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Formulas for Fundamental Natural Frequency of Plane Periodic Truss

Mikhail N. Kirsanov ==

National Research University “MPEI”, Moscow, Russian Federation

B c216@ya.ru

Article history Abstract. This study considers a plane statically determinate truss with double lattice structure
Received: June 16, 2023 and without a lower chord. Well-known versions of this design are Fink and Bollman trusses.
Revised: September 24, 2023 Two methods are used to derive the analytical relationship of the lower limit of the
Accepted: October 7, 2023 fundamental frequency with the number of panels in the periodic structure. It is assumed that

mass of the truss is concentrated at its joints (nodes). The nodes vibrate vertically, and the

number of degrees of freedom coincides with the number of nodes. The stiffness analysis of the
truss is performed using the Maxwell — Mohr method. The forces in the elastic elements and
The author. declqres that there the reactions of the roller and pin supports are calculated by the method of joints depending on
is no conflict of interest. the size of the truss and its order of periodicity. The system of linear equations is solved using
the inverse matrix method. The Dunkerley method of partial frequencies is used to calculate the
lower limit of the fundamental frequency. For a series of solutions obtained for trusses with
different number of panels, the common term in the sequence of solution formulas is found by
induction using Maple software. The solution coefficients have polynomial form in the number
of panels of order not higher than the fifth. The solution is compared with an approximate
version of the Dunkerley method, in which the sum of the terms corresponding to partial
frequencies is calculated using the mean value theorem. The closeness of the frequency
obtained by the two analytical methods to the numerical frequency spectrum solution is shown
by particular examples. An approximate version of the Dunkerley method has a simpler form
and an accuracy comparable to the original Dunkerley method.
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DopMyJibl 1JIsI OCHOBHOW YaCTOTHI COOCTBEHHBIX KOJIeOAHMH
IUIOCKOM peryJisaspHou (pepmbl

M.H. Kupcanos

HanwmonanbHsi uccnenoBarenbekuil yauBepeutet «MOW», Mocksa, Poccuiickas ®edepayus
B c2l6@ya.ru

Hcropus craTbn AHHoTanus. PaccMoTpeHa Mozenb IJIOCKOM CTaTUYeCKU onpeaenuMoil depmbl
TocTymnuia B peaakuuio: 16 mions 2023 r. pelieTyaToro Tuma 0e3 HIKHEro 1osica ¢ JIBOMHOM perieTkol. M3BecTHbIe aHao-
Jlopa6oTana: 24 centsiops 2023 T. ¥ Takod koHCcTpykuuu — ¢epma Ounka u Gepma bonbmana. JIByms mMeronamu
Ipunsita K my6mukauun: 7 okTsiGpst 2023 . BBIBOAUTCS aHAIUTHYECKAs 3aBHCHMOCTh HIDKHEH T'DaHUIIBI OCHOBHOHW COOCTBEH-

HOM 4aCTOTBI PEryJIsApHOM KOHCTPYKIMH OT 4Mcia na”ened. Ilpenmonaraercs,

4T0 €ro mMacca pepMbl CKOHIIEHTPHPOBAHA B €€ y3JIaX. Y3JIbl COBEPIIAIOT Kojeha-
3asiB/ieHHe 0 KOH(IHKTe HHTEPECOB TEeNbHBIC JIBUKCHHUS [0 BEPTUKAJHM, YHCIIO CTEIEHEH CBOOOBI COBIANACT C YHC-
ABTOp 3asBJIAET 00 OTCYTCTBHH JIOM y35I0B. Pacuer ecTKoCTH ()epMbl NPOM3BOIMTCS € MOMOILBI0 HHTErpaga
KOH()JIMKTa HHTEPECOB. Makcgemia — Mopa. Ycunus B ynpyrux CTEPKHSAX U PEAKIUH TOIBKHON U
HETIOIBHKHON OIIOP BBIYHMCIISIOTCS METOIOM BBIPE3AHHS Y3II0B B 3aBHCHMOCTH OT
pa3mMepoB Qepmbl U ee mopsaka peryiasipHocTd. CucteMa JMHEHHBIX ypaBHEHUH
pEIIaeTcs ¢ IOMOIIBI0 METOAA 0OPaTHOM MaTpHIEL [l pacdeTa HIKHEH IpaHH-
bl OCHOBHOM YaCTOTHI MCIOJB3YETCS METOJ MapIHMAIbHBIX 4acTOT J[OHKepIes.
Jlns cepMy pElICHHMH, MOMYYEHHBIX IS (epM ¢ pa3IMYHBIM YHCIOM IIaHEIEH,
METOJOM MHAYKIUM B CHCTEME CHMBOJBHOM MaTeMaTuku Maple Haxomutcs 06-
Wi WIEH II0CNIEI0BATENBHOCTH pacueTHIX (Gopmyn. KospdumuenTs: popMyIisl
UMEIOT BUI TIOJIMHOMOB M0 YHCITy TIAHENEN MOps/AKa He BhILIE MATOro. Penienue
CPAaBHHBAETCA C INPHOIMKCHHBIM BapMaHTOM MeTona JIoHKepies, B KOTOPOM
CyMMa CIIaraeMbIX, COOTBETCTBYIOIIUX TAPIUAIBHBIX 9aCTOTAM, BHIYUCIISETCS 110
TeopeMe O cpegHeM. Ha KOHKPETHBIX NMpHMepax IIOKa3aHa ONM30CTh YacTOTEL,
MOJIYYEHHON IBYMs aHAJTUTHYECKAMU METOJAMH, YUCIEHHOMY PEIICHHIO 3a1a4u
0 cmektpe 4acToT. [IpHOIMKeHHBI BapHaHT MeToAa JIOHKeples MMeeT Goiee
IpocTyr0 GOPMY U TOUHOCTH, COTIOCTABUMYIO C HCXOIHBIM METOA0M JIOHKepIIes.

KiioueBble cioBa: npocTpaHcTBeHHas (depma, MeTos JloHkeprnes, OCHOBHAs Ya-
CTOTa, AHAIUTHYECKOE pELIEHUE, COOCTBEHHbIE KOJIEOaHMs, PETYJApHas KOH-
CTPYKIUS, CHEKTp, CTIeKTpanbHas KOHCTAHTa, METOJ MHIyKuuH, Gopmymna Makc-
Beyia — Mopa

DuHAHCHPOBaHHE
Pab6ota BeimonHeHa npu GuHaHcoBoW noanepxke PHO 22-21-00473.

):[JISI HUTHPOBAHUSA

Kirsanov M.N. Formulas for fundamental natural frequency of plane periodic truss // CtpoutenbHasi MEXaHHKA HHKCHEPHBIX KOH-
cTpykimid 1 coopyxenuid. 2023. T. 19. Ne 6. C. 551-559. http://doi.org/10.22363/1815-5235-2023-19-6-551-559

1. Introduction

The first (fundamental) natural frequency of vibration is one of the main dynamic characteristics of a struc-
ture. To calculate this frequency in practice, the finite element method [1-3], which is implemented in standard
engineering software, is used most often. Thus, it is possible to calculate the spectrum of all natural frequencies
of a structure. A wide range of trusses can be calculated with numerical methods: statically indeterminate struc-
tures, structures with various types of fastenings, material inhomogeneities, errors in manufacture and installa-
tion of their elements. Analytical solutions for the lower and upper bounds of the fundamental frequency exist
for simple statically determined trusses. Such solutions are especially valuable for periodic structures. One of the
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methods for obtaining analytical solutions is the method of induction [4—6]. Calculations of deflections and dis-
placements of roller supports of plane periodic trusses with an arbitrary number of panels were performed using
Maple software in [7; 8]. Deflections of space trusses depending on the order of periodicity (number of panels)
are calculated in [9; 10]. R.G. Hutchinson and N.A. Fleck were the first who raised the question of the existence
of statically determinate truss structures [11; 12]. The same issues were explored by F.W. Zok, R.M. Latture, and
M.R. Begley [13]. A. Kaveh [14; 15] solved the problems of optimization and classification of various plane and
space periodic trusses. The Maple mathematical system was used in [16; 17] for calculating elements of building
structures in analytical form. Handbooks [18; 19] contain formulas for calculating deflections of various statical-
ly determinate plane trusses with an arbitrary number of panels. The formula for the lower estimate of natural
vibrations of a planar periodic trussed beam with a rectilinear upper chord was derived in [20]. The method of
induction was applied in [21] to obtain the equation for relationship between the deflection of a plane truss and
the order of periodicity. A version of the Dunkerley method for estimating the fundamental frequency of a plane
truss as applied to periodic structures was proposed in [22]. Simplification of the solution formula for the fun-
damental frequency is achieved here by calculating the sum of partial frequencies using the mean value theorem.

In this paper, a design of a statically determinate lattice truss is proposed, and an analytical relationship of
the fundamental frequency with the dimensions, weight, and number of panels of the truss is derived. The nu-
merical solution and the solution according to the simplified Dunkerley method [22] are compared.

2. Structure

A planar statically determinate truss consists of 2n panels of length a and height 2/ (Figure 1). Four diago-

nal elements connected to nodes 8 and 16 are c¢=+/a’ + 4> long, the other diagonal elements are 2¢ long. An

important feature of the truss is the absence of the lower chord. The Bollman [23] and Fink [24] plane trusses
have a similar structure without a lower chord.

4 5
a a a a a a

Figure 1. Truss structure, n =3
Source: made by the author

The truss model consists of 7=9n+3 elements, including three elements corresponding to the roller and

pin supports. The number of nodes in which the entire mass of the truss is concentrated is K =4(n + 1). It is
assumed that the masses vibrate along the vertical y-axis. The number of degrees of freedom of the truss,
according to this assumption, is equal to K. The truss hinges are ideal and the material of the elements is elastic.

3. Method

3.1. Analysis of Forces. The analysis of forces in the truss elements is performed in symbolic form with
Maple software [8]. The algorithm of this program is used in [3—7; 9-10; 20-24]. The hinge coordinates are
entered in loops with a parametrically defined length. The coordinate origin is located at the left roller support:

Xi = Xypiori = a(l - 1)3 Yi= 0, Yonsori = 2h3
Xoner =05 Voo =0y Xy =200, ¥y, =h, i=1,.2n+1.

The lattice structure is determined by the order in which the elements are connected to nodes (hinges). The
order is given by lists containing the indices of the ends of the corresponding elements ®,,i = 1,...,n Ascend-

ing diagonal elements, for example, are defined by the following lists: @, =[i,i+2n+4], i=1,., 2n—1.
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The equilibrium equations for all nodes, including the support ones, are written in matrix form: GS=T,
where G is the matrix of directional cosines of the internal forces in the elements, S is the vector of unknown
forces and reactions of the supports, T is the load vector. The directional cosines of the forces are calculated
from the coordinates of the nodes and values @®;,i = 1,..,m, which provide the order of connection of the
elements to nodes. Horizontal and vertical nodal loads applied to node i are written, respectively, into odd 7, ,

and even 7,, coefficients of this vector. The matrix equation is solved in symbolic form in Maple using the

inverse matrix method:S=G™'T .

