTH HalOUIbII 3HAYMMI (DaKTOpH, 110
MalTh BIUIMB Ha CHEPreTHYHI, AMHAMIYHI Ha KIHEMAaTHYHi rpouecu cucteMu. Jlo HUX, 30KpeMa,
HaJeKaTh: BiLEHTpoBa cuia, cwia Kopiomica, nemndyioda 30aTHICTh ACHHXPOHHOIO
CJICKTPONPHBOlY MEXaHi3My MOBOPOTY KpaHa. AHaJli3 KOJMBaHb BaHTaXy Ha FHYYKOMY IiJBici,
SIKHH IPOBEACHUI Ha OCHOBI (pa30BHX MOPTPETIB y IUIOLIHMHI PyXy Bi3Ka Ta IEpPIEHIUKYIAPHO Tif,
BUSIBUB X 3aJIOKHICTh BiJl I0YaTKOBOrO MOJIOKEHHS Bi3ka Ha crpimi. Kpim Toro, Bia 1poro
(hakTopa 3HAYHO 3aJIOKATh CIOKHBAHA MOTYXKHICTH NPUBOAY, YACTHHA KOl BHTPAYAETHCS HA
MO/I0JIAHHSI BIILCHTPOBOI CHJIM, IO JIi€ Ha Bi30K i BAHTAXK.

KurouoBi cjioBa: mMatemMaTtuyHa MOJENb, MOBOPOT, OAIUITOBHUH KpaH, KOJMBAHHS BAaHTaXY,
aHaJi3, piBHsHHS Jlarpamxa.

Loveikin V.S., Romasevych Yu.O., Kurka V.P., Mushtyn D.1I., Pochka K.I.
ANALYSIS OF THE START-UP PROCESS OF THE TOWER CRANE SLEWING
MECHANISM WITH A STEADY STATE MOTION MODE OF ITS LOAD TROLLEY

A dynamic model of the process of a tower crane slew with a saddle jib has been developed,
provided that the load trolley moves at a constant velocity. On the basis of the second-order
Lagrange equations, a corresponding mathematical model is obtained, which also describes the
oscillations of the load on a flexible suspension in tangential and radial directions. The driving
torque applied to the system is modeled using the Kloss equation. The obtained mathematical
model is represented by a system of four second-order nonlinear differential equations, so
numerical methods are used to integrate it. To assess the level of dynamic and energy loads in the
system elements, we propose a set of indicators that reflect the maximum and root-mean-square
values. It is suggested to consider the evolution of the system in two cases: the position of the
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trolley near the tower (the trolley moves from it) and the position of the trolley near the end of the
boom (the trolley moves towards the tower). For both cases, the values of the estimation
parameters were calculated, which together with the corresponding graphical dependencies
allowed to identify the most significant factors that have an impact on the energetic, dynamic and
kinematic processes of the system. In particular, these include: centrifugal force, Coriolis force,
damping ability of the asynchronous electric drive of the crane slewing mechanism. The analysis
of the load oscillation on a flexible suspension, which was carried out on the basis of phase
portraits in the plane of the trolley movement and perpendicular to it, revealed their dependence on
the initial position of the trolley on the boom. Apart from this, the drive power consumption, a part
of which is spent on overcoming the centrifugal force which acts on the trolley and the load,
significantly depends on this factor.

Keywords: mathematical model, slewing, tower crane, load oscillations, analysis, Lagrange
equations.

Jlogetixun B.C., Pomacesuu FO.A., Kypxa B.I1., Mywmuin J[.1., [louxa K.H.
AHAJIN3 TPOLECCA MYCKA MEXAHU3MA ITOBOPOTA BAIHIEHHOI'O KPAHA
IIPH YCTAHOBUBIIEMCS PEKUME JABUKEHUS I'PY30BOM TEJEXKH

PaspaGorana JuHaMH4ecKass MOJCIb Ipolecca MOBOpOTa OAalIEHHOr0 KpaHa ¢ Oallo4HON
CTPEJIOH TpU YCIIOBHM, YTO Tpy30Bas TEIEKKA BBIIOJIHICT JBM)KCHHUE C YCTAaHOBHBLICHCS
ckopocThto. Ha ocHoBanuu ypaBHeHuil Jlarpanxa BTOpPOro poja IHoJIydeHa COOTBETCTBYIOIIAS
MaTeMaTH4eCKasi MOJIeJIb, KOTOpasi, KPOME TOT0, OIHCHIBACT KOJIeOaHus Ipy3a Ha THOKOM HOABECe
B TAHI'CHIIMAJIbBHOM U paauaJIbHOM HalpaBJICHUAX. IlBl/l)KyIJ_U/lﬁ MOMCHT, l'lpl/lJ'IO)KCHHbli"l K CUCTEME,
CMOJEIUPOBaH ¢ moMoublo ypaBHeHus Kiocca. IlomydeHHass MaTemaTHueckash MOJeENb
IPEACTABISIETCS. CHCTEMOIl YeTBIPEX HENMHEHHBIX IU((epeHHaNbHbIX ypaBHEHUI BTOPOro
nopsiAKa, MO3TOMY IJid €€ MHTECIPUPOBAHHUA HCIIOJIB30BaHbI YHUCIICHHBIE METOMBI. Il.l'lﬂ OLICHKH
YPOBHA JUHAMHUYECCKUX U DHEPIr€TUYCCKUX HAIrPY30K B DJIEMEHTAX CUCTEMBI IIPEIIOKEH KOMILIIEKC
l'lOKa3aTeJ'leﬁ, OTpaXarIIUX MaKCUMAaJIbHbBIE U CPCAHCKBAAPATUYHBIC BCIUYUHBI. l'lpezlnonceﬂo
paccMaTpUBATh IBOJIOLUIO CHCTEMBI IS ABYX CIIy4aeB: MOJOKECHUE TEICKKH y OalIHU (TeleKKa
JIBIDKETCSI OT HEe) U IOJIOKEHUE TEJIKKH Y KOHLA CcTpeibl (Tenexka JBrkercs k Oamne). s
o0oux ciiyyaeB OBLIO PacCUMTaHO 3HAYCHHE OLCHOYHBIX IOKa3aTeseil, KOTOpble BMECTE C
COOTBETCTBYHOIIUMHA rpa(buqecxumu 3aBHUCUMOCTSIMH I103BOJIMJIM BBIABUTH HaMGOJ’[CC 3HAYMMbIC
d)aKTOpbl, BJIMAIOIIME Ha DJSHEPreéTUYCCKUE, AUHAMHUYECCKHE Ha KHHEMATUYCCKUE IIPOLECCHI
cucrembl. K HHMM, B 4YacTHOCTH, OTHOCSTCS: LeHTpoOexHas cuia, cuia Kopuosca,
nemn¢upyomas Croco0HOCTh ACHHXPOHHOIO 3JIEKTPONPHBOAA MEXaHM3Ma II0BOPOTa KpaHa.
Ananu3 xonebaHuil rpy3a Ha THOKOM IOABece, KOTOPBIH MPOBEACH Ha OCHOBE (ha30BBIX TOPTPETOB
B IUIOCKOCTU IBMXEHMS TEJIOKKH M IEPHEHAUKYJISIPHO ed, OOHapyXui HMX 3aBUCUMOCTb OT
HAYaJIbHOrO MOJIOKEHUSI TEIeKKH Ha crpene. Kpome Toro, or srtoro ¢axropa 3HAYHTEIEHO
3aBHCHT IOTpediseMas MOLIHOCTh NPHBOAA, YacTh KOTOPOW PACXOAYETCS Ha IPEONOJICHUE
LEHTPOOCKHOM CHIIBI, IICHCTBYIOLICH Ha TEJICKKY U IPY3.

KiroueBble cj10Ba: MaTeMaTnyeckass MOJ€lIb, N3MEHEHUE BbLJIETA, COBMEIICHUE JIBHIKCHHIA,
MaHMIIYJIATOp, ypaBHeHue Jlarpanxa BTOporo posa, IHHAMHYECKHE HATPY3KH, KOJIEOaHHs IPpy3a.
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Jlogetixin B.C., Pomacesuu FO.0., Kypxa B.I1., Mywmun /1., [louxa K.I.

AHaui3 mpomecy mycKy MeXaHi3My MOBOPOTY 0AIITOBOI0 KpaHa NMPH YCTAJTEHOMY PeKHMI
PyXy BaHTakHOTo Bi3ka // Omip MarepiaiiB i Teopis cropya: Hayk.-tex. 30ipH. — K.: KHYBA,
2020. — Bum. 105. — C. 232-246.

Pospobneno mamemamuyny Mooenb NOGOPOMY OAWIMO6020 KpaHa Npu YMOSI NOCMIUHOL
weuokocmi pyxy eiska no cmpini. Mooenw, ska ompumana na ocHogi piensans Jlaepamndica opy202o
poOy, 6pAX08yE MAHIeHYiaibHi ma paodianbHi KOMUBAHHSA GAHMAICY HA 2HYYKOMY NIOGICI.
IIposedeno ananiz pyxy cucmemu npu yMmo6i nepemiwjeHHs 6i3ka 00 Oawmu ma 6i0 Hei.
3anpononosano komniekc OYiHOYHUX NOKAZHUKIB, SIKi 0aIU 3MO2Y 6CMAHOBUMU PIGeHb OUHAMIYHOT
ma enepeemuyHOl HABAHMANCEHOCMI MeXAHIZMY NOBOPOMY KpAHA, A MAKONC NPOAHANIZyeamu
€60.110Yi10 KOIUBAHb BAHMAICY HA 2HYYKOMY NiOGICI.
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Loveikin V.S., Romasevych Yu.O., Kurka V.P. Mushtyn D.I., Pochka K.I.

Analysis of the start-up process of the tower crane slewing mechanism with a steady state
motion mode of its load trolley// Strength of Materials and Theory of Structures: Scientific-and-
technical collected articles — Kyiv: KNUBA, 2020. — Issue 105. — P. 232-246.

A mathematical model of tower crane’s slew under the condition of constant velocity of the
trolley motion on a boom has been developed. The model, derived from the second-order
Lagrange equations, takes into account the tangential and radial load oscillations on a flexible
suspension. An analysis of the system motion with the conditions of the trolley movement to and
from the tower. A set of estimation indicators, which made it possible to establish the level of
dynamic and energy load of the crane slewing mechanism, as well as to analyze the evolution of
the load oscillations on a flexible suspension has been proposed.

Fig. 2. Ref. 13.

VK 621.87

Jlogetixun B.C., Pomacesuu FO.A., Kypxa B.I1., Mywmuin J[.1., [louxa K.H.
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menedcku Kk bawine u om nee. IIpednodicennviii KOMNIEKC OYEHOUHBIX NOKA3amMenel, no360.ul
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In this paper are presented peculiarities of wave propagation processes in porous media;
parameters that determine properties of fluid-saturated materials; basic methods for solution of
poroelastic problems, one of which is Boundary Integral Equation Method; boundary integral
equations and graphs of fundamental solutions functions versus frequency parameter.

Key words: poroelasticity, porous media, boundary integral equations, fundamental solution.

Introduction. Many natural and unnatural materials have pores structure
especially fluid- or gas-saturated soils, rocks and also porous building
materials: timbers, sandstones, bricks, fillers for light concretes. That’s why
investigation of wave propagation processes in porous bodies and media has
practical interest. Presence of filler changes the behavior of such materials
therefore laws of the theory of elasticity can’t be used for studying of wave
propagations in saturated materials.

1. Basic methods. In the end of XVIII century seriously problems of dams
and dikes building and necessity of understanding of cooperation and common
work of water and the solid ware a reason for first description of the porous
media. Now in civil construction problems of the soil-water processes are
described on the basis of the theory of the porous media that consists of the
theory of mixes and the conception of volume factions. The theory of mixes
was based on the mechanics of continuous media that is consists of multi-
component materials with different physical properties.

Mathematical modeling of the multi-component fluid- or gas-saturated
porous media began in thirties of last century. Works by Y.I. Frenkel [2] and
M.A. Biot [3, 4] were first works in this direction. In their works was given
great attention to models of the porous media dissipation and methods for
considering it in the equilibrium equations. Works by M.A. Biot are the linear
theory of the effective two phase media and are supposed as the basic and
classic theory for solving similar problems. In this works for the porous fluid-
saturated media the two phase model that is consists from the porous solid and
the fluid that fills up pores was proposed. Also additional parameters for
considering cooperation of these phases was introduced such as: the porosity,
the fluid viscosity, the permeability, the Biot coefficient of effective stress, the
mass densities, the shear modulus and the bulk modulus of the porous material.

© Kara I.D.
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Procedures for determining these parameters are presented in works [4, 5].
Also analysis of porous materials properties are elucidated in works [6, 7, 8].

During analyzing of porous structures stress-strain stain is assumed that the
pores are disseminate uniformly in the body. The fluid- or gas-saturated porous
region when it’s considered from the point of view by the mechanics of the
continuous media is essentially the two-phase continuous media. The porous
solid elements are belonging to the first phase and the elements of pores fluid
filler are belong to the second phase. It should be taking into account during
studying of the peculiarities of the porous media behavior that are foredoomed
by differences of both phase mechanical properties. Breaking of all elements to
two classes is also needful because the difference of the one phase elements
behavior is less significant than of the different phase elements behavior. The
assumption remains that the elementary volume space is full of two continuous
media that can interact with each other. Also the fundamental characteristic of
the porous media is propagation of three different compression waves: the
longitudinal fast wave, the second longitudinal slow wave, and the third
transversal slow wave.

In nineties of twentieth century began to appear the science works that are
dedicated to studying of poroelastic problems and application of the Boundary
Elements Method and the Boundary Integral Equation Method for solving
these problems. The two-dimensional poroelastic equations ware represented
almost at the same time in works [9] 1 [10]. The equations [9] were written in
terms of the solid displacements and stresses and the fluid pressure when the
boundary integral equations in [10] were consists of the dynamic and
kinematic parameters.

One of the methods that now are used for solving systems of the
differential equations is the integral and numerical Laplace transformation.
This method was used to obtain the fundamental solutions for poroelastic
systems in [11, 12] where for solving the problems three phase model was
used in which porous skeleton is partially saturated by fluid and partially
saturated by gas. In [13] were presented the methods for numerical modeling
of the three-dimensional poroelastic bodies dynamic and for solving the model
problems about wave propagation in such bodies with different boundary
conditions. Solving the problem about elastic wave propagation in the porous
region that is not full of the fluid is adducing in [14] with presenting of the
differential equations for the not saturated space in three-dimensional
transform Laplace region. The work [15] presents the fundamental solutions
for the singular boundary integral equations of poroelasticity. Some aspects of
linear dynamic poroelasticity in the fluid-saturated bodies are in [16-20].
Despite the fact that now are presented a significant number of the singular
boundary integral equations variants are only unitary BE-solutions of the
poroelastic problems. That’s why questions are actual in this direction.

2. Basic Relations. Whereas the components of the different phases in the
porous elastic saturated media have the different densities the total density (the
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total mass of the fluid-solid aggregate per unit volume) should be considering
in calculation. It can be determined by the following expression [3]:

p:ps+ﬂ(pf_ps)a (1)
where f is the porosity of the porous solid, the parameters p, and p, are the
mass densities of the solid and fluid, respectively. Should be taking into
account the assumption that the relative motion between the solid and the fluid
is not exists.