3.2. Dunkerley Method for Estimating Fundamental Frequency. In cases where only the first (funda-
mental) frequency is required to analyze the structure, the Dunkerley lower estimate or the Rayleigh upper
estimate can be used to calculate it. The latter estimate is more accurate, however, its analytical expression is
very cumbersome.

The approximate lower estimate of the fundamental frequency according to Dunkerley is:

K
0 = Z ®;’, (1)
i=1
where o, are the partial frequencies calculated for each mass separately.
The equation of mass vibration at node i:
my, +d,y, =0, i=12,..,K. )

Stiffness coefficient d, is the reciprocal of the flexibility coefficient, which is determined using the

Maxwell — Mohr method formula. The summation in this formula is performed over all truss elements,
including three elements that substitute supports:

5,=1/d = Z":(S;” )1,/ (EF). 3)
=

From (1) it follows that o, =\/d, / m . From this, the formula for the Dunkerley frequency is obtained:

K
o, = mZSi =mA,. “4)
i=1

4. Results and Discussion

Variable 9, included in the final formula for frequency (4) is in fact the vertical displacement of node i due
to a unit vertical force applied to this node. Factor A is the sum of all such displacements for a truss of order #.
To derive the relationship of A, with the number of panels, the method of induction is used. The calculations
give the following sequence:

A, =(c’ +30/°)/ QW EF),

A, =(8a’ +9¢* +50h°) / (2h°EF),

A, = (4484 +329¢° +894h*) / (18h°EF),

A, =(168a’ +105¢° +2204°) / (2h°EF),

A, =3(704a” +407¢* +7861°) / (10h* EF), ...

When finding a common term in this sequence, it was necessary to calculate ten trusses. Maple operators for
a sequence of smaller lengths do not find a pattern. As a result, the following solution is obtained:

A, =(Cd’ +C,c* +C’) | (WEF), (5)
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where the coefficients have the following form:

C,=4(n* —1)(4n’ —1)/ 45,
C, =(4n’ =1)(4n’ +11)/90, (6)
C, =(16n" —80n’ +480n> +199n + 60) / (45n).

As a result, the lower estimate of the fundamental frequency according to Dunkerley has the form:

EF
0, =h 3 5 - @)
m(Ca” +C,c” +C,h)

The considered algorithm includes the summation operation in (4), which is easily computed numerically.
On the contrary, the summation of symbolic expressions is usually complex and does not always yield a compact
result. In the obtained solution, for example, it was particularly difficult to calculate coefficient C,, which
contains parameter z in the denominator. Maple operators successfully generalize sequences of polynomials, but
do not work with fractional values in symbolic form. Therefore, in [22], a simplified formula was proposed using
the mean value theorem, which excludes summation:

. =Kmd__ /2=mA,_ .

Finding the value of maximum deflection 6 _, among all the deflections due to nodal forces is usually

intuitive and reduces to a fairly simple task of identifying the most flexible node. For trussed beams, this is
usually the node at the mid-span. In the considered truss, such node can be the one with index 3n + 3 on the
upper chord. The analysis of trusses with a successively increasing number of panels gives the following
expressions:

Ay =(C* +607)/ (2R EF),

Arus =3(2a° +26° +7h°) [ (R EF),
Apucs =2(16a° +11¢° +26h7) / (h*EF),
A s =5(20a” +12¢° +27h%) / (W*EF),
A, s =3(80a’ +45¢° +94h*) / (h*EF),...

General form of the solution:
A, =(Da +D,c’ + D))/ (WEF).

The coefficients in this expression are obtained by induction:

C,=n(n-1)(n+1)*/3,
C, =n(n+1)(n* +2)/6,
C,=(n+1)(2n’ +4n+3(=1)" +15)/6.

The result is the following formula:

- 6EF (8)
’ m(n+1D)2n(n* =1)a* +n(n® +2)c +(2n’ +4n+3(=1)" +15)8%)
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Other versions of the Dunkerley method were considered in [25; 26].

Solution (7) with coefficients (6) and solution (8) can be compared with the numerical one obtained in the
Maple system using the Eigenvalues operator from the LinearAlgebra package, designed to calculate the matrix
eigenvalues. The algorithm for calculating forces, entering the coordinates of nodes and the order of connections
is the same as in the analytical methods.

As an example, a truss with the following characteristics is analyzed: nodal masses m =200 kg ; modulus of

elasticity £ =2.1-10°MPa ; cross-sectional area of the elements 16 cm’; dimensions a= 5m, h=1m. Figure 2

shows the curves of the fundamental frequency versus the number of panels obtained numerically and
analytically using the two discussed methods. In the figure, ®, denotes the fundamental frequency computed
numerically. The highest error of the analytical solutions is observed for lower number of panels. Starting at
approximately n = 13, the three methods yield nearly identical frequencies. It is possible to estimate the errors of
the methods more accurately and compare them by introducing relative values & =, —o.|/®, and

€, =|o, —o, | /o, (Figure 3). The figure shows that for n >15 the accuracy of the simplified version of the

Dunkerley method (8) is greater than that of the original one (7). The error of the Dunkerley method (when
compared with the numerical one) decreases with the increase in the number of panels and reaches a horizontal
asymptote of 13 %, which is quite acceptable for using this solution in practice.

w51 |
20

Figure 2. Relationship between the fundamental frequency and the number of panels
Source: made by the author using the Mapl program

|m n

r~r—r-r—,rrTrTrTrTr7 T
2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 3. Relationship between the relative error and the number of panels
Source: made by the author using the Mapl program
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5. Conclusion

The model of a plane truss with elastic elements and concentrated nodal masses allows to find an analytical
solution for the fundamental natural frequency for an arbitrary number of panels. The solution by the Dunkerley
method and its simplified version are comparable in complexity, although the latter solution is still somewhat
more compact and in some cases gives a more accurate (under the adopted assumptions) solution. Both methods
can be used for a preliminary evaluation of the frequency of natural vibrations of the designed structure. The
analytical form of the solutions makes it possible to optimize the structure in terms of choosing the appropriate
natural frequency.

The main results:

1. A structure of a statically determinate periodic truss has been developed.

2. Analytical estimates of the fundamental natural frequency are derived as a function of the number of
panels.

3. Comparison of the analytical estimates with the numerical solution shows good agreement. The accuracy
of estimates increases with the number of panels.

4. For a large number of panels, the simplified Dunkerley method is more accurate than the original method.
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OueHka BJIMSTHUS B3aUMOJAEHCTBUSI TPYHTOBBIX CTPYKTYP HA CEHCMUYECKUI OTKJINK
30AHMH € 7KeJIe300eTOHHBIM KapKAaCcOM € HCI0JIb30BAHMEM YIPOILIEHHOI0 METOAA
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Hcropus ctaTbu AnHoTanus. CylecTByolas IpaKTUKa IPOEKTUPOBAHHS KOHCTPYKLMU 31aHUSL
ocTynuia B peakiuio: 27 ceHTsops 2023 1. OCHOBBIBACTCS HA PaCCMOTPeHHH (YHIAMEHTA KaK HEMOABHIKHO 3aKPCILICHHO-
JlopaGotana: 21 Hos6pst 2023 T. ro. Jlng mccrnenoBaHus ObUIM BBIOPAaHBI 3MaHUS CPeNHEH ITaXHOCTH, BBICOTa
IpunsTa k my6aukamun: 29 Hos6ps 2023 T. KOTOpBIX Bapbpupyercs oT 3 1o 10 sraxeil. [IpoBenen ananu3 B3auMoJeHcTBU

MCXAY CEMCMUYECKUM OTKIIMKOM 3)1&HHI>1 C paauoyIpaBIsICMbIM KapKacOM H

CTPYKTYpPOH TpyHTa IUISl Pa3IMYHbIX THUIIOB I'PYHTOB. {15 M3ydeHHs JTUHEHHbBIX
3asiBiieHUe 0 KOHQJIUKTE HHTEPECOB OTKJIMKOB KOHCTPYKLMI pa3paboTaHa MOJENb B IIPOIPaMMHOM OOecleueHuu
FEM SAP2000. I'pyHt mox 3emisiedl ObLI CMOJCITHPOBAH C HCIOJIb30BAHUEM
IIPSIMOTO METO0Ja, IJie TPYHT paccMaTpUBaeTCs Kak TBepAblil saneMent. ['1yOuna
3aJleraHys rpyHTa cuuTaigach paBHOH 30 M, U 7S MIPEIOTBPAIICHHS OTPAsKEHUS

ABTODBI 3asIBIISIOT 00 OTCYTCTBUM
KOH(IIMKTa HHTEPECOB.

CeICMUYECKUX BOJIH B IPYHTOBOH Cpezie BIOJIb APPEKTUBHBIX TOPU3OHTAIBHBIX
BKkJaz aBTOpoB TpaHUI] TPyHTa OBUTM NMPHUMEHEHbI BS3KHE NPYKUHHBIE aMOPTH3aTOpHL. Bwuin
W3y4eHbl TaKHe NepEeMEHHbIE CEHCMHUYECKOr0 OTKIIMKA, KaK MaKCHMajlbHOE 00-
KOBOE OTKJIOHEHHE, CMEIIIEHUE MEXKy 3TAXKaMH ¥ OCHOBHBIE [IEPHOJIBI BPEMEHH.
SSI yBenuuumi nonepeuHslii porud, cMeIeHHe MKy dTaKaMU U BPEMEHHOU
IIPOMEXXYTOK KOHCTPYKLMH, TOBEICUB YPOBEHb AKCILTyaTallMOHHBIX XapaKTepH-
CTHK C YpPOBHSI 0€30IIaCHOCTH XH3HEJESTEIbHOCTH JI0 YPOBHS, OJIM3KOro K 00-
pymenuto. OCHOBHOM NepHOJ MEpBOro pexxkuma Obul yBenuueH Ha 23 % mis
OYeHb MSTKOro TpyHTa. MakcumaiabHOe OO0KOBOe OTKIOHeHHE 10-3Ta)xHOro
3IaHMs U OYCHb MSTKOTO rpyHTa ObUTO yBenmueHo n0 282 % mus KobGe, a
YPOBEHb NPOM3BOAUTENBHOCTH OBbUI U3MEHEH C YPOBHS 0E€30MaCHOCTH IS JKH3-
U (1,5 %) Ha ypoBeHb OOpYIIEHHS U BCEX PACCMOTPEHHBIX MOAENeH s
rpyHta THna D. YpOBEHb ASKCIUTyaTallMOHHBIX XapaKTEPUCTHK KOHCTPYKLUHU
OBUI IPOBEPEH C YUETOM Pa3IMYHBIX THIIOB TPYHTa Ha Pa3HON BBICOTE dTaXa, H,
HaKOHell, ObUT IPEJIOAKEH YIPOIIEHHbIH MeToxa A yueta 3¢ dexroB SSI B KoH-
CTPYKIHAX ¢ (PUKCHPOBAHHBIM OCHOBAaHHEM.