Another peculiarity of the porous fluid-saturated media are, proposed by
M.A. Biot [3, 4] and analyzed in [6], the coefficients of the poroelastic
material: O, R, B i M that are expressed from the porosity S, the Biot
coefficient of effective stress a and the drained and undrained bulk modules of
elasticity K 1 K,;:

QZM(ZKM—K) , @)
o
2
Rzﬂ (IZ,[Z_K) , (3)
aM
B=—" 4)
K+a™M
M=ﬂ—’§, (5)
where the coefficient « is determined:
7=BOR. ©

The bulk modules of elasticity are determined after three types of the
laboratory tests (the drained test, the unjacketed test and the undrained test) [6]:

V- AP
K=—", %)
AV
VAP
Ku - > (8)
AV,

where V and V, are the primary volumes of the drained and undrained rock
samples; 4P is the incremental load in time that is applied on the rock as the
pressure; AV1 AV, are the volume changes of the drained and undrained samples.
The algorithmic bases of the BEM are the boundary analogues of
Somiliani’s formulas for the solid displacements and the fluid pressure that

under zero body conditions can be written [9]:
cyu+ [t dl+ [TUdr= [ujtdl+ [wUdr 9)

r r r r

[t I+ [ TUdr = [uid M+ [o(Uny - X n)d D+ Jeysz, (1)
I I r r

where ¢ is the coefficient that is equal 0.5 for points where the boundary is
smooth, u;, U, t;, v are the displacements and stresses in the solid and fluid
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: . 2 * %
pressure; 7 is the normal to the boundary; J =1/(iwb—o" py,); Uy, t; > T

U :j are the weighting displacement fields or the fundamental solutions. The
first components of the fundamental solution tensors may be written as:

3 .
uy (r,w)=2{5gm 3) lmr)+llm#l<l (ilmr)+liam (r,1)2 K, (ilmr)] , (11)
m=1

3
ul*Z(raw)=u>2kl(rsw)zzlliamrﬂr92K2(l./1mr) > (12)

m=1

3 .
ey (r0) = zrg”;i) K, (mmr)+—ll";"m Ky (i, Py a1 ) Ko (ilmr)i| , (13)
m=1

where 4,, are the wave numbers that can be obtained as the roots of the
characteristic equation; K,(i,r) is the modified Bessel functions;

K(w)=—
(@) b+iwpy,’

—(1-iw/ KA?)
2n(A3-A%)(A+2u)
1—i) K22
27025 =20 A+2p)
—1
27rpa)
When similar fundamental solutions for the elastic region are:

2
Ui, w)——[HO(kzr) 2 [Hl(kzr) ngl(klr)J+
1
2
+r,12[H2(k2r)—%H2(k1r)ﬂ, (14)

1

o (0)=

o, (w)=

o5 (w)=

i i . c?
U]Q(’”,w)=U21(7",(1))=ﬁl",1F,Q[Hz(kzr)—c—zsz(klr)} (15)
1

Un(r, w)—_[Ho(kz”) kzr[ 1(ear)- gz H, (k )J

1

c?
+r,§[H2(k2r)—C—22H2(k1r)ﬂ, (16)
1
where p is the density of the elastic material; ka=cﬂ; C=J(A+2w)/p,
o

C, =4/ p are the velocities of elastic wave propagation.
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"R "R
Fig. 5 Fig. 6

Figures present the graphs of the fundamental solutions functions: the
displacements w1, u1n, up, (fig. 1, 2, 3) and the stresses #1, 2, £ (fig. 4, 5, 6)
versus frequency parameter wr/C,. The curves with designation 1 correspond
to the graphs of functions for elastic media and the curves with designation 2
correspond to the graphs of functions for poroelastic fluid-saturated media,
respectively.

Conclusion. The graphs of the weighting displacements and stresses fields
functions for the elastic and poroelastic regions have different characters and
different values depending on the frequency parameter because the body with
gas- or fluid-saturated pores is differ from the continuous homogeneous elastic
media and it should be modeling with applying of the two phase or the three
phase model and the poroelastic equations with additional poroelastic
parameters. Figures show that the graphs for the poroelastic region may be
gradual approximated to the elastic analogues during changing some
parameters. On the graphs in the figures 1-3 was changing of the parameter R
namely gradual increase of it for the some order (curves 3, 4, 5). When the
graphs of generalized derivatives functions on the figures 4-6 had changing of
the parameter O — one gradual increase for one order was enough (curves 3).
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Kapa 1]].
OCOBJIMBOCTI IPOLIECIB IOLIMPEHHSI XBUJIb B TIOPOIIPY KHOMY
CEPEJOBHMIII

Ipy nocmipKeHHI IPOLECiB PO3MOBCIOMKCHHS XBIUJIb B HACHYCHHUX ITOPUCTHX CEPEIOBHILAX,
Ha BIAMIHY BiJ Teopii IpyKHOCTI, Ma€ mpuiMaTUCh 3amporoHoBana M.A.bio nBodasna moznens
CepeloBHIIA, B SIKiH 10 nepuIoi a3y HaJleKaTh TBEPAI YACTOUKH IOPHCTOr0 KapKacy, a 10 Apyroi
BIHOCSTBCSL €JIEMCHTH DIAMHH, sKa 3aloBHIOE IMOpU. [HOmI Uit 3amady BHKOPHCTOBYETHCS
TpudazHa MOAENb CEpPENOBHINA, B sKii NOPHCTHH NPYXHHII KapKac YacTKOBO 3alOBHEHUM
PIAMHOI0, YacTKOBO ra3oM. /Jlsi HPY)XHOrO IIOPUCTOrO CEPENOBHINA BBOISTHCS I[apaMeTpH,
30KpeMa: MOPHCTICTb, B’A3KICTh PiIMHH, MPOHHKHICTH, KoeilieHT epeKTUBHUX HAmpyxeHb bio,
MOIysi 3CyBy Ta O0’€MHOrO CTHCHCHHS, e(EeKTHBHI INIIBHOCTI Ta Yy3arajbHEHa TI'yCTHHA
nopucroro mMarepiaiy. Takox (yHIaMEHTAIbHOIO BIACTHBICTIO NPYXXHO-IIOPHUCTOTO HACHYCHOTO
CepefloBHUIA € Te, I0 B HHOMY MOXYTb PO3MOBCIOUKYBATHCh TPH THIIM XBHJIb, a caMme: ABI
03/I0BXKHI XBWJIi: IIBUJKA i MOBiJIbHA, & TAKOX IIONEpeYHa MoBiibHA XBHJIS. OMHUM i3 METOMIB
po3B’si3aHHS [po0JIeM MOPONPY)XKHOCTI € METOJ TPaHUYHHUX IHTErPaJbHUX  PIBHSHb.
ANTOPUTMIYHOIO OCHOBOIO METOIY € IpaHH4Hi aHaisoru Gpopmynn ComimiaHH Ul EpPEeMIIleHb B
IPY)KHOMY CKeJeTi i THCKy B pimuHi. ['paHuuHi iHTerpasbHi piBHAHHA Ta (yHIaMEHTaJIbHI
PO3B’SI3KU, SIKI BXOAATH 1O CKJIAAy pIBHSHb IIOPONPYXKHOCTI, CYTTEBO BiIPI3HAIOTBCS BIX
AHAJOTIYHUX B TEOPIi MPYXKHOCTI, OCKIIBKU TiJIO, B IKOMY MICTSTBCS 3aIlIOBHEHI PiIMHOIO IIOPH,
BIIPI3HAETHCS Bif CYLIIBHOTO OJHOPIZHOrO IMPYXXHOrO CEPENOBHIIA. 3 PUCYHKIB BHIHO, L0
3MIHIOIOYH NIEBHI HapaMeTpH, rpadiki AJs MOPONPYXKHOI 00JIaCTi MOXKHA HOCTYIIOBO HAOIIKATH
10 aHaJIOriyHuX Ui npyxHoi. HailGinpmmit BIutB Ha (yHKLIT nepeMilieHb Aae 3MiHa apamerpa
R a came moctynoBe 30ibIIeHHS HOro Ha JeKinbka MopsakiB. B Toif yac sk s 3mMiHu rpadikis
(yHKIIH y3araabHEHHX MOXIAHUX (HYHIAMEHTAJIBHOIO PO3B’I3KY AOCTATHHO OJHOTO 301MIbIICHHS
Ha MOPSI0K 3HAUCHHsI apameTpa Moayst Q.

Ki104o0Bi cjioBa: MOPOINPYKHICTh, MOPUCTE CEPEJOBHILE, I'PAHUYHI IHTErpabHi PiBHAHHS,
(yHIaMeHTaIbHUH PO3B’SI30K.

Kara I.D.
PECULIARITIES OF WAVE PROPAGATION PROCESSES IN POROELASTIC MEDIA

During analyzing of wave propagation processes in the fluid-saturated porous media unlike
the theory of elasticity should be applied proposed by Biot the two phase model of media in which
porous the solid elements are belonging to the first phase and the elements of pores fluid filler are
belong to the second phase. Sometimes, for solving problems three phase model are used in which
porous skeleton is partially saturated by fluid and partially saturated by gas. For the elastic porous
media are introduced parameters such as: the porosity, the fluid viscosity, the permeability, the
Biot coefficient of effective stress, the shear modulus and the bulk modulus, the mass densities and
the total density of the porous material. Also the fundamental characteristic of the porous media is
propagation of three different compression waves: the longitudinal fast wave, the second
longitudinal slow wave, and the third transversal slow wave. One of the methods that are used for
solving problems of poroelasticity is the Boundary Integral Equation Method. The algorithmic
bases of it are the boundary analogues of Somiliani’s formulas for the solid displacements and the
fluid pressure. The boundary integral equations and the fundamental solutions that are comprised
in the poroelastic equations are different from the theory of elasticity analogues because the body
with fluid-saturated pores is differ from the continuous homogeneous elastic media. Figures show
that the graphs for the poroelastic region may be gradual approximated to the elastic analogues
during changing some parameters. The biggest influence for displacements functions has change
of the parameter R especially gradual increase of it for the some order. When for changing the
functions graphs of the generalized derivatives one gradual increase of the parameter Q for one
order is enough.

Key words: poroelasticity, porous media, boundary integral equations, fundamental solution.
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The work develops a generalized approach to the study of thickness (radial) vibrations arising
in the piezoceramic plates, cylinders, spheres under electrical loads. The state of the problem and
the main approaches, used in the problems of studying the oscillations of electroelastic bodies, are
described. The use of multilayer elements with electroded interface surfaces and variable direction
of polarization of the layers increases the conversion efficiency of electrical energy into
mechanical energy, so multilayer piezoceramic plates, cylinders, spheres with changing
polarization directions with electroded interfaces are considered. Because of piezoelectric elements
are often embedded in the housing and supplemented with matching layers to protect against
mechanical damage, it is necessary to study their effect on the oscillations of the element. The
proposed approach makes it possible to study the vibrations of plane, cylindrical and spherical
bodies with layers made of various electroelastic and elastic materials. Numerical implementation
is carried out using finite differences.

Nonstationary oscillations of PZT-4 ceramic elements at zero initial conditions are
investigated. Oscillations of multilayer plates, cylinders and spheres with and without an external
elastic or viscoelastic reinforcing layer under impulse and harmonic unsteady loads are
investigated and compared. There are found own frequencies for 5-layer bodies of different
geometry with and without an external layer. The first natural frequency for cylinder and sphere
corresponds to the radial mode of oscillations, while the second natural frequency for cylinders
and spheres and the first for flat bodies are almost equal and correspond to thickness mode. The
transient processes in the elements under impulse loads and the influence of the outer elastic layer
(housing or matching layer) are studied, taking into account the Rayleigh attenuation. It is
established that for a flat layer the outer layer increases the amplitude and the period of free
vibrations after removing the load, and for cylinders and spheres it decreases. The presence of an
elastic layer enhances the third and dampens the fourth natural frequency of the transducer,
thereby expanding the frequency range of its operation.

Key words: piezoceramic multilayer transducers; non-stationary oscillations; electrical
disturbance; piezoelectric actuators; elastic, viscoelastic layers; thickness, radial vibrations.

Piezoelectric transducers are used for exciting (actuators) and receiving
(sensors) acoustic (low-frequency) or ultrasonic waves in the environment [1].
They are used in hydroacoustic exploration, medical devices, in the construction
and engineering industry in non-destructive testing devices: flaw detectors,
concrete scopes, thickness gauges. As their active parts are used piezoelectric
elements of plane, cylindrical and spherical shape, usually made of polarized
piezoceramic materials [2]. To increase the efficiency of the piezoelectric
transducers, varying the frequency range and the type of perturbed waves,
several interconnected piezoelectric elements can be used, possibly with
different types of polarization. To match the impedances of the piezoceramic and

© Grigoryeva L.O.
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the controlled object, transition matching layers made of elastic materials are
sometimes added. If vibration damping is required, viscoelastic layers are used.
To ensure the integrity and the necessary conditions for fixing the working
elements of the piezoelectric transducers can be embedded in the housing. Thus,
piezoelectric transducers can be a complex object made of materials with
different physical and mechanical properties: piezoceramics with different
directions of polarization, elastic, viscoelastic, conductive materials, etc.

Piezoceramic spheres, cylinders and flat bodies are often used in
acoustoelectric devices to receive and emit an acoustic signal, including non-
stationary [3] (Fig. 1). To ensure a more effective acoustic response to
electrical perturbation compared with homogeneous bodies, multilayer electro-
mechanical transducers are used.

A I
P \% ® %o
R i -
Fig. 1. Piezoceramic actuators of cylindrical, spherical and flat shape

Questions about the oscillations of electromechanical transducers are
relatively often raised in the literature due to their widespread use. The
principles of operation and scope of piezoceramic transducers are described in
[1, 2,4, 5 etc.]. In [6, 7] the problems of oscillations of homogeneous and non-
homogeneous cylinders were solved. Stationary and nonstationary oscillations
of piezoceramic bodies with curved surfaces were studied in [8].

The oscillation problems of multilayer transducers are found in single
works. The harmonic axisymmetric oscillations of multilayer piezoceramic
cylinders without internal electrodes were studied in [9]. Nonstationary
oscillations of the piezoceramic sphere without internal electrodes too were
considered in [10]. Nonstationary oscillations in cylinders with piezoceramic
radially polarized layers were considered in [11]. In [12] plane multilayer
element with elastic reinforcing layer taking into account the impact of ideal
acoustic medium was investigated.

i

- —_— | :
2 ——— T
[_7 “
| : 1, 2 - housing; 3 - layer of
1 - external electrodes; 2 - intemal electrodes; piezoceramic 4- elastic layer:
3 - current source 5- internal electrodes

Fig. 2. The structure of the multilayer converter
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In resonant modes of operation, energy dissipation in piezoceramic
elements is taken into account by introducing complex material constants [1,
5]. In [13] this approach extends to nonstationary modes of operation by
excluding the time variable due to the Laplace transform.

An analysis of the literature shows that the study of propagation of
perturbations in electroelastic multilayer bodies is indeed an urgent and
important task. It arises in the process of designing devices that operate on the
basis of the piezoelectric effect. Therefore, it is necessary to study the
propagation of electromechanical perturbations in multilayer piezoceramic
bodies of different geometries. To model such devices, it is sufficient to use
approaches based on direct numerical methods. For studying of the thickness
and radial oscillations, that provide the operating frequency of the piezoelectric
element, it is convenient to use the finite-difference method. The paper
implements a universal approach to the oscillations description of bodies of
flat, cylindrical and spherical shape, which follows from the general equations
of electroelastic axisymmetric oscillations using the parameter .

1. Statement of the problem

There are investigated thickness (radial) oscillations of multilayer hollow
plates, cylinders and spheres, consisting of n piezoceramic polarized by
thickness layers with interface surfaces Ry <...< R; <...< R,, where R, -
external, R, — internal body surface.

The general equation of motion and the equation for the electrical induction
of the k-th layer due to displacement and the electric potential for bodies of
different geometries has the form

2k k 2 1 1
‘ 86:2 +%¢33k%+7—2[¢’13k (FN)—an +5(N—1)(an -
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In (1)-(3) u =u, — radial (thickness) displacements, o, o, — radial and
circumferential stresses, D, — electrical induction, ¢ — electric potential,
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cf]‘- =c§ — modules of elasticity of the material at a constant electric field, e; —

piezoelectric modules, &5, = &35~ dielectric constant at constant deformation,
p — material density.

In the case of opposite to radial direction of polarization, the sign of the
piezoelectric modules changes to the opposite. Previously, in [11] it was
established that for maximum amplitude piezoelectric element must have an
odd number of layers and layers must be opposite polarized. Going from a
single-layer to a multi-layer element, we increase its sensitivity almost in
proportion to the number of layers, but in addition we need to control the
mechanical and electrical strength of the element [2]. Energy dissipation in
piezoelectric transducers is not taken into account. In the future, in non-
stationary modes of operation, it can be considered as attenuation by Rayleigh
or by the method proposed in [13].

For elastic isotropic layers we have the equation of oscillations

2k 2k k
pa L; =(/1+2n)(d uz JHNa ¥ kJ,

ot dr

HE E
_— n [ —
(1+w)(1-2u) 2(1+ p)
account the viscoelastic properties of the elastic layer, we introduce oscillation

rodr 52

(4)

where A = — Lame parameters. For taking into

propagation velocity , — |2 and the Rayleigh attenuation parameter b, :
. A+2n
2k kg2 k k
20U p o _duw (Ndw Nk )
ot ot dr rodr r

The parameter b, depends on the frequency of perturbation and modal

damping of the corresponding forms of natural oscillations, given as a
percentage of the critical damping [14].

The initial conditions are superimposed on the displacements and their
velocities

0 Ou L
u(r,t=0)=f(r), 6; (r,t=0)=f(r). 4)
Stresses or displacements are set on the outer surfaces
u(R,,0)=U,(t) N 0.(R,,t)=p,(t), a=0,n. ®)
The conditions of full contact between the layers £k =1...n—1 are fulfilled
W R)=u (R, of R =0, (R, 9" (R) =" (R, (6)
The interface surfaces and the outer surfaces are electroded, the potential
difference is set on the electrodes
o(R) =DV (@), k=0.n. (7)
To make the solution general, we enter dimensionless variables [8, 11, 12].
Dimensionless form of the original equations does not change them.
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2. Numerical solution method
We introduce a partition by spatial coordinate:
Q={r, Vot = R +(-DA, A, =(R,—R,_)/m, k=1,..,n,i=1,..,m+1}.

In the transition to the central differences, equations (1), (2) are
transformed into a system of equations

(a; = c{%(l—%) —ck +%(N—1)(01k1 —cfy)):

2 k k k
k d Uin(k—1y+i _(c33 _ N033 )u +( N Y ) A3 )u +
2 - 2 I, 7 m(k—1)+i—1 2 M m(k—1)+i
dt Ar kT m(k—1)+i m(k D)+
k k kK k
33 Ng; 633 N(esz; —e3))
(S o peiyinl +( —)§0m(k—1)+'+1 - )
AP 20 To(k—1)+i l 204 ety l

k k k
¢ o Mels—e3)

239 I s Yoty +i-15
Ar2 m(k—1)+i A}"2 A ety m(k—1)+i
N(ek +eb)Ar + NN -1A
k 31 Hes3 k
(e33 _2—)“m(k )il +633 (5 DUy +
Vin(k-1)+i m(k 1)+i
N(ek, +ef)Ar Nekar
k 33 k
+(e33 + A)um(k—])ﬂ'ﬂ - (—2— +E3) Pyt (10)
Fin(k—1)+i Vin(k=1)+i
NekAr
k 33 k
+2633P -1y — (2— +E33)P(ktyriv1 =0,
Vin(k-1)+i
which in matrix form is written as
d’U
7 =AU+BOLE, DO=CU+F, (11)
t

where U = {um(k71)+i,1}, D= {gom(k—])ﬂ'—] }, k:l’ LN, lzl, ..m.

Displacements on external surfaces
I

1 1
¢ € Ne! c
= (po(6) = (e, =) (B gy~ ) (=3 )
0 1
Upmr = (P, (2) 33 am —Unme1) —
> (12)
e c Ncn
- 223 (3§Dnm+l 4g0nm + QDnm 223 R 13 )

n
Displacements on the section surfaces are found from the conjugation
conditions (6)
k+1 k+1

C e
U1 = (ﬁil(“”mmz U3 )+ﬁi](_3(pmk+] 40,2~ Prics3)—
+ +
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k k
C e
+ 221 (4umk Uk )+ 221 (_3(pmk+] +4(pmk Pk ))/c;( P (1 3)

where ¢, =3 3 4 Nefy +3 s’ - Neiy' .
20 Ry 284 Ry
An explicit and implicit difference scheme is used for time integration.
When using an implicit difference scheme (Newmark's algorithm))

T T W e T (14)
gat Sa
where & — the parameter of the scheme, equations (11) (12) (13) form a single
matrix, from which all unknowns in the internal points and contour points are
determined simultaneously. For an explicit scheme on each time layer, the
displacements at the internal points are first determined, and then by (12) (13)
we find the unknowns on the contour and the boundaries of the section. An
important issue in the application of an explicit scheme is the choice of the
step of partitioning in spatial and temporal coordinates, as the condition of
stability of the explicit scheme must be fulfilled. Practice shows that it is
usually enough to take A, >10A¢. For an implicit scheme, steps of the same

order are taken, & =0,5.

3. Obtained results
Nonstationary oscillations of PZT-4 [5, 8, 11, 12] ceramic elements at zero

initial conditions are investigated. External radiuses are Ry=2cm, R,=3cm.

Consider the case n = 5, i.e. piezoelectric elements consist of five layers of
oppositely polarized ceramic PZT-4. The thickness of the layers is the same

h;=(R,—R;)/n=2mm, where n - number of layers. We compare the

oscillations of the elements without elastic layers and taking into account the
external elastic layer with a thickness of # =2 mm. For elastic material we take

E=1,110""MPa, u4=0.25 (aluminum). The results are given in
dimensionless form.

— N=0 Lo —N=0
--- N=1 : e N=1
200
- N=2 200 e N=2
19
150 1=
Al
100 (44
i
50 Ht ;
il :
APANID
= S i
0 2 4 6 8 ® 6 8 o
(@) (b)

Fig. 3. The value of the maximum displacements in bodies
of different geometries depending on the frequency of perturbation:
(a) without elastic layer; (b) with elastic layer
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An important issue in the design and operation of a piezoelectric element is
the determination of its natural (resonant) frequencies. On Fig. 3 the maximum
values of displacements for piezoelectric elements without an outer and with
an outer elastic layer under non-stationary harmonic loading are compared.
The maximum values of displacements occur during loading, the frequency of
which coincides with or is close to its own. In cylinders and spheres, the first
natural frequency corresponds to radial oscillations of the middle surface, the
second frequency is the frequency of thickness oscillations and differs little for
bodies of different geometries. The presence of an elastic layer increases the
first frequency and lowers the second frequency, as well as enhances the third.
Due to this property, such piezoelectric elements become multimode and
belong to broadband, i.e. the range of operating frequencies for the element is
significantly expanded.

One of the basic operation modes of such elements is a pulse load, which
allows you to send a signal to the test medium and receive a response after the
attenuation of oscillations in the element. The electric perturbation is given in
the form of a half-wave sinusoid

Vosinot, 0<t <7/ w;
V)=
0, O<t<rn/w.

We take w=1, V|, = 2kV. At such initial data the unit of dimensionless time
approximately corresponds to 1 mcs, the unit of dimensionless movement
corresponds to 55 mecm. Determining the attenuation parameter b, is a

difficult practical task, as it depends not only on the material, but also on the
shape of the structure and the type of perturbation. In practice, the formula

_ 2no,0,
(o, + )0,

consideration, O, - quality factor (the ratio of the resonant frequency to the

M is used [14], where (®@,,®,) - the frequency range under

width of the resonant curve at 1/2), which is considered constant in the range
(w,,0p). Quality factor is one of the most important characteristics of the

oscillator and is determined experimentally.
In connection with the above, we consider cases with arbitrary values

b, which allows us to establish the dependence of the damping time of

oscillations in the element on the value b, . Note that for the pulse mode rapid

attenuation of perturbations is a useful property, so for elastic matching layers
materials with pronounced viscoelastic characteristics are selected.

Consider a flat piezoelectric element lcm thick with free outer surfaces.
With such a geometry, oscillations occur only due to the moving of the wave
along the thickness of the element. Analyzing the results presented in Fig. 4,
we see that the presence of an elastic layer increases the amplitude of natural
oscillations, that occur after removal of the external load almost twice (for
other loads, the growth is less). The period of oscillations increases from 2.2
mks during the travel of the elastic wave along the thickness of the elastic
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layer to 2.4 mks, which corresponds to the first natural frequency for the flat
element @ = 2.62 (Fig. 3b). Due to the damping properties of the elastic layer,
the amplitude of oscillations decreases according to the change of b, . At

300 mks (#=300) using b, =0.01 oscillations completely disappear, at

b, =0.05 - decreased by 96%, at b, =0.1 - decreased by 82% relatively to the
maximum absolute amplitude of 77 mkm. It should be noted that the
oscillation amplitude of a single-layer element is 16-20% of the amplitude of
oscillations of a five-layer element, i.e. the conversion of electrical energy into
mechanical energy in multilayer elements is much more efficient.

1 = t'\‘ Fay aN o~ A, N é N & L 2 A
N A WAW AV AVEAVS NN D NN AW
AR 7A A VASYILVELY AVAVIATA

| X ' bi=0.05 bi=0.01

l Vi) with an oufer elastic layer at bx=0.1

Nt

-1
2

-
|

-3 0 7
Y |
-4 / — pldne piezoelectric element without an outer Ihyer
-3 o
0 5] 10 15 20 25 t

Fig. 4. Oscillations of the outer surface of a plane piezoelectric element (N = 0) without an
outer layer and with an outer elastic layer with different damping coefficients

The oscillations of the cylindrical element are shown on Fig.5. The
presence of an elastic layer reduces the maximum amplitude and frequency of
oscillations, as the stiffness of the element has increased. The oscillation
period changed from 19 to 17 mks. The oscillations are a combination of
thickness and radial oscillations, as a result of which the amplitude has
increased 8 times compared to a flat element. We see that for b, =0.01 at 300

mks the amplitude decreased by 30%, at b, =0.05 - by 73%, at b, =0.1- by

92%. The maximum amplitude of oscillations was 0.55 mm. As the ratio of

radius to cylinder thickness increases, the amplitude and period of oscillations
also increase.
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Fig. 5. Oscillations of the outer surface of a cylindrical piezoelectric element (N = 1)
without an outer layer and with an outer elastic layer at different damping coefficients
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Consider the oscillations of a multilayer piezoceramic sphere (Fig. 6). The
period of oscillations, taking into account the elastic layer, changed from 11.1 to
10.5mks. The maximum amplitude of oscillations was 0.5mm. For 300mks at
b, =0.01 amplitude decreased by 22%, at b, = 0.05 - by 59%, at b, =0.1 - by
89%.

layer
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Fig. 6. Oscillations of the outer surface of a spherical piezoelectric element (N = 2) without an
outer layer and with an outer elastic layer with different damping coefficients

Conclusion

Because of piezoelectric elements are often embedded in the housing and
supplemented with matching layers to protect against mechanical damage, it is
necessary to study their effect on the oscillations of the element. The proposed
approach to the study of nonstationary oscillations of piezoceramic
electromechanical converters (actuators) is easily implemented in any
computer program.

The first natural frequency for cylinders and spheres corresponds to the
radial mode of oscillations, while the second natural frequency for cylinders
and spheres coincides with the first for flat bodies and corresponds to the
thickness mode. The transient processes in the elements under impulse loads
and the influence of the outer elastic layer (housing or matching layer) are
studied, taking into account the Rayleigh attenuation. It is found that the
presence of an elastic layer in a flat element increases the amplitude and period
of natural oscillations of the piezoelectric element, and in cylindrical and
spherical decreases them. An important property of the elastic layer is that its
presence amplifies the third and dampens the fourth natural frequency. It
should be noted that the obvious advantage in the amplitude of oscillations for
the sphere and the cylinder is lost at a distance from the element, because the
intensity of the emitted signal decreases inversely proportional to the distance.
But due to the comprehensive direction of the signal, the probability of finding
defects or other obstacles increases significantly.

Thus, the influence of the outer elastic layer with viscoelastic properties on
the oscillations of the multilayer element is significant and should not be
neglected. To reduce the impact, we need to reduce the thickness of the
housing compared to the thickness of the element. The use of multilayer
elements with electroded interface surfaces and variable direction of
polarization of the layers increases the conversion efficiency of electrical
energy into mechanical energy almost in proportion to the number of layers.
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I'pueop ‘esa J1.O., K.¢h.-M.H.
NEPEXIJIHI IPOLECH B II’€30KEPAMIYHUX BAIATOLLIAPOBUX AKTY A-
TOPAX 3 BPAXYBAHHSIM 30BHILIHBOI'O B’SI3KOIIPYKHOI'O LIAPY

B po6oTi po3BUBAETHCS y3arayibHEHHH MIAXig A0 IOCTIIKEHHS TOBUIMHHUX (pajiajbHHX)
30ypeHb, 10 BHHHKAIOTH B I1'€30KEPaMiYHUX IUIACTHHAX, LMIIHAPAX, chepax MpU eIeKTPUUHHX
HABaHTAXKCHHsX. Po3riiaoThes GaratomapoBi nepeTBOprOBadi 3MiHHOIO HAPSMKY IOJIIpU3aLil
3 €JIEKTPOJOBAHUMHU MOBEPXHIMH PO3/iy. 3anporOHOBAHUM MiAXi[ 103BOJISE JOCIIHKYBATH
KOJIMBAHHS TN 3 IIapaMH, BUKOHAHUMHU 3 PI3HHX CJCKTPONPYKHHX Ta MPYXKHHX MaTepialis.
UncenbHa peanizamiss BHKOHAHA 3a IONOMOIOI CKIHYGHHHX Pi3HULB. ONHMCAHO KOJMBaHHS
OaraTolapoBUX IUIACTHH, LUIIHAPIB Ta cdep 3 30BHIMIHIM NPYXHHM a00 B’S3KONPYKHUM
HIIKPIIUTIOIOYMM IapoM Ta 0e3 HbOro MHpH IMIYJIBCHHUX Ta TApMOHIYHHX HECTAlliOHAPHHX
HABaHTAXKCHHSX. BCTaHOBIIEHO, 1110 AJIs1 MIOCKOrO WIapy 30BHIIIHIM IIap MiABHUINYE aMIUNTYIy Ta
Hepiof BIIBHUX KOJMBAHb IICHs 3HATTS HABAHTAXKCHHS, a I LIIHAPIB Ta Kyldb - HOHMKYE.
HasiBHICTP NpPY)KHOrO IIAapy MiACHJIIOE TPETIO Ta TacHTh YETBEPTYy BIACHY 4YacTOTY
[EepPEeTBOPIOBAYA, YUM PO3IIUPIOE YaCTOTHHUH Jliarna3oH Horo podoTH.

KurrouoBi ciioBa: n1’e30kepamivHi 6araTomapoBi HepeTBOPIOBAtl; HECTALIOHAPHI KOTUBAHHS;
eNIEKTPUYHE 30yPEHHs; I1’€30€JeKTPUYHI aKTyaTOpH; MpPYXHi, B’SI3KONpPYXKHI IIapH; TOBLUMHHI,
pajianbHi MOAN KOJHWBAHb.