KuroueBble c10Ba: B3aUMOJEHCTBUE TPyHTAa M KOHCTPYKLIUH, YNPOLIEHHBII
METOJ, CeHCMUYECKUI OTKIIMK, THHEHHBIN ANHAMIYIECKUI aHAIN3, IEPEKOC dTaxa

HepasﬂenLHoe COaBTOPCTBO.
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1. Introduction

Since it might be essential to develop structures at places with less favorable site conditions in areas that are
earthquake-prone, the issue of soil-structure interaction (SSI) in seismic analysis and structure design has
become more crucial. These factors make Nepal extremely earthquake susceptible. Some of the past large
earthquakes are Nepal-Bihar Earthquake (1833), Nepal-TibetEarthquake (1916), Kathmandu Earthquake (1988)
and Gorkha Earthquake (2015) [1]. The features of earthquakes, their travel paths, local sites, and interactions
between soil and structures influence the structures’ seismic sensitivity [2]. The combination of the first three of
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these components results in free-field seismic activity [3]. SSI influences the structural responses to the free-field
motion. The process by which the motion of the system is affected by the response of the ground under structure
and the response of the ground is affected by the motion of the building is known as SSI [4]. FEM or FDM is
used for most complicated study of interface behavior of soil and structure rather than analytical approaches [5].
The support configuration of structure is crucial for determining a building’s dynamic behavior. The footing
condition is different for various soil types, on stiff soil, a rigid footing might be considered, and i.e. a rigid
footing might be considered for stiff soil and a flexible base footing for soft soil [6]. On considering SSI effects
the fundamental period of building is increased, and a result structural response such as displacement, drift, base
shear may differ from the rigid base structures (Figure 1). To predict the actual behaviour, the designer should
consider the SSI effects. Generally, there are two methods to consider the effects of SSI in analysis i.e.,
Substructure and Direct approaches [7]. Two independent media are considered in the substructure technique,
and the principle of superposition is used to determine the final seismic results [8; 9], where as in direct-method
soil and building are modeled as a unified system [10].

Figure 1. Observed damage due to foundation settlement:
a — Differential settlement caused by foundation rotation; b — Vertical settlement [1]

Damage on buildings occured due to foundation settlements in Kathmandu valley, this was due to basin
effects caused during Gorkha Earthquake 2015 [1]. A considerable effect of SSI should be considered for soil
having shear-wave velocity below 600 m/s [4; 9; 5]. The properties of soil deposited at different place of
Kathmandu city has shear-wave velocity less than 150 m/s [11; 12]. The SSI effects on midrise buildings for
very soft soil (<150 m/s) has not been yet carried out. The lower the value of shear-wave velocity of soil
increases the flexibility of medium, which may affect on performance level of structures. IS 1893:2016 / NBC
105:2020 ignore the effects of SSI on period of buildings. Not only building height but SSI also influence the
fundamental period of structures [13]. The main aim of this research is to propose the maximum lateral
deflection increment factor for fixed based RC structure to simplify the design method considering SSI effects.

Description of buildings. According to NBC 206:2015 a mid-rise building is considered to be 16-25 m in
height, and similarly IS code classifies 4-10 stories buildings as mid-rise ones. Here, 3, 5, 7 and 10 stories
building are taken into consideration, as this thesis examined the seismic response of mid-rise structures up to 10
storey high. The details of model used in this study are shown in Table 1. Because a finite-element program
SAP2000 can simulate complicated issues requiring massive computational resources through a direct technique
of analysis, it was used to simulate soil-structure systems numerically. The damping in the models was
considered to be 5 %. Concrete of grade M25 and steel of grade Fe500 were assigned as materials for beams,
columns, and slabs. Each building was modeled and analyzed as per IS 1893:2016 and NBC 105:2020 for
dynamic analysis. The loading on structure was taken in accordance with IS 1893:2016 (Table 2).

Live load intensity applied on selected structures was 1.5 KN/m? for roof and 3 KN/m? for other slabs, and
similarly floor finish of intensity 1.2 KN/m? was also applied. Wall loads were converted into uniformly
distributed load. For dynamic analysis seismic load was applied in accordance with NBC 105:2020.
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Table 1
Major featuresof building
Storey No. Storey height, | No of baysin Bay width in Bay width in Depth Column | Beam thicgk%bess
mm X- & Y-direction | X-direction, mm | Y-direction, mm | of MAT, mm | Size, mm | Size, mm mm
3 3000 2 4000 4000 500 300x300 | 300%x250 125
5 3000 2 4000 4000 500 380x%380 | 300x250 150
7 3000 3 4000 4000 1000 550x550 | 500%x450 200
10 3000 3 4000 4000 1000 650x650 | 600x550 200
Table 2
Seismic parameters of building (IS 1893:2016)
Parameters General Description
Structural System Special Moment Resisting Frame
No. of Floors 3,5,7 and 10 storey
Concrete Grade M25
Reinforcements Fe 500
Response Reduction Factor 5%
Seismic Zone Factor 0.36
Importance Factor 15

2. Methods

The 3D model was simulated by applying frame components for the columns and beams, shell components
for the dabs, MAT foundation, and viscous spring elements for the soil boundaries; the structure was represented
as athree-dimensional frame. The MAT foundation and soil elements (continuum elements) are simulated using
solid components (Figure 2).

Direct method of approach was used for modeling of system as it can show the real behaviour of structure.
Viscous spring absorbing boundaries were used to avoid reflective nature of waves propagation. The effects of
the reflective waves were minimal if the gap between the building’ s center and the soil FEM margin was within
three/four times in horizontal and two/three times along the depth of soil layers [14]. In this study the boundary
was considered 56 times the foundation radius, and depth was considered as a rigid base after 30 m below
(Tables 3, 4).

Table 3
Properties of soil layers

Model Parameters Unit Soil classB Soil classC Soil classD
Mass density p kg/m? 1,700 1,698 1,164
Bulk modulus K kPa 1,209,036 746,826 27,522
Shear modulus G kPa 623,409 177,304 3321
Poisson’sratio v 0.28 0.39 0.442
Elastic modulus E kPa 1,595,927 492,905 9,577
Shear strength C kPa 5 20 20
Friction angle ¢ ° (deg) 40 19 12

Table 4

Soil parameters
Soil Type S-wave velocity, m/s P-wave wave velocity, m/s

Soil class B 600 1318
Sail classC 320 753
Sail classD 52.9 164
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The soil parameters for soil modeling were taken
from the (Rahvar 2005) and (Rahvar 2006a) for soil class
B and C respectively, and soil parameters of Kathmandu
valley were taken into consideration for soil class D as

soil parameter classified by [11]. The above soil are
taken under the consideration of soil profiles classified
by (ATC, 1996; FEMA356, 2000) [15]. The shear-wave
velocity of soil in different places of Kathmandu valley
was less than 180 m/s [12; 11]. For soil type D, the soil
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having minimum value of shear velocity was taken for
this study. For soil having shear-wave less than 600 m/s,
there were significant effects of SSI for RC framed
building [9]. The soil was modeled as one homogeneous
layer of 30 m depth. The maximum grid spacing (Ah)
was limited in accordance with formula given by [16].

Figure 2. Sketch of 3D Viscous Spring
Artificial Boundary (VSAB) [17]

A< —2 (1)
10 fmax

where f. — is the maximum frequency of relevant structures; Vs — is shear wave velocity of medium

(Figure 2).
Ki=K = A, )
Ci=Cr=pcgA, (3)
K =224, )
Cs = pcyA, )

where, C, C,, and Cs are viscous damping coefficients and K, K>, and K3 are spring stiffness coefficient along
x-, y- and z-axis respectively. G is the shear modulus, p is the mass density, 4 is the area of soil continuum grid,

¢s and ¢, are s- and p-wave velocities respectively.

In computational models, the facing zone was divided from
the neighboring soil region by interface components. Here, two
shear springs along two orthogonal direction and one spring along
the vertical direction were modeled for frictional contact between
the two planes of soil layer and MAT foundation in order to prevent
from sliding of MAT and soil layers during seismic loading. The
shear strength of soil and footing elements was determined as
Mohr—Coulomb failure criterion, and the interconnection between
structural base and soil layers were given as spring-slider systems

[18: 19].
k+3G ]

(AZ)min

Kn(max) = Ks(max) = 10x(max) [ (6)
where (Az)pin is the smallest continuum zone dimension next
to the normal direction of the interface. The direct method of
modeling of building and soil along with its boundary elements
along the periphery of soil layer is shown on Figure 3. Selection of
representative ground motion for seismic performance evaluation
should be done in such a way, that they account for the uncertainties
and difference in frequency, severity and the duration characteris-
tics. Ground motion parameters can be displacement, velocity and
acceleration or combination of them. Among these parameters,
acceleration is measured quantity and other are derived quantity.
So, acceleration time histories are generally used in the analysis.

564

Figure 3. Model of 7-storey building
using direct approaches
Source: made by authors
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At least three pairs of synthetic earthquake recordings with two orthogonal components i.e., in both x- and
y-direction are used. The acceleration histories of given earthquake are downloaded from PEER. The ground
motion data are selected according with codal provisions. Response of different ground motion differ depending
on their origin, the types of earthquakes and local site response.

SeismoMatch 2022 is used for matching of earthquake data. Kobe, Gorkha and El Centro are input source
accelerogram. Code based spectrum IS 1893 (Part 1):2016 is set as a targeted spectrum. The earthquake data are
matched differing the soil type with damping value of 5 % (Figure 4,Table 5).