TI'pucopvesa JI.O., K.¢h.-M.H.
MEPEXO/HBIE MPOLECCHI B TbE3OKEPAMHUYECKHX MHOI'OCJIOMHBIX
AKTYATOPAX C YYETOM BHEIINHEI'O BSI3KOYIIPYI'OI'O CJIOs

B pabore pa3BuBaercsi 000OIICHHBII MOIXOA K MCCICHOBAHUIO TONILMMHHBIX (pajHalbHbIX)
BO3MYIIECHUH, BO3HMKAIOIIMX B IbE30KEPAMMUYECKUX IUIACTUHAX, LMIMHIApaxX, cdepax Ipu
AIEKTPUYECKUX HArpyskax. PaccMaTpuBaroTCsi MHOIOC/IOWHBIE MpPeoOpa3oBaTeNd IEPEMEHHOr0
HarpaBJICHUA NOJSIPU3aALHA C BJICKTPOAWUPOBAHHBIMU IMOBEPXHOCTAMHU pas3acia. npe):lHO)KeHHblﬁ
HO/XOJ TO3BOJISET MCCIENOBAaTh KOJEOAHHUS TEN CO CIOSMH, BBINOJHEHHBIMH M3 Pa3IMYHBIX
NIEKTPOYNPYIHUX W YHPYruX MarepuanoB. UWCIEHHas peasu3alys BbIIOJIHEHA C IMOMOILbIO
KOHEYHBIX pa3HocTeil. OnucaHbl KOJIeOAaHUSI MHOTOCJIOMHBIX IJIACTUH, LHJIMHAPOB U cdep ¢
BHCIIHUM YIIPYTUM HJIM BA3KOYIIPYIUM IMOAKPEIUIAKOIIUM CIIOEM U 663 HETO NP UMITYJIbCHBIX U
rapMOHMYECKMX HECTALMOHAPHBIX HArpy3kax. YCTAHOBJICHO, YTO IS IJIOCKOTO CJIOSl BHELIHHUH
CJIOH TOBBIIIAET aMIUIUTYAY M NEPUOJ] CBOOOAHBIX KoJeOaHHH IMOCiIe CHATUS HArpy3Kd, a it
LIMIMHAPOB U cdep - moHmkaeT. Hamudue ynpyroro ciost yCHINBAaeT TPETHIO U FACHT YETBEPTYIO
COOCTBEHHYIO YacTOTY Ipeodpa3oBaTelis, 4eM PACIIMpsIET YACTOTHBII AHana3oH ero paboThl.

KiroueBble ci10Ba: Ibe30KEPAMUUYECKIE MHOTOCIIONHBIE TPE0Opa30BaTeIIN; HECTALIMOHAPHbIE
KOJIeOaHHs;  IIEKTPHYECKOe BO3MYILCHHE; IbE30dJICKTPHUYECKUE  aKTyaTopbl;  YIpYrue,
BSI3KOYIIPYTHE CJIOW; TOJILIMHHBIC, paiialibHbIC KOJIeOaHus.
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The aim of the research is the evaluation of the structural performance of composite fibre-
reinforced elements in the wider sector of the conservation of historical, architectonic and
environmental heritage, as well the more contemporary buildings of the last century, which have
lost of the bearing capacity focusing reliability indexes and the appearance of the structure.

In the article was described and analyzed the existing traditional methods and the alternative
methods of strengthening by FRP-materials (composite materials) such building structures as
masonry, metal structures, reinforced concrete, and the computation in software ABAQUS. These
procedures of strengthening building structures by FRP-materials in Ukraine are not widely used
due to the lack of a regulatory framework that would regulate their use, as well because these
materials are relatively expensive compared to the traditional ones.

The article analyzed the existing methods of computation and design of the strengthening
using FRP-materials, and the computation in software ABAQUS was performed with conclusions
and recommendations based on results of the computation.

The aim of the work was to review the technology and analyze the advantages and
disadvantages of each of the strengthen methods that should be used when choosing effective
solutions for strengthening building structures. In conclusion, the need for further study and
researches was confirmed.

Keywords: methods of strengthening, composite materials, FRP-materials, masonry, metal
structures, reinforced concrete, stress-strain state, computational methods, defects, damage,
reconstruction.

1. Introduction

Built mostly centuries ago, heritage buildings as well the more
contemporary buildings of the last century, which have lost the bearing
capacityoften need restoration and strengthening, especially in seismic regions
and in regions with shrinkage phenomena (subsidence region). The need of
strengthening of the building constructions during exploitation appears mostly
because of their premature wear as a result of technological influences and
weathering, various damage and various other factors.

Traditional methods of strengthening are effective, but in some cases not
appropriate or not applicable for use. An example is the increase of the load-
bearing structures of historical buildings, preserving the external appearance of
which is the determining factor. In this case, the use of the discussed
alternative methods can be justified alternative.

© Rudnieva IN.
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Knowledge of the causes of defects and damage of structures allows to
choose the best option of repairing or strengthening. Causes of the deformation
of buildings are presented in Table 1 [3].

Table 1
Causes of the buildings deformation

The type and external manifestation of the strain Causes of the deformation
Drawdown of the middle of the building

1. The weak base of the middle part of

the building
o D D D D\ 0 D § 2. Drawdown as a result of the
O |j D ng |:| [j D ]:| 0O soaking of the subsidence soils
3. Karst under the middle of the
U L D ﬁ Dﬂ] El ];] 0 building.
i / g /// 7 /// /// /// / 7 ///
Drawdown at the right side of the building 1. Weak base of the extreme part of the
building
] 2. Drawdown as a result of the soaking
ogogogoaog |; of the subsidence soils
3. Karst in the extreme part of the base.
oooooDao 4. Location near the open pit
DOOOa0O /|:|/ 5. Location near the trenches and
squeezing quicksand

6. Shift of the retaining wall that located
near

7. Construction next to of a new
building

Drawdown of two extreme parts of the building

1. The same reasons as for the right of

goaano the building, acting on its two extreme
parts
oo 2. Placing under the middle of the
h building of a large object
Buckling and bending of the wall in the vertical and
horizontal planes

] : N
0 ﬂfl 0D ﬁ 0 DE“] m {r 1. Tension from the truss system
poooobooooo 2. Horizontal force from the stretching
goooooooa 3. Eccentric transfer of the load from
T 7 7 0 2T 7 7 S the floors
—— 4. Vibrations from machines located
T in the building and seismic shifts
b
Cracks

Cracks indicate on the poor state of the structures. They may eventually
will have opened and cause the development of strains that not only change the
appearance of the design, but also greatly reduce its strength and carrying
capacity. In a brick and masonry buildings cracks in the walls, bridges, domes
and arches are caused mostly by irregular subsidence of the bases and
foundations, various deformability of the loaded or unloaded walls.



ISSN 2410-2547 269
Omip MatepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2020. Ne 105

In the reinforced concrete structures cracks are caused by poor
reinforcement, lack of spatial rigidity, temperature and shrinkage phenomena,
violations of manufacturing technology products, their ransportation,
warehousing and assembly, corrosion of the main reinforcement.

For survey and inspection of buildings, the results of laboratory tests, non-
destructive and quasi-non-destructive tests and researches are usually used
using some devices and instruments for such researching parameters as:

e Strain of the building (leveling instrument, theodolite survey,
photogrammetry, 3D laser scanning ),

* Deflections and displacements (leveling instrument, deflectometer, 3D
laser scanning),

* Concrete strength (The method of plastic deformation - the device of the
shock-impulse type, Hammer Koshkarova; the ultrasonic method ),

* Solution strength (The method of plastic deformation),

* Hidden defects of the material of the design (the ultrasonic and
radiometric method),

* Depth of the cracks in concrete and masonry (the ultrasonic method, a
calliper),

* Width of the cracks in concrete and masonry (measuring microscope, a
calliper),

» The thickness of the protective layer of the concrete (magneto-metric
method),

» The density of concrete, stone and granular materials (radiometric
method),

* Moisture concrete and stone (Neutron method),

* Breathability (Pneumatic method),

* Heat protection quality of the wall (Electrical methods).

Scientific Researches with using of 3D laser scanner during survey and
inspection of historical buildings were represented in the articles of Naif Adel
Haddad [20], Terrence F. Paret [21], Golubka Necevska -Cvetanovska [51],
Vincenzo Mallardoa [52], Yusuf Arayici [53].

To carry out restoration and strengthening of building structures, it is
necessary to carry out the following complex of works on the project:

1. Architectural concept of building

2. Design models of structure (using 3D laser scanning, which represents
today the most advanced technology available for measuring and documenting
objects and structures):

* beam (farm, frame of building) model (simplified)

« surface model (detailed, if it need)

3. Composition of loads and combinations of loads under standard
operation conditions

4. analysis of stress-strain state of structures:

* analytic method

* finite element method using computer's programs for simulation the
stress-strain state (SSS) of buildings structures

5. Spatial stiffening of structure (if it needs)
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6. Constructional drawings of main structure and structural elements

2. Traditional methods of strengthening building structures

There are the following traditional methods to strengthen masonry: partial
or total replacement of elements of masonry, installation of the core, injection
of special solutions, the use of the steel cages, the steel clamps, etc. Traditional
strengthening methods of building structures are shown in Fig. 1, Fig. 2.

(@) (b)

© )

L

() ®
Fig. 1. Image representations traditional methods of strengthening building structures:

(a) Strengthening of reinforced concrete jumpers by metal corners;
(b) Strengthening of the floor slabs using unloading metal beams;
(c) The foundations strengthening by reinforced concrete cage;
(d) Strengthening of the supporting walls by the temporary support;
(e) Steel angles added to span across cracking in the wall;
(f) Expansion of the foundation lining of the new reinforced concrete pillow, Kiev
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®
Fig. 2. Traditional methods of strengthening building
structures: (a) Photo of riveted steel truss supporting
roof joists and barrel vault ceiling joists; b)
strengthening of brick wall by tension bars with
overlays, Venice; c) installation of prestressed steel
strips, Venice; d) installation of prestressed steel
strips and strings with overlays, Venice; e) the
strengthening of the reinforced concrete floor beam;
f) strengthening of reinforced concrete beams with
(2) metal trusses; g) strengthening of the 12 meter
covering slabs by consoles and by truss tightening

Using traditional methods of strengthening to increase the strength
characteristics of masonry in most cases it is accompanied by a change of the
external configuration of the strengthened object. When old masonry replacing
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to a new the strengthening is accompanied by additional time-consuming work
to install the structures of unloading. Method of injection solution is useful
mostly for small damages.

Strengthening as the reinforced concrete structures as well as the metal
structures by the steel panels have a lot of advantages, such as relatively low
cost, sufficient fatigue strength, steel panels are universal.

Disadvantages of steel panels and rods for strengthening are possible
corrosion, they have considerable weight, for installation of steel elements need
high labor content of the work, and consequently the high cost of labor required,
to perform the work need large area, steel elements are limited in size.

Repairing or strengthening failing structures traditionally involves using
bulky and heavy external steel plates that often pose their own problems. The
plates are generally prone to corrosion and overall fatigue. Therefore fibre-
reinforced polymer is a great alternative for strengthening reinforced concrete
and metal structures.

3. The alternative methods for strengthening building structures

Used traditional methods of amplification have a relevant and effective, but
they can not always be used in case of strengthening of bearing structures of
historical buildings, where it is necessary to preserve not only the building as a
whole, but also external architectural appearance. Because the anchors permeate
the design, and they damage the surfaces of architectural structures. In such
situations, it is better to use alternative methods strengthen as the metal
structures as well the masonry and reinforced concrete structures using
composite materials [24].

The alternative methods for strengthening building structures are methods of
reinforcement by composite materials (Fig. 3).

i ?
What is FRP? oy

Fibres

Provide strength Protects and transfers load
and stiffness between fibres

Carbon, glass, aramid Epoxy, polyester, vinyl ester

Creates a material with attributes superior to either component alone!

Fig. 3. Image representations composite material FRP

Composite material in the form of surface reinforcement externally bonded
non-metallic strips.

FRP consists of fibers — carbon, aramid or glass — bonded together with a
polymer matrix — epoxy, polyester or vinyl ester (Fig. 4).

FRP reinforcements are shaped either into composite laminates for epoxy-
bonding onto the masonry surface, or into textile fabrics for laying onto the
masonry surface and then impregnating the fibers with the matrix.
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Fig. 4. Image representations of composite FRP materials

The main advantages of the strengthening of building constructions by
composite materials are follows:

1) high durability and resistance to corrosion;

2) easy installation and low own weight;

3) high mechanical characteristics (strength and modulus of elasticity) of
materials that constitute the strengthening of system;

4) a high elongation of materials strengthening;

5) possibility to joint the working element of the external reinforcement
with reinforced structures at all stages of loading (such work provided by a
reliable adhesive bonding).

The necessity of using FRP for strengthening building and structures is due
to the internal properties of the material, such as a high strength-to-weight
ratio, corrosion resistance, etc. (Tabl. 2). In addition, both the material and the
geometric properties can be adapted for a specific application. Several
materials are available for the fibers, e.g. glass, aramid, carbon. Therefore, a
FRP with carbon fibers is abbreviated as CFRP. Properties of different fibers
and typical steel are shown in Fig. 5.

Aramid fibers has good endurance and rigidity as well as low electricity
and thermal conductivity. Carbon fibers are made from different starting
materials. Mechanical properties of the fibers to a large extent depend on the
carbonization conditions.

Carbon HS
M0 —
%_ 4000 —
P
g - Carbon H\ Aramid
Glass
2000 — Stewl tendons
/ Steei bar
1 2 | 4 B
Sirain )

Fig. 5. Properties of different fibers and typical steel
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Strengthening of building structures with elements of external
reinforcement made of high-strength fibers has been used for a long time,
although for Ukraine, unfortunately, it is a fairly new thing. It has been in use
in Switzerland or in Italy more then 45 years. Comparison of physical and
mechanical characteristics of different fibers and steel represented in Table 2.

Table 2
Fibres and steels properties
Fib v Pri
1ores Eaxial /Eradial Gmax Smax p s [e ;1(;: ]
[GPa] [MPa] | [%] g /cm’] g
HM 380/12 2400 2.6 0.2 1.95 20-60
Carbon
HS 230/12 3400 1.1 0.2 1.75 20-60
Carbon
Glass 76/76 2000 2.6 0.22 2.6 1.5-3
Aramid 130/10 3000 2.3 0.35 1.45 20-35
Basalt 89/NA 4800 3.15 NA 2.75 NA
Steel 200-220 400 7.9 5-10

Samples of composite materials of the Italian company FIBERBUILT [17]
are shown in Fig. 6.

D

(b) (©

Fig. 6. Image representations composite materials
! of the Italian company FIBERBUILT:
i s S (a) Carbon Fiber Reinforced Polymer CFRP;
el T~ (b) Glass Fiber Reinforced Polymer CFRP;
i _T““-f f (c) La tecnologia FRP;
i _7 (d) Kind of composite grid in the roll of fiberglass
g GFRP(Glass Fiber Reinforced Polymer)

(d

In the composite materials based on glass fiber are used quartz glass. The
advantages of fiberglass are relatively low cost. Aramid fibers are used since
the 70s of the last century. On chemical structure similar to nylon aramids.
These fibers are anisotropic at its structure and as compared with glass have a
higher strength and modulus of elasticity. They are more plastic under the
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influence of tensile loads, but under compression they remain elastic before
failure. Important properties of a strengthening material are the stiffness,
strength, and weight.

Nevertheless, drawbacks related to brittle failure, longterm durability,
sensitivity to impacts, and high cost have limited their widespread use. After
the diffusion of Fibre Reinforced Polymers (FRPs), mortar-based composites
have been recently developed, which make use of high performance textiles
(continuum dry fibres arranged in the form of open mesh or fabric) externally
bonded with either cement or lime mortars. These systems are known as either
TRMs (Textile Reinforced Mortars) or FRCMs (Fibre Reinforced
Cementitious Matrices). Despite their adhesion strength may be lower than
FRPs in certain cases, they offer important advantages in terms of fire
resistance, vapour permeability, removability, and ease, time and cost of
installation, thanks to the use of inorganic matrices in place of resins.

From the viewpoint of fire resistance and safety of the works the use of
microcement with addition of polymer resins as an adhesive is more effective,
in contrast to the epoxy adhesive. At strengthening of structures by grids for
consolidate them to the surface using adhesive mortar based on cement [37].
New reinforcing material: FRCM Components Poliparafenilen Benzobis
Oxazolo (PBO), Cement-based Adhesive FRCM, C-FRCM and C-FRP are
represented on Fig. 7, Fig. 8.

NEW RESEARCH 2006-07 | REINFORCING MATERIALS |

|
I |L10ARBON (0)|-I +

l J
L+ '?&’?&i’“ﬂr‘ﬁlgag')" == [FRcM| [FrP | == [EPOXY RESIN]

Tens. strength | Failure strain | Young's modulus | Mominal thickness
FIBERS (N/mm3) (%o} (GPa) (mm)
Carbon net 3500 15 240 D0.047 (dir. 1 and Z)
0.046 (dir.1)
21.5 2
PBO net 5200 215 270 0.022 (dir. 2)
Carbon sheet 3500 15 240 0.7

Fig. 7. New FRCM
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Strong interaction
. J ix / fil PEO

C-FRP

C-FRCM
PBO-FRCM l :
e b v
R X == ==
R .
TTTTT I T T IT mtorohase | - ——

Fig. 8. Properties of new FRCM

Reinforcing

4. The main metods for strengthening building structures using FRP-
materials

4.1. Masonry. The systems for strengthening of building structures vary
depending on the type of consolidation required:

* FIBREBUILD FRCM (Fiber Reinforced Cementitious Matrix) [17]:
“reinforced render” method, where GFRP meshes, connections and accessories
are combined with lime-based mortars to obtain collaborating reinforced
renders capable of improving shear, flexural and compressive strength of
masonry (Fig. 9,a).

(W] ©
Fig. 9. Image representations the systems for strengthening of masonry walls:
(a) FIBREBUILD FRCM (Fiber Reinforced Cementitious Matrix);
(b) FIBREBUILD RETICOLA; (c) FIBREBUILD FRP
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* FIBREBUILD RETICOLA: “reinforced repointing” method, where
stainless steel cords and connections are used to consolidate “exposed stone”
masonry. The system helps reinforce masonry diffusely and successfully,
while preserving the original look (Fig. 9,b).

* FIBREBUILD FRP: fibre-reinforced sheeting method, with GFRP and
CFRP weaves, sheets and bars, particularly adapted to consolidate beams,
pillars and columns and any other spots where masonry requires local
reinforcement (hooping) (Fig. 9,¢).

Of all architectural elements, arches and vaults made of stone or brick, be
they bearing or not, are the most prone to degradation and stress caused by
seismic events, changes in acting loads and foundation sinking, which cause
the structure to lose its original mechanical properties. Because these elements
are of great historic and architectural value, they need to be consolidated in a
non-invasive, compatible and consistent way with regard to their special
features.

Fibre Net developed two different methods of intervention:

* FIBREBUILD FRCM (Fiber Reinforced Cementitious Matrix): the
“reinforced render” method, where GFRP meshes, connections and accessories
are combined with preferably lime-based mortars to obtain a thin collaborating
reinforcement capable of improving mechanical strength diffusely and
homogeneously (Fig. 10,a).

* FIBREBUILD FRP: fibre-reinforced sheeting method, where GFRP and
CFRP weaves are used for reinforcing individual spots, ideally recommended
for oddly shaped arches and vaults (Fig. 10,b).

The esthetic superiority and the general structural characteristics of FRP-
systems have been recognized by Jerzy Jasienko [12,13], Angelo Di Tommaso
[11] etc, as well as following international organizations: The International
Federation for Structural Concrete [4] , American Concrete Institute [5], Japan
Building Disaster Prevention Association [6].

b b
Fig. 10. Image representations the systems for strengthening of arches and vaults:
(a) FIBREBUILD FRCM ; (b) FIBREBUILD FRP for arches and vaults
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4.2. Reinforced concrete structures
The systems for strengthening of reinforced concrete structures by FRP-
materials are represented on Fig. 11.

Fig. 11. Image representations the systems for strengthening of reinforced concrete structures
by FRP-materials

4.3. Metall structures

The use of steel plates to repair and strengthen existing steel structures has
been traditionally used for rehabilitation of steel girders. However, the welded
detail of steel plates is sensitive to the fatigue loads.

The effectiveness of using bonded CFRP sheets or plates to improve the
fatigue strength has been examined by various researchers [38, 40, 41].

Great contribution to the theory of design with using of FRP-systems was
done by lot of scientists. Big contribution and good review was made by
Giosu¢ Boscato [38].

There exists a large number of applications of the FRP-system for
strengthening the metal structures for conservation of the architectural and
enviromental heritage. Certainly, there are also disadvantages, such as
relatively high cost and the need for protection from fire, possible
delamination. This problem is studied by a number of scientists.

The study of A. Shaat and A. Fam [40] investigates the experimental
behaviour of axially loaded slender steel columns composed of square Hollow
Structural Section (HSS), and strengthened using high modulus-carbon fibre-
reinforced polymer (HMCFRP) plates. As the slenderness ratio increases, the
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HM-CFRP failure mode changes from debonding to crushing at the inner
surface of the buckled column (Fig. 12, Fig. 13).

R=64
B=44

(b) Unstrengthend

cross section

layers |
@5x14&
16x1.4) . YL
(a) Buckiing of (c) Strengthend (a) Sandblasting of steel (b) Installation of CFRP
slender Column cross section surface plates
Fig. 12. Buckling and cross sectional Fig. 13. Preparation of test speciments

configurations

Exploration performed during the
rehabilitation of steel bridges [26]
using advanced composite materials
have represented many advantages of
using FRP-materials for feasible and
cost-effective  solutions  for an
increasing number of deficient bridges
(Fig. 14).

Load tests performed prior to and
after the rehabilitation indicate a
reduction in tension flange strains of
11%. The research demonstrated that
this rehabilitation approach is a feasible
and potentially cost-effective repair
solution for deteriorated steel bridges.

Delamination of a strengthened
element can take place in the
reinforcement, in the reinforcement, in X L o
the substrate or at the interface. In a Fig. 14. Test girders are strengthened

by CFRP plates
strengthened element with a
metallic substrate, the possible ——
delamination failure modes are substrate
listed below, as shown in Fig. 15:

a) Delamination at the substrate

— adhesive or adhesive-FRP

maalFRP 3
interface; _inerface s
b) Cohesive failure of the
ve: ~  adhesveFRP  FRP FRP o
adheswe’ interfame dalamination "~ ——

¢) Delamination in the

strengthening material Fig. 15. Types of debonding in FRP strengthened

metallic structures



280 ISSN 2410-2547
Omip MatepianiB i Teopis copyx/Strength of Materials and Theory of Structures. 2020. Ne 105

5. Computation of the strengthening using FRP-system

For the calculated limit state to take the condition of achieve of the limit
values of the coupling of adhesive with the reinforcing structure. Moreover,
must be taken into account factors of reliability depending the used type of
composite material and technology of its application.

For example, in Italy, the main existing documents in the field of
strengthening of structures by composite materials including
recommendations of computation and design are:

» Eurocode 8 - Design of structures for earthquake resistance Part 3:
Assessment and retrofitting of buildings. EN 1998-3:2004. European
Committee for Standardisation (November 2004) [1].

* FIB bulletin 14. Externally bonded FRP reinforcement for RC structures.
July 2001 [2].

*  Externally bonded FRP reinforcement for RC structures. Technical
report on the Design and use of externally bonded fibre reinforced polymer
reinforcement  (FRP)  for  reinforced concrete structures.  The
International Federation for Structural Concrete. CEB-FIP, July, 2001 [4].

* ACI 440.2R-08. Guide for the Design and Construction of Externally
Bonded FRP Systems for Strengthening Concrete Structures. ACI Committee
440, technical committee document, 2008 [5].

* CNR-DT 200/2004 Guide for the Design and Construction of Externally
Bonded FRP Systems for Strengthening Existing Structures. Materials, RC and
PC structures, masonry structures. ROME —CNR, 2004. 154 p. [7].

. CNR-DT 203/2006 «Guide for the Design and Construction of
Concrete Structures Reinforced with Fiber-Reinforces Polymer Bars». ROME
— CNR, 2007. 39 p. [8]

. CNR-DT 202/2005 «Guidelines for the Design and Construction of
Externally Bonded FRP Systems for Strengthening Existing Structuresy.
Metallic structures. Preliminary study. ROME —CNR, 2007. 57 p. [9]

CNR-DT 201/2005 «Guidelines for the Design and Construction of
Externally Bonded FRP Systems for Strengthening Existing Structuresy.
Timber structures. Preliminary study. ROME —CNR, 2007. 58 p. [10]

5.1. Design of strengthening of reinforced concrete structures by FRP-
materials (Fig. 16) according with ACI (American Concrete Institute)
Committee [5]:

f=E. €.
_______________ N.A
h d
Jr 9 'S.S f
T ot —>Igs
f Rl

Fig. 16. Elastic strain and stress distribution
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The effective stress level in the FRP reinforcement can be found from the
strain level in the FRP, assuming perfectly elastic behavior [, =E €.

The nominal flexural strength of the section with FRP external
reinforcement can be computed from

M, =4, f(d~(Bio)/ 21+ 1 A; £ (h=(Bio)/2)
An additional reduction factor y,is applied to the flexural strength
contribution of the FRP reinforcement. A factor y,=0.85 is recommended.

With the strain and stress level in the FRP and steel reinforcement
determined for the assumed neutral axis depth, internal force equilibrium may
be checked using

oSt A e
v/Bib
The terms f; and y - parameters defining a rectangular stress block in the

concrete equivalent to the actual nonlinear distribution of stress. If concrete
crushing is the controlling mode of failure (before or after steel yielding), S

and y can be taken as the values associated with the Whitney stress block (y =

0.85 and p, =0.97—0.0025ﬂ>0.67 from Section 10.2.7.3 of ACI 318-99).

5.2. Design of strengthening of reinforced concrete structures by
composite materials according with proposition from Taljsten (2006) [18]:

- the design for bending is similar for all - the shear contribution
elements the frame is performed attributed to the strengthening
considering the approach found in material is determined as
’ ZM/O’g_Ast st tf — Vd
ip ) P
Efip Efip 0.6€5, E by

where the steel area A4, and the yield
strength of the steel, f;, should not be
accounted if no steel is present in the
section.

Guidelines for the strengthening of tensile elements of metal structures
by FRP-materials (Fig. 17) are represented in [9].

The strengthening can be applied for the restoring of the load bearing
capacity of corroded elements, as well as for the upgrading of the failure load
undamaged elements.

E .ty
T ——————————
4"7\'! E .t %0 4N}
e e —

Fig. 17. Tensile element with partially corroded cross section and symmetric reinforcement.
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On the conservative side, restoring of the load bearing capacity of damaged
elements, not subjected to fatigue, is performed assuming that the stresses
across the damaged section are bridged by the FRP materials. The
Strengthening must be designed such that:

U
24, =124, S Sup>
Yy
where: Ag, is the cross section area of the FRP; f, Is the lower
characteristic of the composite tensile strength; ¥, is the partial factor of the

reinforcement material; 77 Is the conversion factor; A; Is the cross section
area of the metallic substrate; [y, 1is the upper characteristic value of
yielding stress ( f,, ) for ductile material, or failure stress ( f, ) for brittle

material.

Strengthening of flexural elements of metal structures by FRP-
materials (Fig. 18) [9].

Strain Stress f,a
F
ds
Newralais || A B Y Vs
é g E :é ]:,Id.—ld'
F s "
C F‘H—
£0 &4 fyd
Ju

Fig. 18. Procedure for computing the flexural capacity

The ultimate limit state is checked by verifying the following Equation:
Mgy <Mpgq,

where M, is the bending moment produced by the design load combination,

M RdzZFi-di is the design value of the flexural capacity.

The last 15 years in particular, the advent of powerful computers and the
development of sophisticated nonlinear CAD software (Finite Element
Analysis (FEA) Software Stand, SolidWorks, DIANA, MATLAB (finite
element method FEM and discrete element method DEM), ADINA [14],
ABAQUS [15], Autodesk REVIT Structure, Autodesk ROBOT Structural
Analysis, ANSYS, TEKLA Structures, SCAD, LIRA and others) have enabled
engineers to utilize complicated large scale structures, some of which can be
classified among unique examples of engineering excellence.

6. Aanalytical modeling in ABACUS/CAE

Modeling Procedure of the steel beam. Computations of steel beam are
performed in software ABAQUS.
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The modeling, meshing, boundary condition and loading conditions are

shown in Fig. 19.
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Fig. 19. Modeling, meshing, boundary condition and loading of the Steel beam in software

ABAQUS (Q=15000N/m?)
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Fig. 19 (continuation). Modeling, meshing, boundary condition and loading of the Steel beam in
software ABAQUS (Q=15000N/m?)

Results of computation of the Reinforced concrete beam in software
ABAQUS are represented in Fig 20.
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Fig. 20. Results of computation Steel beam in software ABAQUS:
(a) before strengthening by CFRP; (b) after strengthening by CFRP
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Modeling of the reinforced concrete beam. Computations of reinforced
concrete beam are performed in software ABAQUS.

The modeling, meshing, boundary condition and loading conditions are
shown in Fig 21.
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* CFRP: Linear-Elastic orthotropic

Hip = 0.3,G12 = 52Gpa,
Thickness of CFRP sheets 1 mm.

| s | i
e demm Y g
@l maeis (3) =
& Calteations
B R sectors (5)
oot

le Model Vewport Uew load BC PrechfiedField loadCase Featwe Took Flughs Hep K7

SEmE [ Bfmes A@- b ¢ ALENE A oooK CREILE: kF 1]

vioies [Erood ], ot [t

] s [Fre ]

| resuts |
e P

& Features (4)

b Sets (17)

& Sufaces (2)

B Connector Assignments

B8R Engieering Features

of% steps (2)

B2 Field Output Regquests (1)

B3 istory Output Requests (1)

% Time Points

s ALE Adaptve Mesh Constrai

 Ineractions

= Ineracton Praperties
Contact Cantrols

i Contact Iniizaions
4 Contact Seabizaions
1] Constraints (3)

B Cornector Sactons

F riekis

Py Ampltudes
05 Lok

I BCs (4)

DiplacementControl
[ Predefined Fields
Eig Remeshing Ruls
BT optimzation Tasks
I steiches L !
[ — Abaqus/CAE 6.12-3 - Model Database: C:\B1.cae [Viewport: 1]

() B ok Vewon Yo nmadion Contant Copecor Specel Festwe Took Pgins feb P

s | e | vt Sz =] s [t

o senFr 5]

[I—
Type: Tio
DT s B )
§ Sevosutace: sSub1 [y

L

Discrtzation method: [pnaysis defaut 7]
™ Excieshel dment icness

Position Tolerance |
 Use computed dafault

C speciydatarces [
Note: Nodez on th save zuface that

conseered to be utsidethe postion
olerance IO be ted.

I |

LS

7 Adjst sove s it positon
7 T rotations| DOF< F plcable

Fig. 21. Modeling, meshing, boundary condition and loading of the reinforced concrete beam in
software ABAQUS (P=12MN)
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Results of computation of the Reinforced concrete beam in software
ABAQUS are represented in Fig. 22.
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Fig. 22. Results of computation of the Reinforced concrete beam in software ABAQUS:
(a) before strengthening by CFRP; (b) after strengthening by CFRP

7. CONCLUSIONS:

o This note has attempted a review of the latest issues and developments in
the strengthening of building and structures, while also touching upon the
historical perspective and including some information of general nature.

e The treatment is of necessity short in order to compress many issues into
limited space. The paper has particularly addressed the latest trends and issues
of concepts in strengthening of structures using composite materials.

e In the article it was considered variants of strengthening steel beam and
reinforced concrete beam by composite materials. Computations are performed
in software ABAQUS.

o CFRP strengthened steel and reinforced concrete beams resulted in
reduce strain in the element and consequently to the possibility to insrease load
carrying capacity.
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e For example, in a metal beam after the inclusion CFRP in operation the
percentage decrease of the vertical deflection was 5,6 %. The value of tensile
stresses reduced by about 4,1 %.

e In a reinforced concrete beam the percentage decrease of the vertical
deflection was 3,2 % for beams strengthened with CFRP laminates. The value
of tensile stresses reduced by about 2,8 %.

o The beams strengthened with CFRP laminates show enhanced ductility.

e The main principle of placement of composite laminates, grids, rods
consists in a parallel arrangement to tensile stresses.

o Despite the large amount of information about FRP-materials issues of
reliability of alternative metods for strengthening building structures by FRP-
materials have yet to be properly defined.

e In addition, durability requirements, adaptability to manufacture,
economic efficiency, ecological and social factors should be fulfilled in total
volume.
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Pyonesa 1.