Table 5
Selected ground motion with Original and Matched PGA (g)
PGA(g)-Original PGA(g)-Matched
S.No Earthquake
X y X y
1 Kobe, Japan 0.21924 0.28977 0.154 0.23153
2 El Centro 0.25409 0.15024 0.19777 0.1696
3 Gorkha, Nepal 0.44942 0.4081 0.2308 0.22572

Linear dynamic. To compute earthquake forces, their dispersion over the height of the structure, and the
associated internal forces and structural deflections for the Linear Dynamic Procedure (LDP), a linearly elastic,
dynamic analysis is applied. Using the codal response spectra provided by the seismic code (IS 1893:2016), the
dynamic analysis of the building model has been performed. When a structure is exposed to earthquake excita-
tions [20], the equation of motion in a structural system can be expressed as

[M]ii + [Clu + [K]u = F(?).
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Figure 4. Seismic records along X-direction:

a — Gorkha Earthquake 2015; b — El Centro; ¢ — Kobe

Source: made by authors
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3. Result and discussion

3.1. Maximum lateral deflection

Figure 5-7, a, b, ¢ a, d show the maximum lateral deflection of 3-storey, 5-storey, 7-storey and 10-storey
RC framed structures with different soil type B, C, D and considering fixed based respectively. Compared to
rigid base structure lateral deflection of flexible-base structure for all cases was been increased, despite of the
height of buildings, footing and soil type. This was because of the soil-structure system’s degree of freedom
increased once SSI was taken into account; the natural period was lengthened [21]. So, the amplification of
displacement was seen in the structure when considering SSI. This indicates that with the changing soil from B
to C to D, the maximum lateral deformation also increased gradually. With increase in width of buildings the
stability increased and effects of footing rotation decreased. Also, it should be noted that increase in buildings
bays distance (spacing between two columns) increase in overall mass of structure resulting in the increments of
inertial force. Hence, the nature lateral deflection follows different pattern on change in height and width of
structure. Soil having shear-wave velocity less than 180 m/s (very soft soil), the structure can deform
considerable amplification ranging up to 300 % as compared to rigid-base structure [6]. The displacement of
structure increases nonlinearly over the storey height.

—&— Rigid base == Soil type B —&— Rigid base == Soil type B

—r— S0il type C ==3¢=Soil type D —r— S0il type C ==3¢=Soil type D

Storey Number
N
Storey Number

0 T T 1 O T T 1
0 50 100 150 0 100 200 300
Maximum Lateral Deflection, mm Maximum Lateral Deflection, mm
a b
—&— Rigid base —lll=Soil type B —&— Rigid base == Soil type B
= S0il type C ==>¢=Soil type D = Soil type C ==3=Soil type D
8 1 11 -
10 A
5 5 5]
= 6 S 8 A
Es E 71
= 6 A
Z 4 Z 5 A1
s
g3 g2
S92 S 3 A
7] v 2 A
1 1 A
O T T T 1 O T T T !
0 100 200 300 400 0 100 200 300 400
Maximum Lateral Deflection, mm Maximum Lateral Deflection, mm
c d

Figure 5. Lateral deflection with various types of subsoil:
a— M-3; b — M-5; ¢ — M-7; d — M-10 structures (Kobe earthquake)
Source: made by authors
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Figure 5 shows the maximum lateral deflection of 3-, 5-, 7-, and 10-storey buildings for Kobe earthquake.
In this section, the results are presented and analyzed in terms of the maximum storey displacements. The top of
the structure was amplified 101.5, 104.2 and 152.2 % for soil classes B, C and D respectively for a 3-storey
building. The deformation of 5-storey was amplified by 69.5, 75.8 and 207.6 % for Kobe earthquake. It can be
seen that lateral deflection of a 7-storey building was amplified by 69.5, 76 and 282 % for soil classes B, C and
D respectively. Similarly, 51, 58.3 and 238.7 % were the lateral displacement amplification values for a 10-
storey structure.

Figure 6 shows the maximum lateral deflection of 3-, 5-, 7-, and 10-storey building for El Centro
earthquake. The maximum top deflections for 3-storey regular building were been amplified as 74.8, 83.5 and
105.8 % respectively for soil type B, C and D with respect to the rigid base. Top deflection for 5-storey regular
building has been amplified as 65.5, 86 and 149 %. Top deflection for a 7-storey regular building was been
amplified as 49, 79.2 and 285 %. Similarly, top displacement for 10-storey building along X-direction was
amplified as 61.7, 86.5 and 281.9 % for soil type B, C and D respectively.

—&— Rigid base == Soil type B —&— Rigid base == Soil type B
—ar— S0il type C ==>¢=Soil type D —ar— S0il type C ==>¢=Soil type D

w
Storey Number
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N

[EEN

O T T T 1 O T T T T 1
0 20 40 60 80 0 50 100 150 200 250
Maximum Lateral Deflection, mm Maximum Lateral Deflection, mm
a b
—&— Rigid base —lll=—Soil type B —&— Rigid base —ill=Soil type B
== S0il type C ==>¢=Soil type D —ar— S0il type C ==>=Soil type D
8 - 11 A
7 10
9
o b = 8
2 2 g
E ° E
= 5 6
Z 4 Z
> z O
g g
g3 s 4
®n, w2 3
2
1 1
O T T 1 O T T 1
0 100 200 300 0 100 200 300
Maximum Lateral Deflection, mm Maximum Lateral Deflection, mm
c d

Figure 6. Lateral deflection with various types of subsoil:
a—M-3; b — M-5; ¢ — M-7; d — M-10 structures (Gorkha earthquake)
Source: made by authors

PACYET W MPOEKTUPOBAHVE CTPOUTENBHbIX KOHCTPYKLI 567



Timilsina P., Ghimire C.R., Chaulagain H. Structural Mechanics of Engineering Constructions and Buildings. 2023;19(6):560-576
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Figure 7. Lateral deflection with various types of subsoil:
a—M-3; b — M-5; ¢c — M-7; d — M-10 structures (El Centro earthquake)
Source: made by authors

Figure 7 shows the maximum lateral deflection of 3-, 5-, 7-, and 10-storey building for Gorkha earthquake.
The maximum top deflection for 3-storey regular building has been amplified as 34.5, 35.45 and 68.3 %
respectively for soil type B, C and D with respect to rigid base. Top deflection for 5-storey regular building has
been amplified as 36.2, 37 and 113 %. Top deflection for 7-storey regular building along X-direction has been
amplified as 25, 31.1 and 192.5 %. Similarly, top displacement for 10-storey building has amplified as 40.2, 46.1
and 175.2 % for soil type B, C and D respectively.

The one of most important design parameters is inter-storey drift. This variable displays the appropriate
displacement between the top and bottom of a storey. The storey drift ratio is calculated for different types of
soil types ranging from B to D according to Nepalese code. The drift values reach maximum at first storey for all
the considered models. If the stiffness decreases the drift ratio increases [13]. Mainly the top and the bottom
stories drift ratio values are affected by SSI than the middle stories. The below statement illustrates the inter-
storey drift ratio’s governing equation:
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Aj41—4

drift = P

(7)

Figures 8-10, a, b, ¢ and d, show the inter-storey drift of 3-storey, 5-srorey, 7-storey and 10-storey RC
framed structures with different soil type B, C, D and considering fixed based respectively for different
earthquake (Kobe, El Centro, Gorkha). Similar to lateral deflection, inter-storey drifts were also found to be
increased in all flexible cases and the maximum value in many cases has exceeded 1.5 %. This indicates, after
accounting for SSI, the performance level was shifted from life safety to near collapse (2.5 %)". In a fixed base
foundation system, the inter-storey drift lies at the life safety level. The different performance level according to
FEMA-356 are tabulated below:
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Figure 8. Inter-storey drift (%) of various buildings types and subsoil types (THx):

a — M-3; b — M-5; ¢ — M-7; d — M-10 structures (Kobe earthquake)
Source: made by authors

! Building Seismic Safety Council (BSSC) NEHRP guidelines for the seismic rehabilitation of building. Washington, DC, FEMA
273/274, FEMA, 1997.
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Figure 9. Inter-storey drift (%) of various buildings types and subsoil types (THx):
a—M-3; b — M-5; ¢ — M-7; d — M-10 structures (El Centro earthquake)
Source: made by authors

The different performance according to FEMA-356 are shown in Table 6.

Table 6
Performance level

Performance level Drift % (FEMA-356, BSSC-1997)
Slight damage 0.2

Moderate damage 0.5

Extensive damage 1.5

Near collapse 2.5

Collapse Prevention 4
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Figure 10. Lateral deflection with various types of subsoil:
a—M-3; b — M-5; ¢ — M-7; d — M-10 structures (Gorkha earthquake)
Source: made by authors

The higher value of the interstorey drift occurred for the building located in Soil-D for all three ground
records used in this study. As the soil class changes from B to C and C to D, the storey drift ratios was also
shifted from life safety levels to the near collapse level. It can be seen from Figures 8—10 that the lower stories
were found to be affected more by SSI than other stories. The maximum value of [S-drift % value were seen in
Kobe earthquake among the selected three pairs of ground motion data.

The maximum IS-drift value for M-3 fixed base structure is 0.78 % whereas corresponding values for soil
type B, C and D is 1.50, 1.52 and 1.70 % respectively for Kobe earthquake. The maximum IS-drift value for M-5
fixed base structure is 0.87 % whereas corresponding values for soil type B, C and D is 1.75, 1.76 and 2.19 %
respectively. The maximum IS-drift value for M-7 fixed base structure is 0.81 % whereas corresponding values
for soil type B, C and D is 1.45, 1.52 and 2.47 % respectively.

The maximum IS-drift value for M-10 fixed base structure was 0.76 % whereas corresponding values for
soil type B, C and D is 1.17, 1.24 and 2.63 % respectively. The study finds that, for nearly all the models
pertaining to soil class D, there is a substantial amplification in building performance — from ensuring life
safety to reaching the critical points of near-collapse or complete collapse. Hence, to enhance the safety and
serviceability of building SSI should be account in order to design the buildings.
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3.2. Time period

Seismic demands of the structure depend upon the fundamental time of the building (Figure 11). According
to NBC 105:2020, the fundamental time period for moment resisting concrete frame building was a function of
overall height of the building i.e.

T,=0.0751"7 8)

2,5
BRigid base BSoil Type B BSoil type C DOSoil type D

2 —
1,5

1

Natural Period (s)

0,5

3-Storey 5-Storey 7-Storey 10-Storey
Storey Number

Figure 11. Time chart for rigid base and flexible base considering different soil type
Source: made by authors

According to [22] the time period of 12-storey building has been amplifying up to 100 % considering SSI
effects. Result obtained from the structural analysis, the fundamental time period of first mode is increased only
within 2 % for soil type B and C. But fundamental time period of soil type D is increased by 16, 11, 16 and 23 %
for 3-, 5-, 7- and 10-storey building respectively.

3.3. Simplified procedure

Criteria for consideration of SSI effects. Criteria to consider SSI effects on the building is given by [9],

which is as follow:
(€))

Vs

f_h < 20,
where, f'is the frequency of rigid base buildings using empirical code basis formula and h is the overall height of
the structure. The above criteria were applied for all lateral force resisting system including both rigid and
ductile structures [9]. The main factor for considering the SSI effects was rigidity of the structure against the
soil-layers considered within the boundary area. The natural frequency of the structure considering soil-structure
interaction was obtained only after analyzing the soil-structure model. Therefore, a formula based on a
conventional code was proposed for the criteria given by Veletsos and Meek [23].

Table 7
Derivation of Criteria given by Veletsos and Meek

Vs

Soil Type Storey Number Storey Height, m Natural Frequency of Structure Hz f_h
3 9 2.566 25.98077
Type B 5 15 1.749 22.87021
(Vs = 600 m/s) 7 21 1.359 21.02386
10 30 1.04 19.23077
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Ending of the Table 7

14
Soil Type Storey Number Storey Height, m Natural Frequencyof Structure Hz f_;l
3 9 2.566 13.85641
Type C
(Vs = 320 m/s) 5 15 1.749 12.19745
7 21 1.359 11.21273
10 30 1.04 10.25641
3 9 2.566 2.290638
Type D 5 15 1749 2.01639
(Vs =52.9 m/s)
7 21 1.359 1.853604
10 30 1.04 1.695513

The Table 7 above shows that the specified criteria are not fulfilled for soil type B, so there is no need to
consider SSI effects in the seismic analysis of the structure. The ratio of the maximum lateral deflection of the
considering soil to the rigid base is known as the maximum lateral deflection increment factor () which is given
as:

)

B=§’/ (10)

where §' is the maximum lateral deflection of structure considering soil-structure interaction and & is the
maximum lateral deflection of structure considering as rigid base. Tabatabaiefar and Massumi gave the relation
between maximum lateral deflection ratio and the number of stories [2].

For soft soil sites (soil type C)

B =a+ bss. (11)
For very soft soil sites (soil type D)
B2=a+=2. (12)

The above equations were solved by curve fitting techniques, and the values can be presented in graphical
form (Figures 12—14):

=—tr—Soil Type D = B - Soil Type C

!
%
|

w
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4?
1

Lateral Increment Factor
N
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Figure 12. Maximum lateral deflection factor vs Storey number for Kobe earthquake
Source: made by authors
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Figure 13. Maximum lateral deflection factor vs Storey number for El Centro earthquake
Source: made by authors
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Figure 14. Maximum lateral deflection factor vs Storey number for Gorkha earthquake
Source: made by authors

From Egs. (10) the lateral increment factor can be derived. Among the considered three pairs of ground
acceleration data, the maximum value of the lateral increment factor was obtained for Kobe.

The top deflection of each model was used to calculate the lateral increment factor by curve fitting
techniques. The calculated B values along X-direction is greater than that of Y-direction. The maximum response
value of selected earthquake pairs was incorporated, hence the values along X-direction are recommended in the
simplified procedure. The incremental factor increased nonlinearly with storey height.
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4. Conclusion

This study aims to assess the influence of soil-structure interaction on the seismic behavior of reinforced
concrete frame buildings. A set of forty-eight mid-rise building models with varying heights (ranging from 3 to
10 stories) were analyzed using linear dynamic analysis. These models were located on soft, medium, and hard
soil conditions.

The structural response with and without considering soil-structure interaction was evaluated in terms of
fundamental time period, stiffness, base shear, storey drift, and storey displacement. The findings from the
analysis led to the following conclusions:

1. Incorporating soil flexibility led to a decrease in the base shear. This decrease was attributed to an
increase in the structure’s effective damping ratio and natural time period. Consequently, buildings with fixed
bases exhibited higher base shear, while those situated on soft soil displayed the least base shear.

2. The fundamental time period of the structures decreased with higher soil spring stiffness. Soil-structure
interaction significantly influenced the lateral stiffness of the structural system. Buildings with fixed base
systems demonstrated longer time periods compared to those on soft soil.

3. Structures with flexible bases exhibited greater displacement compared to fixed base systems. This trend
was consistent for inter-storey drift ratios across various building models. Inter-storey drift ratios were higher on
soft soil and lowest for buildings with fixed bases. This effect was attributed to lower stiffness in soft soil
conditions.
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Hcropus craTbu AuHoTauus. V3BecTHBIC METOIBI W HOAXOMbI, HCXOMHO CHOPMHUPOBAHHBIC Ha
Hocrymuna B peakiuto: 11 mons 2023 r. HEIUIOCKUX IOBEPXHOCTSIX, Maod((EKTUBHEl WIH BOBCE HeanMej-lMMbl l'IpI:I
Jlopabotana: 12 centsiopst 2023 T. HCCIICIOBAaHUN MEXaHMUYECKUX XapaKTEPUCTUK U aIre3UH IOKPBITHH CIO0KHOM
Tlpunsta k my6mukaum: 21 centsops 2023 T. CTpYKTYphL. Pa3paboTaHo ycTpoiicTBO, BKIIIOUAROIIEe PparMeHThl CHEepHUECKIX

TIOUIOXKEK € KOJbLIAMHU TSI KPCIUICHHUS IO KOHTYPY, HCTOYHUK JaBJICHUA p360-

4yel cpensl ¢ MaHOMETPOM, MAarkcTpalblo C BEHTWIEM Ul IoJadu paboueit
3asiBiieHHEe 0 KOH(JIUKTE HHTEPecoB cpenbl, U3MEPUTENLHOIO KOMIUIEKCA M MAarucTpaly Ui TpaBlleHus paboueit
cpensl. Bo ¢parmente cdeprnueckoil MOATIOKKH HUMEETCS OTBEPCTHE MAJOro
Juamerpa, B 001acTu KOTOporo (JOpMUpYIOT HOKPLITUE IO 33[JaHHOI TeXHOJIO-
ruu. Yepes HEOONBIIOE OTBEPCTHE B MOIOKKE ToxaeTcst padouas cpena. Oro-
PBaHHBLI OT IOMIOKKU CEIMEHT MOKPBITUS 00pa3yeT KyIol B Buie (parmMeHra

ABTODBI 3asIBIISIOT 00 OTCYTCTBUH
KOH(IIMKTa HHTEPECOB.

BKJaz aBTOpoB snnunconna. PaspabareiBaeTcs unciaeHHas Moaens Aedopmuposanus GparMeH-
Ta TIOKPHITHA B BUJIE IAPOBOIO CETMEHTA CO CIIOMKHBIM KOHTYPOM, HCIIONb3YsI
U3BECTHBIE NPOrPaMMHBIE KOMILIEKCHL. Ha KaxIoM 1are Harpy»eHus METOI0M
«TIPUCTPENKM», BapbUPys MOJyJeM ynpyroctu u koddpduuuentom Ilyaccona,
npubnuKaeMcs K IapamMeTpaM JKCIEPMMEHTaIbHOTO KyHoja M ONpesesseM
AKTyaJIbHbIE MEXaHUYCCKHUE 1 KCCTKOCTHBIC CBOMCTBA HCCIECAYEMOI'0 TOKPBITUSL.
BbruncnsieM HOpMasibHBIE YCUIIHSL OTPhIBA Yepe3 pajualbHble YCUIIUs, OIpeje-
JICHHBIC 110 aKTyaﬂbHOﬁ YUCJICHHON MOJCIIHU, U OIIPEACIIAEM NaJIeC HAIIPSIKCHUS
cuerienus. PaspaboTaHHbli 3KCIIEpMMEHTAILHO-TEOPETUYECKUH METOJ SIBJISI-
€TCA 3(1)(1)CKTI/IBH])IM UHCTPYMCEHTOM OLICHKH MCXaHUYCCKUX CBOWCTB U JKE€CTKO-
CTM TIOKPBITHH CIOMKHOM CTPYKTYpHI, 8 TaKXKe aJre3uu MOKPHITUS K chepuye-
CKOM TIOJUTOXKKE.

HepasﬂenLHoe COaBTOPCTBO.

KimioueBsle c10Ba: CIIOXKHAs CTPYKTYpa, aAre3uB, XKECTKOCTh MOKPBITHS, HAIIPs-
JKEHHS! CLICTUICHHS
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1. Introduction

One of the most developed approaches for protecting surfaces from environmental influences is coating.
Surface coatings are widely used in all branches of production and life [1-3]. They provide protection and
insulation of the surface of structures operating in various environments and under the influence of various
physical fields.

Based on the operating conditions, various coatings and adhesives of complex structure are developed,
providing the necessary qualities [4—8]. Active work is underway to create functional and intelligent coatings for
corrosion protection [9—15].
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During the operation of structures, protective coatings fail first
of all, which can lead to serious consequences, in particular, to
intensive corrosion wear of the bearing elements of the structure. H
When choosing a coating, adhesive and its application technology, 5
questions arise related to determining their necessary parameters,
evaluating their mechanical properties and their service life
depending on operating conditions.

Methods for evaluating the mechanical properties of coatings.
Various approaches are used to study the mechanical characteristics »
of coatings [6—8]. The indenter method [16], which allows
determining the properties of a material in the vicinity of a given -
point, has become widely used. There are studies based on the o
molecular approach [17], in which difficulties arise in describing (g

the structure of the coating at the molecular level. However, for
coatings of complex structure, the indenter method and the
molecular approach are ineffective. There is a large variation in the
results of the study by the standard uniaxial tensile testing method Figure 1. Fragment and installationdiagram
of coatings of a complex structure in the shape of a rectangle based Source: made by N.M. Yakupov

on the Russian state standard GOST 14236-81. Polymer films.

Tensile Test Method; ASTM D 412-41.

An effective approach to assessing the mechanical properties of films is the experimental — theoretical
ETM method [18], which allows evaluating the integral properties of coatings. ETM is based on the synthesis of
experimental data and relations from the theory of thin shells. Figure 1 shows a diagram of the device. The
installation allows testing of round-shaped samples in plan.

The sample is placed on the device, loaded with a uniform surface pressure p and the form of deformation
of the sample is monitored. The dependence “pressure p — deflection H” is obtained from the experiment, and
then, using the relations of the theory of shells, the mechanical properties of the coating are determined [18].

Methods for assessing the adhesion of coatings. Various methods have been developed to determine the
adhesion strength of the coating to the substrate. There are, for example, USSR copyright certificate No. 183459;
RF patents No. 689411, No. 2207544. These developments have some disadvantages, in particular, technological
difficulties and do not provide the necessary accuracy. A method is known for estimating the adhesion of an
elastic coating to a substrate based on the parameters of the “bubble” [19].

A method has been developed for determining the adhesion of rigid and flexible coatings to the substrate
(RF Patent No. 2421707), which allows assessing the adhesive properties taking into account the mechanical
characteristics and thickness of the coating (Figure 2). At the same time, the spread of results is reduced.

Modern coatings have a complex structure and are formed, as a rule, directly on the surfaces of structures of
various shapes, in particular, on cylindrical, spherical and toroidal surfaces [20]. Known methods and
approaches are ineffective or completely inapplicable in the study of the mechanical characteristics of coatings
of complex structure, initially formed on non-planar surfaces.

The purpose of this work is to develop an effective tool for determining the stiffness properties of coatings
of complex structure and adhesive on a spherical substrate.