MOPIBHSIJIBHUM AHAJI3 MIJCUJAEHHA BYAIBEJIbHAX KOHCTPYKIIII
(KJIAJIKA, METAJIEBUX KOHCTPYKIIIH, 3AJMI30BETOHY) 3 BUKOPUCTAHHSIM
FRP-MATEPIAJIIB I TPAIULIAHAX METO/IIB [TPA PEKOHCTPYKIIIi

IToGymoBaHi B OCHOBHOMY CTOJITTS Ha3aj, iCTOPHYHI OyiBIIi, a TaKoXK O1IbLI CydacHi OyaiBii
MHHYJOIO CTONITTS, SIKi BTPATWJIM HECydy 3[aTHICTb, YacTO HOTPEOYIOTH BIJHOBICHHS Ta
HiJCHJICHHS, OCOOJIMBO B CEHCMIUYHMX pailOHAaxX i B perioHax 3 sSBHIIAMU IPOCITAHHS I'PYHTIB.
HeoOxinHicTh mificuiIeHHs OyAiBeIbHUX KOHCTPYKIIH B IIPOLIeC eKCITyaTaLlil BHHUKAE TOJIOBHUM
YUHOM depe3 iX MepeadacHoOro 3HOCYy B pe3yJbTaTi TEXHOJOTIYHHX M arMoc(hepHHX BIUIMBIB,
PI3HHX IOLIKO/PKEHb Ta HIIMX (HaKTOPIB.

TpaauuiidHi MeToau miacHiIeHHs e()eKTHBHI, aje B JCIKHX BHUIMAAKaX HE MiIXOASATh abo HE
MOXYTh 3acTocoByBaTHCs. Ilpuknazom € 30iIbLICHHS HECYYHX KOHCTPYKLIH iCTOpPHYHUX
OyniBenb, 30epe)KEHHsI 30BHIMIHBOIO BUILIAY SKHX € BH3Ha4YalIbHUM (akropoM. Y IbOMY
BHIAJKy BUKOPUCTaHHS albTEPHATUBHUX METOMIB 3 BUKoprcTaHHAM FRP-matepianiB moxe 6yTn
BHUIIpaBJaHe.

3HaHHS NPUYUH AeeKTiB 1 MOLIKOMPKEHb KOHCTPYKILIH 103BOJIsIE BHOpATH ONTHMAaIbHHUN
BapiaHT PEMOHTY a0o0 MiACHICHHS. METOI NOCIIKEHHS € OLiHKA CTPYKTYPHHX XapaKTepHCTHK
KOMITO3UTHHX apPMOBAHHX CJIEMEHTIB B OLIBII LIMPOKOMY CEKTOpi 30EpE)KEHHS iCTOPHYHOI,
apXiTEeKTypHOT Ta E€KOJIOTiYHOI CHAALIMHH, a TaKOX B OLJbII CydyaCHHX OYHIBJISX MHHYJIOrO
CTOJITTS, sIKi BTPATHJIM HECydy 3[aTHICTh 3 (POKYCOM Ha IMOKa3HUKH HAIIMHOCTI i 30BHILUHIN
BUTJISL KOHCTPYKLII.

VY crarTi onMcaHi i mpoaHani3oBaHi iCHYIOYI TPaaMIiiHI METOAM i aJbTEPHATUBHI METOIM
nigcuiaeHns FRP-marepianamu (KOMIO3UTHUMHM MatepianaMy) TakuxX Oy/iBelIbHUX KOHCTPYKIIH,
SK Kam'sHa a0o IlerisiHa KJajKa, METalieBi KOHCTPYKII, 3ami300eroH. Takok BHKOHAHO
po3paxyHOK B nporpamHomy 3abesnedenni ABAQUS. Lli nporuenypu miacuieHHs OymiBeabHHX
KOHCTPYKLiit 3a nomomoroto FRP-marepianiB B YkpaiHi HIMPOKO HE BUKOPHCTOBYIOTHCS depe3
BIJICYTHICTh HOPMATHBHOI 0a3u, sika O peryjroBajia iX BUKOPHCTAaHHs, a TaKOX TOMY, IO Iii
MaTepiajM BiJHOCHO J0POTi, B IOPIBHAHHI 3 TPaAULIHUMH.

VY craTTi mpoaHami3oBaHi ICHYIOUI METOOM pPO3PAaxyHKY 1 NPOCKTYBAaHHS IIiJCHJICHHS
KOHCTPYKUiit 3 BukopuctanusM FRP-martepiani. Po3paxyHOKk B mporpamMHoMy 3a0e3nedeHHi
ABAQUS BuKOHaHMH 3 BHCHOBKAMH 1 pPEKOMEHIALUSMM, 3aCHOBAaHMMH Ha pe3yibTaTax
PO3paxyHKY.

MeToro poboTH 0YII0 pO3IJIsijl TEXHOJIOTIT Ta aHai3 epeBar i HeAOIKIB KOXXHOTO 3 METO/IB
HiJICHJICHHS, SIKI CJIiI BHKOPHUCTOBYBATH NpU BHOOpI €(EKTHBHHUX pIIlCHb AIS MiACHICHHS
OyniBensHMX KOHCTpyKuiii. Ha 3aBepuieHHs Oyna MiATBepKEHAa HEOOXIAHICTH MOAANIBLINX
JIOCJIIKCHB Ha L0 TEMY.

Karo4oBi cjioBa: MeToad IiJCHIICHHS, KOMIO3WTHI martepiamu, FRP-matepianu, kiaika,
MeTalieBi KOHCTPYKIii, 3a11i300€TOH, HanpyXeHOo-1e(pOPMOBaHUN CTaH, OOYKMCIIIOBAIBHI METO/H,
neheKTH, MOLIKOKEHHS, PEKOHCTPYKIIis.

Rudnieva I.

COMPARATIVE ANALYSIS OF STRENGTHENING OF BUILDING STRUCTURES
(MASONRY, METAL STRUCTURES, REINFORCED CONCRETE) USING FRP-
MATERIALS AND TRADITIONAL METHODS DURING RECONSTRUCTION

Built mostly centuries ago, heritage buildings as well the more contemporary buildings of the
last century, which have lost the bearing capacity often need restoration and strengthening,
especially in seismic regions and in regions with shrinkage phenomena (subsidence region). The
need of strengthening of the building constructions during exploitation appears mostly because of
their premature wear as a result of technological influences and weathering, various damage and
various other factors.

Traditional methods of strengthening are effective, but in some cases not appropriate or not
applicable for use. An example is the increase of the load-bearing structures of historical
buildings, preserving the external appearance of which is the determining factor. In this case, the
use of the discussed alternative methods can be justified alternative.

Knowledge of the causes of defects and damage of structures allows to choose the best option
of repairing or strengthening.
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The aim of the research is the evaluation of the structural performance of composite fibre-
reinforced elements in the wider sector of the conservation of historical, architectonic and
environmental heritage, as well the more contemporary buildings of the last century, which have
lost of the bearing capacity focusing reliability indexes and the appearance of the structure.

In the article was described and analyzed the existing traditional methods and the alternative
methods of strengthening by FRP-materials (composite materials) such building structures as
masonry, metal structures, reinforced concrete, and the computation in software ABAQUS. These
procedures of strengthening building structures by FRP-materials in Ukraine are not widely used
due to the lack of a regulatory framework that would regulate their use, as well because these
materials are relatively expensive compared to the traditional ones.

The article analyzed the existing methods of computation and design of the strengthening
using FRP-materials, and the computation in software ABAQUS was performed with conclusions
and recommendations based on results of the computation.

The aim of the work was to review the technology and analyze the advantages and
disadvantages of each of the strengthen methods that should be used when choosing effective
solutions for strengthening building structures. In conclusion, the need for further study and
researches was confirmed.

Keywords: methods of strengthening, composite materials, FRP-materials, masonry, metal
structures, reinforced concrete, stress-strain state, computational methods, defects, damage,
reconstruction.
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Experimental-theoretical studies of biaxially prestressed steel-fiber-concrete slabs under the
action of a uniformly distributed load were performed. A method for calculating steel-fiber-
concrete (SFC) slabs based on the deformation method is proposed. This takes into account stress
losses in the reinforcement from creep and shrinkage deformations of reinforced concrete. The
increase in compressive strength of steel-fiber-concrete under biaxial compression is also taken
into account. The results of calculation of experimental samples and their comparison with the
results of experimental researches are given.

Keywords: bearing capacity, steel-fiber-concrete, bending moment, curvature, prestressed
reinforcement, relative deformations, stresses in reinforcement, stresses in steel-fiber-concrete.

Introduction. Modern construction is impossible without the use of
reinforced concrete structures with pre-stressed reinforcement. Fiber
reinforcement is used to improve the strength and deformability characteristics
of concrete. Among such fibers, steel fiber is the most widely used. It
significantly improves the tensile strength of steel-fiber-concrete (SFC). This
makes it possible to take into account the operation of the SFC in the stretched
cross-sectional area of the bending elements. The current regulations do not
provide recommendations for the calculation of the SFC of flat elements that
work in two directions. There are no recommendations for the calculation of
SFB elements with pre-stressed reinforcement. Research of bearing capacity,
crack resistance and deformations of biaxially prestressed SFC plates is
practically absent. The aim of the research is to obtain new experimental data
of such structures under transverse loading and to develop a method for
calculating their bearing capacity.

1. Method of calculating the bearing capacity. To determine the bearing
capacity of the plate, we consider a scheme in which the plate is subjected to a
uniformly distributed load and pre-compression forces in two directions P, and
P, (Fig. 1). The characteristics of reinforcement are accepted according to fig. 2.

The calculation of the carrier definition is performed in two directions,
cutting strips of width b, = S, and b, = §,. At the first stage, we determine the
compressive stress of the SFC, which is transmitted by pre-stressed
reinforcement, taking into account the losses from shrinkage and creep of the
SFC. The stress-strain state in cross section is shown in fig. 3. When the
central compression stresses and strains in cross section are the same height

Our(t) = Ocr2) A Epry = Ecr(2) -

© Zhuravskyi O.D.
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Fig. 1. The loading scheme of the experimental steel-fiber-concrete slab:
Py — single vertical load; Py and P, - pre-compression forces along the axes, respectively X and ¥
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Fig. 2. Characteristics of reinforcement of a single fragment of the plate
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Fig. 3. Stress-strain state of a rectangular steel-fiber-concrete section with pre-stressed
reinforcement in the center of the section:
(a) - cross section of the element;
(b) - diagram of stresses and strains during the transfer of forces from reinforcement to concrete

After applying a vertical load, the stress-strain state can be divided into
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three stages (Fig. 4).
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Fig. 4. Stress-strain state of a rectangular steel-fiber-concrete section with pre-stressed
reinforcement in the center of the section under the action of bending moment: (a) - cross section
of the element; (b) - diagram of stresses and strains under the action of bending moment and
compressive force at stage I; (c) - plot of stresses and strains under the action of bending moment
and compressive force at stage 11 (stage of crack formation); (d) - diagram of stresses and strains
under the action of bending moment and compressive force at stage III (stage of destruction)

At the first stage at insignificant loading compressive stresses and
deformations in the top zone of section increase, and in the bottom zone of
section decrease and reach values ., =0 and £, =0 (Fig. 4b). At the

same time tensile stresses in the reinforcing rod o, will decrease

In the second stage, with a further increase in load, the compressive
stresses and strains in the upper section of the section increase, and in the
lower section of the section there is tension and stresses and strains change
SIgN —Cop(2) = Ogpi(a) AN —€4p(2) = €2 (Fig. 4¢). The tensile stresses in the

reinforcing rod o are further reduced. At this stage, normal cracks occur and

it is taken to calculate the crack resistance and crack width.

In the third stage, with a further increase in load, the compressive stresses
and strains in the upper cross-sectional area reach the limit values
(o) =Jy and e,y =¢y, ), and in the lower cross-sectional area, the

tensile and strain stresses reach the limit values (o, =f,; and

Ecr(2) = € ) (Fig. 4d). The tensile stresses in the reinforcing rod o are

further reduced. This stage is used to calculate the bearing capacity.

The value of the ultimate bending moment in the direction of one axis i=(x
or y) for fiber-reinforced bending elements of rectangular cross-section with
pre-stressed reinforcement is recommended to be determined by the formulas:

bifophei
g a 1
9 > (D

a k+1 3
—E ke _Zbifcft (h_xl,i)+GSiAsi =0,
k=1

k+1
bf k.35 4 2
g el Z—k y _lbifcft (h=xy;)" +04 4 (x —z4)—M; =0. (2)
Niz o k+2 6

In formulas (4.7), (4.8) according to [7]:
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g -
Y= AL 5 &cray - relative deformations of the SFC in the compressed cross-
gcfl )

sectional area; ¢, (,) - relative deformations of the SFC in the stretched cross-

_ (Ec(l) _50(2))1‘
h

1

sectional area; N; = (—) ; - the curvature of the curved axis in

7

£ _
% - height of the compressed zone (m); &; = Ni .

i gcf]

cross section; x;; =

relative curvature; o, = E; (Ni(x” —zsi)—gpol») - stresses in reinforcing

rod; ¢,y - relative deformations from the prestress of the reinforcing rod,

pOi

taking into account all losses; k. - coefficient that takes into account the

cl
increase in the strength of the SFC under biaxial compression and is
determined by DBN [1].

The calculation of the ultimate bending moment is performed in the
following sequence:

1. In the first step, we determine the relative deformations ¢, in the
most compressed face, taking &, ;) =0 (Fig. 4b). To do this, determine the

values y, N;, x;, Ni, o, and, substituting them in equation (1), select the

spi
value ¢,y so that equation (1) is equal to 0. Next, we substitute the obtained

values into equation (2) and determine the value of the moment M.
2. In the second step, increase the value &,y by 0,1, and select the

value &,y so that equation (1) is equal to 0 (Fig. 4c). Next, we substitute the

obtained values into equation (2) and determine the value of the moment M.
The value of the moment M and N; plot on the graph «moment-curvaturey.

3. The following steps are performed by analogy with the second, gradually
increasing the value ¢,y by 0,le. ;). The calculations are performed step

by step until the value of the moment in the last step is less than in the previous
step or the values of the relative deformations in the stretched zone reach the
limit values.

2. Strength and deformability characteristics of SFC. The prototypes
were made of SFC with a concrete matrix of the same composition. Portland
cement of the M400 brand was used. Quartz sand in the ratio C/P = 1/3 was
used as a fine aggregate. The water-cement ratio was W/C = 0.62.

Samples of the first series were reinforced with a mixture of steel fibers of
STAFIB 50/1.0 and STAFIB 30/0.6 with anchors at the ends, the percentage of
which was 0.5% by volume of each fiber. The samples of the second series
contained 1.0% by volume of NOVOKON URW 50/1.0 corrugated fibers.
Technical characteristics used in the study of steel fibers are given in table 1.

Determination of strength and deformation characteristics of SFC was
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carried out on prisms 75x75x300 mm, 100x100x400 mm and cubes with a rib
size of 75 and 100 mm at the age of 28 days. The tensile strength of the SFC
was determined when testing samples of "eights" with a cross section of
40x40 mm in a rupture machine. As a result of tests, the compressive strength
of SFC is fip prisn=13.5 MPa (series I) and fiy s»=10.3 MPa (series 1I). The
tensile strength of SFC is f;u=1.48 MPa (series 1) and f;u=1.22 MPa (series
II). The initial modulus of elasticity of SFC is E,=37158 MPa (series I) and
E.~18094 MPa (series 1I).

Table 1
Technical characteristics of steel fiber

Brand of ) Diameter |Length /z| fz.

oo Sketch T om | Mpa | Irde
STAFIB TN— R .
30/0.6 5| ;g | 5 & 0.6 30.0 1100 | 50
STAFIB | ™\ " ol = =

s0/L0 | ° 23 |5 e 1.0 50.0 | 1000 | 50
Novocon | s AAASNAAL -

URW || 4 1 10 50.0 | 1000 | 50
50/1.0 | A :

To construct theoretical diagrams "o-¢" during compression of SFC prisms,
the dependence on DBN was used [1]:

5
o =fes > aknk , 3)
k=1

where 17 =€,/ €. &y - relative deformations of SFC at maximum stresses;

a, - polynomial coefficients, which are determined depending on the
experimental value of the prism strength of the SFC according to the method
[7] (see Table 2).
Table 2
Polynomial coefficients for SFC undercompression

ay as as ay ds

Series | 2,94069 -3,2747 1,7844 -0,50755 0,05713

Series 11 3,17450 -3,8567 2,2594 -0,64700 0,06970

Diagrams of "o-¢" at uniaxial compression of SFC prisms of the I and II
series are given in fig. 5.