Figure 2. Installation diagrams: G1 — for rigid coatings; G2 — for flexible coatings
Source: made by N.M. Yakupov
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2. Method for assessing the adhesion of the coating on a spherical substrate

The test device consists of a set of fragments of spherical substrates of various diameters, a pressure source
of the working medium with a pressure gauge, a line with a valve for supplying the working medium, a measur-
ing complex and a line for etching the working medium. There is a small diameter hole in the substrate, in the
area of which a coating is formed according to a given technology. A fragment of the installation diagram is
shown in Figure 3.

T otr

Figure 3. Diagram of the experimental setup (G1); dome parameters:
the base of the spherical segment (G2), the base of the ellipsoid fragment in plan (G3),
the diametrical section of the spherical segment (G4)
Source: made by N.M. Yakupov

The algorithm of the method. During the experiment, the working medium, in particular, air, is smoothly fed
into the inner cavity of the spherical substrate — cavity 4 (Figure 3, G1). When the pressure reaches a certain
value, the coating slowly comes off. At the same time, a dome is formed. In the simplest case, a dome is formed
in the form of a spherical segment with radius r (axisymmetric variant) with a flat base in the form of a circle
with radius a (Figure 3, G2). In a more general case, a dome is formed that is close in shape to an ellipsoid frag-
ment; at the same time, the base of the dome is a spatial curve lying on a spherical surface of radius R and having
in plan a shape close to an ellipse with semi-axes a and b (Figure 3, G3).

At the first stage, the stiffness property of the coating is investigated. At each step of loading p, the form of
deformation of the coating under pressure p is monitored, the dome parameters are measured: a, b and H. Next,
numerical models of deformation of a coating fragment in the form of a spherical segment with radius 7, in a
particular case, or in the form of an ellipsoid fragment having a shape close to an ellipse with semi-axes a and b
are developed . In this case, either well-known software systems, for example, ANSYS, or a spline version of the
finite element method (CB FEM) are used [21; 22].

At each step of loading p by the “targeting” method, varying the properties of the material, for example, for
an elastic coating with the elastic modulus E; and the Poisson's ratio V;, we approach the dome parameters cor-
responding to the experimental parameters a, b and H. The mechanical parameters £ and Vv , at which the maxi-
mum approximation of the numerical model to the experimental shape of the dome is observed, characterize the
actual mechanical properties of the coating under study. Further, if necessary, it is possible to calculate the stiff-
ness of the coating for stretching B and bending D:

_ Eh _ ER®
- 25 ° D - 25 °
a-vH) 12(1—v)

B (1)
Thus, we determine the actual mechanical properties of the coating under study and determine the stress-
strain state of the coating. At the same time, special attention is paid to the determination of tangential forces 7'

and deformation of the coating, in the radial (normal) €1 and tangential €2 directions near the contour of the
dome.
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At the second stage, we investigate the adhesive properties of the coating to the spherical surface of the sub-
strate. Based on the radial forces

At the second stage, we investigate the adhesive properties of the coating to the spherical surface of the sub-
strate. Based on the radial forces 71 obtained at the first stage, we determine the normal separation forces 7os-.

For a dome in the form of a spherical segment, based on Figure 3, the separation forces are the same along
the entire contour and can be determined by the formula:

2a(H+R—VR2-a2)(VR2-a%—Vr2—a?) )
R[(H+R—VR2-a?)2+ a?] ) )

Torr =T,

For the more general case, the contour separation forces vary depending on the parameters a and b. Howev-
er, if we take into account that the maximum forces of separation of the coating will be in the area of the small
semi-axis b, then the separation forces can be determined by the formula:

2b(H+R-VRZ-b2)(VRZ—b2—r2—-b2) 3
R[(H+R-VRZ-b2)2+ b2] ) €)

Torr =T,

Further, according to certain normal separation forces 7or, determine the coupling tension Mos by the for-
mula:

_ Totr
Noer = ho(1—¢g1 —&3) )

Performing the procedure for calculating the coupling voltage Mos (pi) according to this algorithm for a
number of pressures p; (i = I + n), we determine the average values Nog--sr by the formula:

Notr-sr = (Z Norr (pt) ) / n. (5)

3. Conclusion

1. A coating of a complex structure, initially formed on a fragment of a spherical substrate, is investigated.
The working medium was fed through a small hole in the substrate. A segment of the coating torn from the sub-
strate formed a dome in the form of an ellipsoid fragment.

2. A numerical model of deformation of a coating fragment in the form of a spherical segment has been de-
veloped using well-known software systems. At each step of loading by the “targeting” method, varying the
modulus of elasticity and the Poisson’s ratio, when approaching the parameters of the experimental dome, the
actual mechanical and stiffness properties of the coating under study were determined. According to the radial
forces determined by the current numerical model, the normal separation forces are calculated and the coupling
stresses are determined.

The developed experimental-theoretical method is an effective tool for assessing the mechanical properties
and rigidity of coatings of complex structure, as well as the adhesion of the coating to a spherical substrate.
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YcToiiuMBOCTh CTAJIbHBIX KOHUYECKHUX MaHeJIeH,
YCHJICHHBIX peOpaMu KeCTKOCTH

A.A. Cemenos =, JI.LH. Konaparbesa ~, B.H. Tayxux
CankT-ITeTepOyprekuii rocy1apcTBEHHbIH apXUTEKTYPHO-CTPOUTENBHBINA YHUBEPCUTET,

Canxm-Ilemep6ype, Poccuiickas ®edepayus
P sw.semenov@gmail.com

Hcropus ctatbn AnHortauusa. KoHudeckne 00ONOYKM M WX TAHETH SBISIOTCS BaXKHBIMHU
TIMocTtynuna B pegakmuio: 5 centsaops 2023 r. 9JIEMEHTaMU CTPOUTENbHBIX KOHCTPYKIUI, OJTHAKO M3yUYEeHBI €Ile HEJA0CTa-
Jopaborana: 17 HostOpst 2023 r. TouHO. B pa60Te MPEACTABIEHO HCCIEIOBAHUE YCTOMYMBOCTU CTAJIbHBIX
IpunsTa k myOnukaiuu: 25 Hosi0pst 2023 r. YCEUEHHBIX KOHUYECKUX MaHeNel, MOJKPEINIEHHBIX OPTOTOHAILHOM CEeTKOM

pebep xecTKocTH. KOHCTpYKIMM 3aKperuieHbl IapHUPHO-HENOABMKHO U

HAXOAATCS MOJ AECHCTBHEM BHEIIHEH paBHOMEPHO PacIpeAeleHHON more-
pe4HOM Harpy3ku, AEHUCTBYIOLIEW O HOPMAIM K MOBepXHOCTU. Mcnonb3y-
ABTODBI 3a5BIIAIOT 00 OTCYTCTBHH KOHPIMKTA €TCsl TEOMETPUUYECKU HEIMHEWHAs MaTeMaTu4ecKasi MOJIEib, YUUThIBAIOLLIAS
HHTCPECOB. TOTIepeYHbIe CIBUTH. YUeT pedep KECTKOCTH paccMaTpUBAECTCA B IBYX

BapHaHTax: 110 YTOYHEHHOMY IHCKPETHOMY METOAY M METOAY KOHCTPYK-

3asBijieHHe 0 KOH(JIUKTE HHTEPecoB

THBHOW aHM30TPONHH (PKECTKOCTh pedep «pa3massiBacTCs»). PacueTHbIit

aJTOPUTM OCHOBAaH Ha MeToAe PurTna m MeTone mpoIo/KEeHUs PEIEHHUs 110

HepaspenbHoe coaBTopcTBO. HawlydlieMy napamerpy. IIporpammHas peanusanysi BBIIOJHEHA B Cpele
AQHAJIMTHYECKUX BblUMciIeHnid Maple. [lns AByX BapHaHTOB KOHMYECKUX
IIaHEJICH IOJIy4YEHbl 3HAYCHUs] KPUTUYECKUX HArPy30K IOTEPU yCTOMYMBO-
CTH IpW pa3HBIX BapuHaHTax HOAKpeIUieHus peOpamu xectkoctH. ITokaza-
HBI TpaMKK 3aBUCHMOCTEH «Harpyska — mporud». CrenaHbsl BBIBOJBI O
CXOJMIMOCTH METO/IOB ydeTa pedep >KECTKOCTH IPU YBEJIMYEHHH YHuCia
MOJKPEIUIAIOIINX JIEMEHTOB. BBISBIEHO, YTO ISl KOHMYECKHX IaHeENel
TIpH BEIOOpE B aNpOKCHMAIIMK MaJIOTO YMCIIa HEU3BECTHHIX K03(duimen-
TOB BO3MOXKHO «IPOCKaKMBaHHE» 3HAYEHHs KPUTUYECKOM Harpysku Hu
HEoOXOIMMO BBIOMpATh OOJbLIEE YHUCIO HEM3BECTHBIX 0 CPAaBHEHHIO C
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1. Introduction

The analysis of deformation of thin-walled elements in structures is essential in various technical fields,
including structural engineering. Thin-walled shell structures are used in constructing hangars, petroleum tanks,
industrial reservoirs, as well as large span public facilities [1-5]. In analyzing such structures, special attention
has to be given to buckling [6-9] and determining the critical loads. For example, H.M. Wagqas et. al. [8] model
the buckling process of shells with different dimensions and thickness using the first-order shear deformation
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theory (FSDT). The program was developed in MATLAB environment. The results were compared with
previous studies and FEM analysis.

Conical shells and their panels are common in building structures. However, they are more complex in terms
of calculations compared to cylindrical or flat shells of double curvature. High-accuracy non-linear analysis of
deformation of conical panels non-linearity is a topical problem [10-14].

S.N. Krivoshapko [1] points out that thin-walled structures are employed in construction in just about all
countries, the difference generally being in the selected materials.

A. Sofiyev [12] presents an extensive review of studies on vibration and buckling of conical shells made of
functionally graded materials (FGM). Therein, various design problems, for example, linear and non-linear
vibrations and buckling due to different loadings and environments are discussed. The author highlights the
potential of such structures in nuclear, space and marine engineering, electronics and biomedicine fields.

S.-R. Cho et. al. [14] conduct experimental and numerical investigations of the strength of steel conical
shells under external hydrostatic pressure. Initial imperfections and other geometrical parameters were taken into
account. The numerical analysis was performed using ABAQUS software.

Papers [12; 14-19] are devoted to bucking of conical panels. Article [15] contains a buckling analysis of
truncated conical shells subjected to axial compression and uniform external pressure. The shells are reinforced
by orthogonal stiffeners. The obtained equations are solved using the Galerkin method. The effect of material
properties, dimensional parameters and stiffener plates on the bucking behavior of the shell is discussed.

A K. Gupta et. al. [17] investigate progressive failure of multilayer conical panels under compression taking
into account geometric non-linearity and damage propagation in the material. Non-linear equations are solved
using the Newton—Raphson iterative method.

Using stiffener plates substantially increases the performance characteristics of shells. Such structures were
studied, for example, in papers [20-23].

A.A. Dudchenko and V.N. Sergeev [24] present a mathematical model of the deformation of a stiffened
conical shell. Nonlinear equilibrium equations for a shell stiffened by a discrete set of frames are derived using
vector analysis. The shell and frame constitutive stiffness relationships are worked out.

The purpose of this study is to employ the previously developed mathematical models, analysis algorithm
and the refined discrete method of accounting for the effect of stiffeners to evaluate buckling of conical shells
and discuss their practical potential.

2. Methods

Let us consider a non-closed conical panel with segment angle b (Figure 1). The panel is simply supported
along the contour and is subjected to uniform load ¢, which acts normal to the surface. Besides that, dead load
is also taken into account. Thus, the total load along each axis of the local coordinate system is given by
9=4q0+4s, 5 =Py, B, =P

Xsv? ysv*

Figure 1. Conical panel in the local coordinate system
Source: made by the authors

Let us use the geometrically non-linear mathematical model obtained in paper [25]. The model is based on
the Timoshenko—Reissner hypotheses, considers lateral shearing and material orthotropy and allows to analyze
shells of various shapes. Moreover, the model accounts for stiffening elements according to the refined discrete
method (the contact of the shell and the stiffener occurs “along the strip””) and the structural anisotropy method
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(smearing the stiffness of the stiffeners across the entire structure). Each of the many relationships of this model
are not presented here, instead, let us only show the non-linear geometric relations and the full deformational
potential energy functional:

E,=E}+E}, (1)
where £ SO is the part of the functional, which corresponds to the shell and the external force work:
o _ 124 o 0 Lo 0 0 0 0 0
E)=> [ I{Nxax +Nl%, +5(ny N )Yy + MO+ My + (MO, + M, )y +
a 0
+0) (W, —6,)+0) (¥, —0,)-2(PU+PV + qW)}xsin Odxdy, 2)
and E 5 is the part of the functional, which corresponds to the stiffeners:
r_1E0 on R 1R R R R R R
E” =5H Nfe, +Nle, +5(ny NS )y + M+ M+ (M + M ), +
a 0

+Of (W, -6,)+0f (¥, —6,) | vsin 8dxdy. 3)

The non-linear geometric relationships for conical panels have the following form:

ex:a—U+lelz,
ox 2
1 dV U ctgd 1
y: - _ +—922, (4)
xsin®@ dy x x 2
aV 1 U V
’ny_ ___+6162’

" ox  xsin® ady x

ow 1 oW  ctg®
0 =——| 06,=- —+ Vi,
: (ij 2 (xsine dy x ]

¥ 1 Jd¥Y, v, 1| 9¥, 1 oy, VY,
= -t XIZZE R

) =— +—
Xi ox X2 xsin@ dy X dx xsin® dy X

where ¢ ,€ are the strains along axes x, y of the middle surface; v, is the shearing strain in plane xOy.
Functional (1) represents the difference of the potential energy of the system and the work of external loads
Px,Py ,q, and it is a function of five unknown displacement functions U, V, W, ¥ _, ‘I’y .

According to the Lagrange variational principle, the equilibrium is reached when the energy is at minimum.
For minimizing functional (1), let us use the Ritz method. For this purpose, the unknown functions are
represented as a sum of products of the unknown numeric parameters and the basis functions:

NN o JN N o JNJIN ol

U(XJ):ZZUlelYla V(an’):ZZVk/Xzyza W(an’):ZZWk/Xsysa ®)
k=11=1 k=1 1=1 k=1 I=1
JN N o JNJIN o

\Px(x’y)zzz\yxle4Y4’ ‘Py(x’y)zzz\yyleSYS=

k= k=1 1=1

—_

=

—
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where Uy, Vg, Wy, ¥y, ¥ ), are the unknown coefficients; X lk - X é‘ , Yl/ - Ys/ are the known approximating

functions of x and y, which satisfy boundary conditions at the contour of the shell; N =1,4,9,16,... is the
number of decomposition terms.

With greater number of terms N , the solution accuracy increases, but the computational cost also rises.

By substituting expression (5) into functional (1), the functional is converted into a function, which has SN
unknown parameters. Thus, we arrive at a function minimization problem: the derivatives with respect to all the
unknown parameters need to be set to zero. As a result, we obtain a system of non-linear algebraic equations, the
solution of which requires special techniques. The method of continuing the solution using the best parameter
(the arc length of equilibrium states in multidimensional space) is recommended. A detailed description of this
method for solving such class of problems is presented in [26].

The mathematical model and the algorithm are implemented using the Maple analytical computation
software. All the relations in the program are defined with dimensionless parameters when performing the
calculations.

3. Results and Discussion

Let us first consider truncated conical panels without stiffeners. Their geometric parameters, along with
surface area S° and volume V' are given in Table 1.

Table 1
Characteristics of the conical panels under consideration
Input data Parameter
Case
h, m a, m b, rad a1, m 0, rad S% m? ", m?
1 0.02 8 2.574 4 0.2618 16 0.32
2 0.01 25 T 5 0.78 663 6.63
Table 2 presents the critical buckling load for cases 1 and 2.
The panel material is S345 steel (£ =2.1- 10° MPa, w=0.3, p=7800 kg/m?).
Table 2

Critical buckling loads for steel conical panels (without stiffeners)

Case Material N Critical buckling load ¢ .., MPa

9 +

1 Steel S345
16 5.9667
4 +
9 +

2 Steel S345
16 1.0561
25 0.2721

The convergence analysis of the Ritz method was performed by calculating the case 2 panel at different N .
It showed that at small N the critical load cannot be traced, and it is necessary to retain at least 16 unknown
variables for each unknown function.

Figure 2 demonstrates the load-deflection curves for the case 2 conical panel. As seen from the graph, the
number of terms in the Ritz method has a significant effect on determining the critical load value. Moreover, it
sometimes allows to find a point of local buckling before the global buckling.
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Figure 2. Load-deflection curves for steel conical panel (case 2)
Source: made by the authors

Let us now consider conical panels with stiffeners. The orthogonal stiffener plate grid is located on the
inside of the shell. The height and width of the plates are selected as 4’ =h/ =3h, r, = r; =2h respectively. The
number of stiffeners is the same in both directions, increasing it by a factor of 2 or 4 for each new grid case.

Table 3 shows the critical buckling loads for the considered steel conical panels. The distance between the
stiffeners is denoted as x, . The difference in the critical load values for the structural anisotropy method and the
refined discrete method is given in percentage. These values are represented graphically in Figure 3.

Table 3
Values of critical buckling loads ¢, for conical panels

., MPa
Method N Qe
ox0 | 22 | a4 | ex6 | 88 | 12x2 | 16x16 | 20x20
Case 1
X, ,m - - 1.96 0.98 0.65 0.49 0.32 0.24 0.19
9 + + 1543 | 17.01 | 18.59 | 21.50 24.10 26.47
Refined Discrete Method
16 | 596 | 87915 | 12.84 | 15.16 | 16.88 19.79 22.23 24.40
_ 9 + + 1542 | 17.02 | 18.60 | 21.51 24.11 26.48
Structural Anisotropy Method
16 | 5.96 9.78 13.17 | 15.16 | 16.90 19.80 22.24 24.41
9 + + 0.09 0.02 0.06 0.05 0.03 0.03
A, %
16 + 11.3 2.50 0 0.14 0.04 0.03 0.03
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Figure 3. Comparison of methods for taking into account stiffeners for case 1 conical panel
Source: made by the authors

Figure 4 shows the load ¢ — deflection W relationship at different number of stiffeners for the case 1
panel. The curves for both the structural anisotropy method and the refined discrete method are given.

q, MPa* w20 20
20 20 4d> 4s
w2 w Wi g6
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2w, 12
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Figure 4. Load ¢ — deflection W relationship at different numbers

of stiffeners for the case 1 conical panel (N = 16)
Source: made by the authors

4. Conclusion

The object of this study is truncated conical panels reinforced with stiffeners.

The analysis methodology is based on the Ritz method, the method of continuing the solution using the best
parameter, and the refined discrete method proposed earlier.

In the study, the mathematical model and analysis algorithm were adapted for a new class of problems. A
corresponding program was implemented and computational experiments were carried out. As a result, the
following conclusions can be drawn:

1. The presented approach can be applied to analyze conical plates with stiffeners and allows to study their
buckling.

2. It can be seen from the obtained data for the case 1 panel, that the structural anisotropy method converges
with the refined discrete method later than for the cylindrical panels studied previously by the authors. Possible
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reasons may be that the conical panel has a more complex geometrical shape and is non-symmetrical, which
requires to account for non-symmetrical terms in the approximation.

3. Increasing the number of terms in the approximation to N =25 leads to substantially greater compu-
tational cost (with the refined discrete method). However, it is reasonable to perform such analysis with the
structural anisotropy method.
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Bapuke. IToBesenue OeToHa IPU PaCTSHKCHUH IPUHUMAIIOCH JTIHHEWHBIM BIUTIOTH 10
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1. Beeaenue

IIpennmoceimkm TSI pacdeTa Kene300eTOHHBIX KOHCTPYKITUN B HETMHEWHON MOCTAaHOBKE OBUTH 00YCIIOBIIE-
HbI Pa3BUTHEM KOMIIBIOTCPHBIX TGXHOHOFHﬁ, Cc OIIHOﬁ CTOPOHBI, 1 PA3BUTHUEM YUCJICHHBIX METOJO0B CTPOUTCIIb-
HOM MEXaHUKH, B IIEPBYIO OUepeb METOAa KOHECUHBIX AJIeMEHTOB — ¢ apyroil [1-4]. IIpu sTtoM HenuHeitHOE
nedopMUpoOBaHUEe OETOHA C YYETOM PEANbHBIX YIPYTOIUIACTUYECKHX CBOMCTB B YCIOBUSAX OOBEMHOTO HAIps-
JKEHHOTO COCTOSTHUS UCCIIEZ0BAJIOCh Ha MPOTsKeHUH XX B. KAK OTEYECTBEHHBIMH, TaK M 3apYOCKHBIMU YICHBI-
mu [5-10].