The relative compressive strains of the SFB were ¢,,=1,78x10” (series I)
and £.,,=1,6x10" (series II); £.,4,=2,74x10" (series I) and &, =2,56x10” (series
I1). The relative tensile strains of the SFB were ¢.,,=2,1x10* (series I) and
en=1,8x10" (series II).
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Fig. 5. Diagrams "o-¢" at uniaxial compression of SFC prisms of the I series (a) and 11 series (b)
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3. Experimental studies. Experimental studies were performed on plates
measuring 40x800x800 mm with prestressed reinforcement @5Bp-II in two
directions. The compression levels of the test plates are given in table 3. Made
two series of plates with different levels of prestress.

Table 3
Compression levels of experimental plates

Compression level along the | The number of

Series | Number axis reinforcing bars

number Sample name , of _ planned actual along the axis

samples

X Y X Y X Y
I-111-0.7/0.0 2 0.7 0.0 | 0.66 0 9 9
I I-I111-0.7/0.3 2 07 | 03 | 0.66 | 029 9 6
I-I11-0.7/0.7 2 0.7 | 0.7 | 0.66 | 0.66 9 9
-IIT-Y 2 - - - - 9 9
1I-TT1-0.7/0.0 2 0.7 0.0 | 063 | 0.0 9 9
I I-T11-0.7/0.3 2 0.7 0.3 | 0.63 | 0.28 9 6
- | I-II1-0.7/0.7 2 07 | 07 | 063 ] 063 9 9
I-II1-yY 2 - - - - 9 9

The characteristics of SFB I and II series are given in item 2. Mechanical
characteristics of reinforcing steel are as follows: strength limit ¢,=1811 MPa,
conditional yield strength op,= 1400 MPa, modulus of elasticity
E~2,0x10° MPa.

The plates were loaded by 16 concentrated forces P, evenly over the entire
area of the plate with a step of 180 mm by means of hydraulic jacks through a
system of traverses with hinged units. This simulated a uniformly distributed
load ¢ (Fig. 6). The slabs were hinged on four sides. The flight along the X and
Y axes was 700 mm. During the test, the deformations of the SFB on the lower
and upper surfaces of the plates were measured using strain gauges. The
deflections of the plates in the center of the plate and the deformation of the
supports were also measured using clock-type indicators with a division price
of 0.01 mm. The magnitude of the load was recorded on the manometer of the
pumping station, to which the hydraulic jacks were connected.
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Fig. 6. The scheme of plates loading: 1 - indicators

4. Comparative analysis of experimental and theoretical studies. As a
result of the tests, crack-loading loads and loads at which the plates collapsed

were obtained (Table 4).

of experimental plates

Table 4
Experimental values of loads in the formation of cracks and in the destruction

Load in the The load of The moment of
formation of cracks |  destruction destruction,
Sample name Gerer KN/mM? g KN/m? M, KNm
one plate AVETAZe | e plate average| experl- th%
value value | mental | tical
[-I1-0.7/0.0-1 | 12,55 35,20 -
= 3,2 = 3
[-I11-0.7/0.0-2 | 14,01 13,28 36,56 | ° >88 | 0,198 | 0,188
[-I1-0.7/0.3-1 | 20.86 44,00 ' < <
> 21.2 > 44,4 o) D)
LI 07032 | o154 | 2020 [Taagn | M40 0245 051
I-111-0.7/0.7-1 | 22,19 | 51,50 | . i
2 22 2 2 283
I-I1-0.7/0.7-2 | 23.33 76 53.10 01,89 | 0,286 | 0.28
H-V-1 10,70 3414 | L - )
LIILY 2 1138 11,04 3476 3445 | 0,190 | 0,186
[O-TIM1-0.7/0.0-1| 12.53 < 33,05 -
. 2 J 33 :
I I 070.02] 12.65 | 2 [3ae6 | 3383 | 0187 | 0.184
[I-111-0.7/0.3- 18,77 42,29 . <
. . A7 63 1 911
IIM-0.7032 19.04 | 590 [Tage7 | 4263 | 0235 | 0233
[O-IM1-0.7/0.7-1| 22,76 49.19 i i
E 2 - 4842 | 0.2 262
[O-TT1-0.7/0.7-2|  20.83 21,80 47,26 48,42 | 0,267 | 0,26
I-IM-VY-1 9.45 29,14 : :
5 5 20 2 -
II-TI1-V-2 10,13 | > 314 | 2%% | %167 | 0163
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The following conclusions can be drawn when analyzing the experimental
and theoretical values of the maximum limits. The difference in experimental
and theoretical values was 1,1...2,5%. The bearing capacity of III1-0.7/0.7
slabs was higher than III1-0.7/0.3 slabs by 12,4...12,7%, from III1-0.7/0.0
slabs by 42.4... 55,5%. The bearing capacity of IIII-Y unstressed slabs was
1.55... 1.61 times lower than IIT1-0.7/0.7 slabs, 1,35...1,43 times lower than
I1I1-0.7/0.3 slabs and 1,01...1,13 times from I1I1-0.7/0.0 plates.

Conclusion. The proposed method of calculating the bearing capacity of
SFC plates takes into account the real diagram "o-&¢" uniaxial and biaxial
compression of reinforced concrete. The effect of lateral compression on the
compressive strength of the SFC is also taken into account. The influence of
biaxial pre-compression of SFC on the bearing capacity of slabs with pre-
stressed reinforcement has been experimentally and theoretically confirmed.
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Kypascokuii O./].
HECYYA 3JATHICTb CTAJIE®IBPOBETOHHUX IVIUT 3 IBOXOCHO
MONEPEJHbO-HAIIPYKEHOIO APMATYPOIO

MeTo10 KOCIiKeHb € OTPUMaHHS HOBHX EKCIIEPHMEHTAIBHUX JAHUX TAKUX KOHCTPYKLIH MpH
HONMEePEYHOMY HABAaHTAXKCHHI Ta PO3p0oOKa METOANKH PO3PAXyHKY iX HeCydol 3HaTHOCTI.

BHKOHaHO €KCIIEPUMEH TATBHO-TEOPETUYHI HOCIIKEHHS JBOXOCHO HONEPEeIHBO-HAMPYKECHUX
crasehibpobeToHHHX IUIAT npu it PIBHOMIPHO-PO3MOAITIEHOr0 HaBaHTAXXEHHSI.
ExcrniepiMeHTaNbHI JOCHI/UKEHHS] BHKOHYBAIMCh Ha IUIMTaX po3MmipoM 40x800x800 mm 3
HOMEPEAHBO HANpyKeHO apmaryporo O5Bp-II B 1BOoX HanpsMkax. 3pasku mepiuoi cepii
apMyBaiMch cymimo crajgesux (Giop mapku STAFIB 50/1.0 ra STAFIB 30/0.6 i3 ankepamu Ha
KIHIISX, TPOIICHTHE BiIHOIICHHS SIKMX CTaHOBWIIO 1O 0,5% 1o 00’eMy KOxHOI (GiGpu. 3pasku
npyroi cepii mictuim 1,0% 3a 06’ emom xBuisictux ¢iop mapk NOVOKON URW 50/1.0.

3anporoHOBaHa METOJHMKa po3paxyHKy cranediopoderonnux (CDB) miuT Ha OCHOBI
nedopmarttiiinoro meroay. IIpy bOMY BpPaXxOBYEThCsl pealibHa JiarpaMu «G-€» MPU OJHOOCHOMY
Ta JIBOXOCHOMY CTHCKY cTasieiOpo0OeTOHy Ta MiABHIIEHHS MILHOCTI cTayiediOpoOeToOHy Ha CTHCK
B yMOBaX [BOXOCHOro o0OTHCKY. TakoX BpaxOBYIOTbCS BTPAaTH HANpPyXKEHb B apMaTypi Bif
nedopmariiii mo3ydocri Ta ycauaku cranediopoberoHy. HaBereHi pesynbTaTH pO3paxyHKY
JOCTIAHUX 3pa3KiB Ta MOPIBHAHHS iX 3 pe3yJbTaTaMH EKCIEPHUMEHTAIbHUX NOCIiIKeHb. BoHu
HOoKa3ail JOCTaTHIO 30DKHicTh. Pi3Huus cranosuima 1,1...2,5%. BcraHoBiEHO, 110 Hecy4a
3[aTHICTh JBOXOCHO IHONEPEIHBO HANPY)KEHHUX IUIMT BHUIIA BiJl HEHANpy)eHux it B 1,55...1,61
pasu Ta Ha 42,4...55,5% Bix OMHOOCHO HANPYKECHUX IUIUT.

KarouoBi cioBa: Hecyya 31aTHiCTh, cTane(iOpOOETOH, 3rHHAILHUN MOMEHT, KPHBH3HA,
HONepeaHbO-HAIIPY)KEHA apMaTypa, BiTHOCHI nedopMallii, HAIPYKCHHs B apMaTypi, HalpyKeHHsI
B craiehiOpoOeToHi.

Zhuravskyi O.D.
BEARING CAPACITY OF STEEL-FIBER-CONCRETE SLABS WITH BIAXIALLY
PRESTRESSED REINFORCEMENT

The aim of the research is to obtain new experimental data of biaxially prestressed steel-fiber-
concrete slabs under transverse loading and to develop a method for calculating their bearing
capacity.

Experimental-theoretical studies of biaxially prestressed steel-fiber-concrete slabs under the
action of a uniformly distributed load were performed. Experimental studies were performed on
plates measuring 40x800x800 mm with prestressed reinforcement @5Bp-II in two directions.
Samples of the first series were reinforced with a mixture of steel fibers of STAFIB 50/1.0 and
STAFIB 30/0.6 with anchors at the ends, the percentage of which was 0.5% by volume of each
fiber. The samples of the second series contained 1.0% by volume of NOVOKON URW 50/1.0
corrugated fibers.

A method for calculating steel-fiber-concrete (SFB) slabs based on the deformation method is
proposed. This takes into account the real diagram "o-&" for uniaxial and biaxial compression of
steel-fiber-concrete and increase the compressive strength of steel-fiber-concrete under conditions
of biaxial compression. Stress losses in the reinforcement from creep and shrinkage deformations
of steel-fiber-concrete are also taken into account. The results of calculation of experimental
samples and their comparison with the results of experimental researches are given. They showed
sufficient convergence. The difference was 1.1... 2.5%. It is established that the bearing capacity
of biaxially prestressed slabs is 1.55... 1.61 times higher than unstressed slabs and 42.4... 55.5%
higher than uniaxially stressed slabs.

Keywords: bearing capacity, steel-fiber-concrete, bending moment, curvature, prestressed
reinforcement, relative deformations, stresses in reinforcement, stresses in steel-fiber-concrete.
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JKypascokuii O./[. Hecyya 3naTHicTh cTa1eidpo6eTOHHHX IUIUT 3 ABOXOCHO TOIEpeIHbO-
Hanpy:KeHo1 apmaryporo // Omip marepiaiis i Teopist ciopya: Hayk.-tex. 30ipH. — K.: KHYBA,
2020. — Bun.105. — C. 292-301. — Axri.

3anpononosana  memoouxa  po3paxyuky — cmane@iopobemomnux — naum — Hd  OCHOGI
depopmayiiinozo memody. Ilpu ybomy 8paxosyiomvCs empamu HANPY’IceHb 6 apmamypi 6i0
depopmayiii noszyuocmi ma ycaoku cmanediopobemony. Takodc 6paxosyemvcsi 3pOCMAHHS
Miynocmi cmane@pibpobemony Ha cmuck 8 ymogax 08oxochozo obmucky. Haeedeni pesynomamu
PO3PAXYHKY OOCHIOHUX 3DA3Ki6 mMA NOPIGHSHHA IX 3 pe3yibmamamiu  eKCnepumMeHma bHux
docniodnceHs.
Tabun. 4. L. 6. bi6miorp. 9 Ha3s.
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The method of calculation of steel-fiber-concrete slabs on the basis of the deformation method
is offered. This takes into account stress losses in the reinforcement from creep and shrinkage
deformations of steel-fiber-concrete. The increase in compressive strength of steel-fiber-concrete
under biaxial compression conditions is also taken into account. The results of calculation of

experimental samples and their comparison with the results of experimental researches are given.
Tabl. 4. Fig. 6. Ref. 9.
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MODIFIED METHOD OF LINES IN THE PROBLEMS OF THERMAL
CONDUCTIVITY OF ANNULAR PLATES

Yu.V. Sovych

Kyiv National University of Construction and Architecture,
Kyiv, Povitroflotskyi ave., 31, Kyiv. 03037

DOI: 10.32347/2410-2547.2020.105.302-309

The application of the modified method of lines to reduce the dimensionality of the initial
system of equations of nonstationary thermal conductivity used to determine the temperature fields
of the load-bearing elements is shown in this paper. Reducing the dimensionality of the original
equations by one spatial coordinate, in this case by the z coordinate, is performed using the
projection method. Local basic functions are used for this purpose. To ensure the unambiguity of
the solutions, the reduced equations are supplemented by initial and boundary conditions.

Keywords: thermal conductivity, dimension reduction, projection method, reduced equations,
modified method of lines

Ring plates, the overall dimensions of which have the same degree under
thermal influences, have spatial temperature fields. If these effects are
axisymmetric relative to the vertical axis of the plate, then such fields are also
axisymmetric, ie. two- z
dimensional in spatial coordinates T

in a cylindrical coordinate system
(Fig. 1). In  addition, the L
temperature field may depend on Ro X
the time coordinate, i.e. is non- =
stationary. The initial equation of r -
nonstationary thermal conductivity
is considered as the first order I -l
system of partial differential i
equations: Fig. 1
- Fourier's Law:
9, = 2z
Ox )
q. P
- heat balance equation:
pca_Tz_q_r_%_%+Qr’ (2)

ot X+R, Ox Oz
where T(x,z,¢) is the temperature function, ¢.(x,z,¢), ¢.(x,z,t) are the
components of the heat flux vector, p is the density of the plate material, cis
the specific heat.
© Sovych Yu.V.
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Since a linear substitution of the independent variable » = R +x is used

.0 0 . . . . .
here, the relation — = ™ is obtained as a result. This was used in equation (2).
r Ox

Unknown functions included in the initial equations (1), (2) must satisfy
the boundary conditions, which are selected in the most general form as
conditions of convective heat transfer between the boundary surfaces of the
body and the environment.

In the case
when » =R, :

q,(0,z,0)=q, (z,1)=a"[T(0, z,1) - 6] (z,1)],
when x=1L: 3)
q,(L,z,t)=q, (z,t)=a"[T(L, 2,0)= 0/ (z,1)];
when z=h"
q..(x,)—a [T(x,h,1)—0,(x,1)],
4
when z=h": @
q.. (e, h" ) =q. (x,)+a’ [T(x,h ,1)=0] (x,1)]

Here the symbol "c¢" indicates the known values of the quantities relating

to the external environment; 6, is the ambient temperature near the

corresponding area of the body surface, « is the coefficient of convective heat
transfer. It should be noted that when o =0 we have a boundary condition of
the second kind, when o — oo we have a boundary condition of the first kind.
As an initial condition, consider the standard ratio:

when r=0:

T(x,z,0)=T,(x,z), )
where Tj(x, z) is the initial temperature distribution function at all points of
the body.

The form of initial equations accepted in this work provides simplicity of
application of dimension reduction of initial system of equations by means of
the modified method of lines [6], [7]. According to the mentioned works, the
dimension reduction of the initial equations by one spatial coordinate, in this
case on z, it is assumed by means of the projection method [3] using as basic
functions of the system the so-called functions - "caps", which are related to
the lines drawn on the definition domain of the problem

z=(h]—h;)/(N,-1)-i, where i=1,N_ taking into account the edge lines
i=1,i=N..

The use of locally concentrated basis functions greatly simplifies the
preliminary calculations, but requires significant explanations for the correct
application of the modified method of line. The fact is that from the point of

view of the vector space theory in which a scalar product is defined, the chosen
system of basis functions is not orthogonal. In this case, a technique for using
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oblique bases is developed in tensor algebra. n addition to the chosen covariant
basis, which is considered the main one, it is necessary to consider the
contravariant basis, which ensures the correct application of oblique bases. In
the modified method of lines, the sequence of dimension reduction and all
related mathematical operations are implemented according to standard
operations of tensor algebra [4].

Using a scalar multiplication in functional space

h
(f(2),8(2)) = jf (2), g(2)dz (6)
h;
we obtain:
or 1 oT" (x,t) |
—=——1q, |,0.2)=> —F=——q'(x,0). 7
(ax 7 q,j ®,(2) = 2 q,(x,1) (7
Here it is taken into account that the derivative ai can be moved outside the
X

integral sign, since the integration occurs with respect to variable z, and the
scalar product of any function and basis function with a superscript is the
coefficient of this function with respect to the decomposition in basis functions
of the basic basis. That is

(f(x,2,0,0'(2) = f'(x,0). ®)
Here and further on the repeated indices in two-term expressions summation
(Einstein summation convention) is used.

ory ,- “or
(61; =-4 'g}ﬁﬂ (2)=q. =—/lr'hjzg'g" “@;(z)dz =

h (9)
ij ( a o ij o
=t g’ [T 0, (2) 0, (2)dz =~ 8" by, T 1)
h;
The tensor operation of lowering indices
P (2)=g"-¢;(2) (10)
using a twice contravariant metric tensor applied here
g’ =(¢'(2), ¢’ (2)). (11
Marked here
ht
( ' 12
b =[9,()0L()d. (12
h

Finally we get the second reduced equation:
q.(x)=—=2,-g" b, T*(x,1). (13)
When reducing the heat balance equation, a distinction should be made
between functions that are twice differentiated with respect to spatial
coordinates - T(x,z) and once differentiated - the components of the heat flux
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vector ¢,.(x,z,¢) and ¢q_(x,z,¢). When calculating integrals in a sequence

similar to sequence (9), it is necessary to apply the "softening" of integration
[3] using integration by parts:

o ___ 4 _9% 9.
(pcat_ x+R, or oz +QT]"”(Z)=>

, , . (14)
T’ 9, 9 (9q. , )
— e e e e s +
el % (%o 9,0+
Here it is necessary to calculate the component separately
9. , (2. ;9.
_( a% ,g/'(P‘,-(Z))Z—g]'( aqzu s(Pj(Z)):_g a (D](Z)dZ—
fu=e,Gx du=gid
— ol ——ol (- — .0 =
& lav= aaq bz veg, g’ [y, j q.- ¢ (2H] s

=-g"l(¢."-8," ~q.7-8)~ f (¢ 9" (2) 9} (2)dz) =

hZ
=—g™ g +g" +g"b,
il

Here we are using the operation of index replacement g’ -5_f"=g :,
g"-6 =g™, because of such interconnections ¢(z)|" =4,", p(z) .-

this is the value of the functions - "caps" on the edge linesz="7% and z=h_
in accordance, & - Kronecker symbol.

Einstein summation convention is not possible for fixed indices 1, and N, .
Finally we obtain the reduced equation of heat balance:

GTi(x,t) qf.(x,t) 5Qi(x,t) ii o iN. N.
c =- - +g"-0,,-q.(x,t)—g " -q. " (x, 1)+
pe—o, oy o 8" b, g (x,0)—g" -q. 7 (x,1) 16)

+g" - q." (x, 1)+ 07 (x,1)

Equations (7), (13) and (16) form a complete system of reduced solving
equations. But for further application of numerical methods for its solution it is
more convenient to reduce it to one equation of the second order on spatial
coordinates, having excluded from equations of heat balance the components
of the heat flux vector , having written down their coordinates in the
corresponding kind:

T (x,1)

80 ey =g by, T ).

q;l (xs t) = _AT
As a result we receive:
T (x,1) T (x,t) 1 9T'(x,0)
b =l b } b
P o’ x+R, Ox

g7 by g by, T (x, 0]+ 0;. (17)
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In the case of a stationary thermal process, the initial functions are
unknown and, accordingly, the reduced functions do not depend on the time
variable, and then the obtained reduced equations are ordinary differential
equations that depend on the x-coordinate. In this case, it is more convenient to
use the system of equations (7), (3), (16) to calculate the stationary
temperature field.

To ensure the unambiguity of the solutions, the reduced equations must be
supplemented by initial and boundary conditions, which we obtain from the
initial conditions (5) by scalarly multiplying it by the basic functions of the
reciprocal basis ¢’ (z). Since the scalar product here is integration with respect
toz, the result is:
when ¢=0: 18

T'(x,2,0)=T'(x,0). (13)

Boundary conditions for reduced equations are also obtained from the
initial boundary conditions. Since the initial equations are chosen as a system
of first-order differential equations in first-order partial derivatives, the initial
boundary conditions have the form of algebraic equations. In this regard, the
reduced boundary conditions formally look like the initial ones, if the
unknown functions included in them are replaced by the coefficients of these
functions, ie:

T(x,z,t) > T'(x, 1),

_ (19)
q(x,z, 1) > q'(x, ).
We get:
when x=0:
g:(0,1) = g% — " -[T"(0, 1) 0" (1)) 20)
when x=1L:
gL (L 1) =g —a" [T (L,1)= 0" ()], @D

Reduced equations in the obtained form take into account only the three-
dimensional effects O, (x, z,¢). But, as a rule, this is not enough. Most real

thermal effects occur due to the body's contact with the environment through
boundary surfaces. In this calculation model, the contact with the external
environment occurs through the end surfaces x=0 and x=L and is taken
into account by boundary conditions (3) and, accordingly, reduced (20), (21).
To take into account the thermal effects from the external environment

through the boundary planes z=#h_,z=h it is necessary to include
conditions (4) in the reduced equations of heat balance, excluding from these
equations the components ¢! Ta ¢"* by means of relations (4). Thus, all
possible thermal effects on the calculated object are taken into account:
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T
2T

T 1 T - .
at [a (X,f)+ a (x,t)—glNu'a;'TNu(X,t)—

ox? x+R, ox (22)

T

_gilz O 'le(xst)'i_gli 'baj _gaﬁ 'bpy 'Ty(xst)]"—é(r)s
where

0, =01 —g" (gl . (, )= -0 (x, ) + (¢! - (x, ) + 0 -6, (x,1)).  (23)
Conclusions. In this work, a modified method of straight lines is used to
reduce the dimension of the initial system of equations of nonstationary
thermal conductivity recorded in a cylindrical coordinate system. The most
successful form of writing the original equations was found, which ensures
ease of application of dimensionality reduction of the initial system of
equations using a modified method of lines. The influence of the environment
was taken into account. Initial and boundary conditions were written for this
purpose. Thus, the reduced equations, boundary and initial conditions were
obtained. All this makes it possible to further investigate the temperature fields
of the load-bearing elements in their calculation of thermal effects.
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Cosuu FO.B.
MOJUPIKOBAHUN METO/I TPSIMUX B 3AJAYAX TEILJIOIMPOBIJHOCTI
KUIBHEBUX IVIACTUH

VY naniii poGOTI MPOMOHYETHCSA PO3B’A3yBATH [M0YATKOBO-TPAHUYHY 3a/1a4y TEIIONPOBIIHOCTI
3a JIOIOMOIOI0 YHCEIbHO-aHAITHIHOIO METOAY — MOAM(}IKOBAHOrO MeToxy HpsAMux. Buximui
PIBHSHHS TEIUIONPOBIIHOCTI BU3HAYCHI B LIMIIHAPHYHIN CHCTEMI KOOPAMHAT PO3rILIAAIOTHCS B
HPOCTOPOBIi MOCTAHOBIII, 110 3HAYHO iX YCKIAAHIOE. B skOCTi 00’€KTa, Ha SKOMY BOHHM BU3HAYCHI,
PO3MILIIAETBCS  KiNblieBa IUIACTHHA, TrabapuTHI po3Mmipu sKkoi, cHiBpo3MmipHi. B 3agagax
pPO3paxyHKy HECyYMX €JIEMEHTIB Ha TEIUIOBI BIUIMBI MEPIIMM €TaloOM € BH3HAYCHHS
TeMIIepaTypHHX I0JIiB, 0COOINBO, KO rA0apUTHI PO3MIpH KOHCTPYKIIiH criBpo3MmipHi. Jlo Takux
CIIEMEHTIB BIJHOCSATHCS HETOHKI KiJbLEBI IUIACTHHH. |'paHHYHI YMOBH PO3IJISHAIOTHCS TEXK Y
3araJlbHOMY BHIJIIAI — 116 YMOBH KOHBEKTHBHOIO TEIIOOOMiHY, sSIKi 32 JOHNOMOIOK I'PaHHYHOrO
IIepeX0qy MEepPEeTBOPIOIOTHCSI B TPAHMUYHI YMOBH IIEPIIOrO Ta JPYroro THIIB. Y xaHiil po6ori
II0OKA3aHO 3aCTOCYBAaHHS MOIH(}IKOBAHOrO METOMY NMPSIMHX ULl 3HWXKCHHS BUMIPHOCTI BHXIZHOI
CHCTEMH pIBHSIHb HECTAI[IOHAPHOI TEIUIONPOBIJHOCTI, LIO 3aCTOCOBYIOTHCS JJIsI BH3HAYCHHS
TeMIIepaTypHHX II0JIiB HECYYHX CIICMEHTIB.

3acrocyBaHHs MOAM(IKOBAHOIO METOAYy MNpsAMUX Iepenbadae po3B’si3yBaTH BKas3aHi
[I0YaTKOBO-IPaHN4HI 3aaui B ABa etanu. Ha nepuiomy erami o oaHii npocToposiit koopauHaTi z
3HIDKYETBCSI BUMIPHICTh BHXIOHHUX piBHAHb. J[11 3HM)KEHHS BHMIPHOCTI BHKOPHCTOBYETBCS
npoekuiiianii Meroq byonosa-I'ansopkina-IlerpoBa. B sikocti 6a3ucHuX (QyHKUIH TPHAMAIOTHCS
TakK 3BaHi GYHKLII-KPHIIKH, SIKi OB’ sI3aHi 3 PSIMHUMH, 1110 HAHECEHI Ha 00JIaCTh BU3HAYCHHS JAHOL
3aaui. [IpoeKIiiiHuil METO TAKOXK BUKOPHCTOBYETHCS /Il 3HHIKEHHS BUMIPHOCTI IIOYaTKOBHX Ta
IPaHUYHHX YMOB, L0 JO3BOJISIE IIOCTABUTH PEAYKOBaHY [I0YaTKOBO-TPAHHYHY 3aady, 5Ky 3pY4HO
PO3B’SI3yBaTH YHCEIbHHM CKIHYEHHO-PI3HHLEBUM METOJOM, BHKOPHUCTOBYIOUH SIBHI a00 HeEsBHI
pi3HHIEBI cxemu. 3HaiieHO HaWoONTHMaybHIIy (GOpMYy HANMCAHHS BHUXIAHUX PIBHSIHbB, IO
3a0e3neuye JIETKICTh 3HIDKCHHS BHMIPHOCTI BHXIZHOI CHCTEMH pIBHSIHb 3a JIOIOMOIOIO
Moau(iKoBaHOrO MeToxy mpsmux. llpu po3paxyHKy OyJi0 BpaXOBaHO BIUIMB HABKOJIMIIHBOI'O
cepenoBuila. B pe3ynbrati, 0yJ10 OTpUMaHO pelyKOBaHi piBHSHH, TPAHUYHI Ta OYATKOBi YMOBH.
PenykoBaHna 3ajaua Mae BMIVIAL, 3pYYHMH AJI 3aCTOCYBaHHA 10 11 PO3B’S3aHHS Cy4aCHUMH
YUCENIBHIMH METOJAMH.

KirouoBi cioBa: TEIUIONPOBIAHICTb, 3HIDKEGHHS BHMIPHOCTI, HPOCKLIMHMH MeTOx,
penyKoBaHi piBHSIHH, MOAN(IKOBAHUIT METO HPSIMHX.

Sovych Yu.V.
MODIFIED METHOD OF LINES IN THE PROBLEMS OF THERMAL
CONDUCTIVITY OF ANNULAR PLATES

In this paper, to solve the initial boundary value problem of thermal conductivity using a
numerical-analytical method - a modified method of lines is proposed. The initial equations of
thermal conductivity defined in the cylindrical coordinate system are considered in the spatial
formulation, which greatly complicates them. As an object on which they are defined, an annular
plate is considered, the overall dimensions of which are commensurate. In the problems of
calculating of thermal effects in load-bearing elements the first step is to determine the
temperature fields, especially if the overall dimensions of the structures are proportional. Such
elements include non-thin annular plates. The boundary conditions are considered in a general
form too - these are the conditions for convective heat transfer, which using the passage to the
limit, turn into boundary conditions of the first and second types. The application of the modified
method of lines to reduce the dimensionality of the initial system of equations of nonstationary
thermal conductivity used to determine the temperature fields of the load-bearing elements is
shown in this paper.

The application of the modified method of lines involves solving these initial boundary value
problems in two stages. At the first stage, the dimensionality of the initial equations with respect to
variable z is reduced. The Bubnov-Galerkin-Petrov projection method is used to reduce the
dimensionality. The so-called functions-"caps" are accepted as basic functions, which are related
to the lines plotted on the definition domain of the problem. The projection method is also used to
reduce the dimension of the initial and boundary conditions, that allows to formulate a reduced
initial-limit problem, which is convenient to solve using the numerical finite-difference method,
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using explicit or implicit difference schemes. The most successful form of writing the original
equations was found, which ensures ease of application of dimensionality reduction of the initial
system of equations using a modified method of lines. The calculation took into account the
impact of the environment. Reduced equations, boundary and initial conditions are obtained. As a
result, the reduced problem has a form convenient to its solution by modern numerical methods.

Keywords: thermal conductivity, dimension reduction, projection method, reduced equations,
modified method of lines.
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nmiactul // Omnip MatepiaiiB i Teopis copya: Hayk.-Tex. 30ipH. — K.: KHYBA, 2020. — Bumn.105. —
C. 302-309. — AHriL.

V Oaniti pobomi nokazano 3acmocy8ants MOOUPIKOBAHO20 MmOy NPIMUX ONsL SHUNCCHHS
uMIpHOCMI  GUXIOHOI  cucmemu  piGHAHb — HeCMAYIOHAPHOI  Menaionpogionocmi,  wjo
3aCMOCo8YIOMbCs OISl 6U3HAYEHHS MeMNepamypHux nojie Hecyuux enemeHmis. 3HUdNCeHHs
BUMIDHOCMI GUXIOHUX DIGHAHbL NO OOHILl NPOCMOPOGIll KOOPOUHAMI, 8 OAHOMY 6UNAOKY came No zZ
BUKOHYEMBCS 34 OONOMO20I0 NPOEKYiliHo20 Memody. i ybo2o BUKOPUCIOBYIOMbCA NOKANbHI
baszucni  Qynkyii. Jna  3a0e3nevenHs O0OHOSHAYHOCMI  PO38’5I3KI6  PeOYKOGAHI  PIGHSHHS
00NOBHIOMbCS NOYAMKOBUMYU MA 2PAHUYHUMU YMOBAMU.
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Sovych Yu.V. Modified method of direct in problems of thermal conductivity of annular
plates // Strength of Materials and Theory of Structures: Scientific-and-technical collected articles.
—K.: KNUBA, 2020. — Issue 105. — P. 302-309.

The application of the modified method of lines to reduce the dimensionality of the initial
system of equations of nonstationary thermal conductivity used to determine the temperature fields
of the load-bearing elements is shown in this paper. Reducing the dimensionality of the original
equations by one spatial coordinate, in this case by the z coordinate, is performed using the
projection method. Local basic functions are used for this purpose. To ensure the uniqueness of
the solutions, the reduced equations are supplemented by initial and boundary conditions.
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