O4YEeBHIHO, YTO COBPEMEHHBIC METOJIbI PACUYCTHI XKEJIe300€TOHHBIX KOHCTPYKIIUH JO/DKHBI pa3padaThiBaThCs
Ha OCHOBAHHMY YMCJICHHBIX METOJIOB CTPOUTEIBHON MEXaHUKHU C YUETOM HEJIUHEHHBIX 3 (ekToB, mpucymux oe-
TOHY M apMaType, YCTAaHOBJICHHBIX SKCIIEPUMEHTAIBHEIM ITyTeM. [103TOMy KOppEeKTHOE MOJETUPOBaHUE 00BEM-
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HOT'O HaIpPsOHKEHHOTO COCTOSIHHS O€TOHA C yYETOM €ro YNPYroIUIaCTUYECKUX XapaKTEPUCTHK SIBISETCS OTBET-
CTBEHHOH 3ajjaueil, W I MOBBIIICHUS JTOCTOBEPHOCTH PAacyeThl CIEAYeT MPOBOJIUTH C HCIOIB30BAaHHEM HE-
CKOJIBKMX BBIYMCIUTEIBHBIX IporpaMM. B cBsi3u ¢ 3THM pa3paboTKa aabTepHaTUBHBIX METOAOB pacdeTa H COOT-
BETCTBYIOILUX [IPOTPaMM SIBISIETCS aKTyaJlbHOU 3aauei.

g peutenust JaHHOM 3aa4uM B HACTOSIIEH CTaThe MPUBOAUTCA METOAMKA pacueTa ’elle300eTOHHBIX KOH-
CTPYKIMH, HAXOAAIIMUXCA B YCIOBUAX OOBEMHOI0 HAIPSIKEHHOI'O COCTOSHMSA, C YUYETOM XPYNKOI'O pa3pylleHHs
OeToHa cKaToU 30HBI, a TaKXKe TPELIMHOOOpa30BaHUs B pacTaHyToM OeToHe. Ha ocHOBaHMM HaHHOW METOIMKH
IOCTPOEH 0OBEMHBIH KOHEUHBIH dIeMeHT, peanusosanHblii B BK TIPUHC'.

2. MeTton

B BK ITPHUHC pacuer pu3ndeckdn HETUHEHHBIX KOHCTPYKITUN METOJAOM KOHEYHBIX DJIEMEHTOB BEACTCS B
MpHUpaIeHusIX Mo ypaBHeHuto [1]:

(Ko + AK)Au = AP, (1

1
rae AK = E(Kl - Kp).
Marpuiist xecTkocTd Ky 1 K; BBIYUCISIOTCS B Hayajle M KOHLE KaXA0W UTepalvu.
Ypasuenne (2) pemaercst UTepalHOHHBIM criocobom [11; 12]:

KoAu; = AP — AK;_1Au;_, (2)

rjae I — HOMEp UTEPalHH.
[Ipn mocTHKeHNN CXOANMOCTH UTEPAITMOHHOTO MPOIIECCa BRIYHUCISIOTCS TTOTHBIE 3HAUEHUS TIepeMEIeHIH 1
HampsHKeHUH mo hopmyam:

u=1uy+Au, oc=oy+Ac, 3)

rae Au u Ac — npupanieHus IepeMeleHui U Hanps>KEHUH COOTBETCTBEHHO.
[pupamenus HanpsKeHUH, 00yCIOBICHHBIE TpUpaleHreM aedopMannii Ag, onpeaessroTes mo Gopmyiie

Ac = Cyphe, )

rzie Cpp — yNPYTOIUIACTHYECKAS MATPULIA XaPAKTEPUCTHK MaTEpHAIIA.

B o0miem cimydae Ha KaIOM LIare HarpyXeHUs aHAJIM3UPYETCs HAPsSHKEHHOE COCTOSTHUE MaTepHana u Ipu
BO3HUKHOBCHMHU IUTACTUYECKUX AedopManuil ¥ (WiIK) TPEeUIMH IMPOU3BOIAUTCS KOPPEKTUPOBKA HAIPSIKEHUIl
Y4eTOM HPUHATHIX Juarpamm aedopMupoBaHUs. OTO TpeOyeT MpOBEAEHHs Mpolecca ypaBHOBEIINBAHUS KOH-
CcTpyKuuu. Mtepannu paBHOBECHs TPOU3BOIATCS 1o Gopmydie (1), koTopas MoaupuIupyercs K BULy

i — i—1
KiAuf = P — Ff . ®)

B dopmyuie (5) Marpuia )ecTKOCTH PUHUMAETCS PABHON MaTpulle K, Hali/IecHHO B KOHIIE LIara mpy uTe-
pauusix o ¢popmyne (2).

Takum oOpazoMm, B hopmyie (3) uTepupyeTcst MaTpHIla KECTKOCTH, a B (opMyle (6) — BEKTOp y3JIOBBIX
cuI Fji‘l, SKBUBAJICHTHBI BHYTPEHHUM HAITPSIKCHHUSIM.

Marpwuna xxecTkoctr K JUIs OTASITEHOTO KOHETHOT0 dJIeMEHTa HaX0UTCs 1Mo popmyte [2]:
K = [,B"C.BdVv. (6)

rae B — martpuiia, CBA3BIBAIONIAas KOMIIOHEHTHI AehOpMannid 2IEMEHTa ¢ KOMIIOHEHTaMH y3JI0BBIX IepeMeIe-
HU (reomerpudeckas marpuia); C, — MaTpulla, CBSA3BIBAIONIAS KOMIIOHEHTHI HAIPSIKEHUH ¢ KOMIIOHCHTaAMU
nedopmariuii (pusndeckas MaTpHIa).

Meroauka BEIUKCICHUS T€OMETPUUECKON MaTpHIIBl B X0poIo u3BecTHa (CM., Hanmpumep, [3]).

! Pazpa6orka BK TIPUHC 6b11a Hauata npodeccopom B.I1. AranossiM B 70-¢ rr. XX B. B HacTosliee BpeMs pa3BUTHE 3TOTO BbI-
YUCIUTEIBHOTO KOMIUIEKCa BeaeTcs nmpodpeccopom B.I1. AramoBeiM COBMECTHO ¢ €ro y4eHUKoM jaoneHToM A.C. MapkoBHYeM.
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OcHogHble PEONOCHUIKU AHAIU3A 00BEMHO20 HANPANHCEHHOZ0 COCHOAHUS

PaccmarpuBaeTcs deTelpe BHIA HANPSIKEHHOI'O COCTOSHMSL:
cXKaTHue — C)KaTue — C¥KaTHe, CxKaTHe — CHKaTue — pacTsHKEHUe,
C)KaTHe — PacTsHKEHUE — PacTsHKEHUE, PacTsHKEHUE — pacTsiKe-
HHE — PacTsKECHHUE.

[Ipu 3TOM yUMTBIBaIOTCA CIEAYIOIINE TUITBI TIOBEACHHS MaTe-
puana: Harpy)XeHue, pasrpyska U aorpyxkesHue. CoOTBETCTBYIO-
IIMe YKa3aHHbIM THIIAaM HMOBEACHUS MyTH Ae(GOpMUpPOBAHUS MaTe-
puaa IpuBeIeHbI Ha pHC. 1.

Harpyxenue pactsanytoro 6etoHa mocie oOpa3oBaHHs Tpe-
muHb (yaactok C — D — E) IpOUCXOANUT C MOIYJIEM YyIIPYrOCTH

O¢r
E=—Ce (7
Em — &€
rae g, — nOpenenpHas gedopmaius O€TOHa ¢ TPEIMHAMH IPH

PaCTSKEHUH, G, U €. — HANpHKEeHHe W AedopMaiys Tpemu-
HOOOpa30BaHUS COOTBETCTBEHHO (CM. puc. 1).

Pasrpyska u sorpysxenne 6eTona ¢ TpemuHamu (yqacTku D — Puc. 1. ITytu nedopmupopanus Matepuana
O) TOMYUHSIOTCS JHUHEHHOMY 3aKOHY C (DUKTHBHBIM MOMIYJIEM UCcTOYHUK: BHIIOIHEHO ABTOPAMH
YIPYTroCcTu Figure 1. Material Deformation Path

Source: compiled by the authors
1 G (Sm B SD)
€D €m ~Ecp

rje €p — TeKyllee 3HaueHne aeGopManum.
Hampsbkenue B pacTSHYTOM O€TOHE MOCJIE BOSHUKHOBEHUS TPEIIMHBI HAXOIUTCS 10 opmMyie

GZGWM_ )

€m — &

2.1. /lehopmuposanue dbemona é oonacmu «cocamue — cyHcamue — crcamue)

[Ipu moctpoeHnn Gu3nyecKod MaTpHULBl MPUHATA yOpyras MOJENb MPH XPYIKOM pa3pylleHHH OeToHa B
PEeKUME «CxKaTHe — CKaTHe — cxatue». [loBenenne O0eToHa cuuTaeTCsl JTMHEHHO-YIIPYTUM BIIOTH JO JAOCTHU-
JKEHHSI TIOBEPXHOCTH pa3pyLICHUS.

B xauecTBe MOBEPXHOCTH pa3pylIEHUs NPUHATA MATUIIapaMeTpHUecKas MOJeNb, peaokeHHas Bunnamom
u Bapuke [13]. Ha puc. 2 npuBeneHo 1€BUATOPHOE CEUEHUE 3TOM MOBEPXHOCTH, & HA PUC. 3 — IJIaBHBIE MEPHU-
JMaHBl PACTSDKEHUS U CKATHUA.

Ycnoue npounocty onpenaensercs Gopmyiioit [13]

1 T
— — m —
f(6)=1 (0> Tp:0) = ———-""~1=0, (10)
r (Gm’e) Rb
rac Gm Hu Tm — Cpe,Z[HI/Ie 3HA4YCHUA HOpMaJ'IBHLIX H KaCaTCJIbHbIX HaHpH)KeHI/Iﬁ B OerCTHOCTI/I TOYKH, 9 —

YTOJI BUJA HANPSKEHHOTO COCTOAHMSA, A 7 (0,,,0) = — paaunyc-BeKTOp TOYKU Ha MOBEPXHOCTH pa3pylie-

r
V3R,
HUSI B ICBUATOPHOM CE€UYEHHH (CM. puc. 2).

Panuyc-Bektop F(Gm,e) onpexaensieTcs Gpopmynoii [13]

596 ANALYTICAL AND NUMERICAL METHODS OF ANALYSIS OF STRUCTURES



Aezanog B.I1., Mapkosuy A.C. CTpouTenbHas MexaHuka UHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeHuit. 2023. T.19. Ne 6. C. 593-607

B 2rc(rc2 _,?2)cose+rc(2rz —};:)\/4(;%2 _’”12)00829+5rtz 4y,
7(0,0)= 5 . . (11)
4(rc -7 )cos 9+(rc—2r,)

Puc. 2. JleBuatopHoe ceueHHE NOBEPXHOCTU Pa3pyLLICHHUS:
1; m ¥, — MepuanaHbl PacTsHKEHHS U CKATUS, 0 — yron Buaa HATPSKEHHOTO COCTOSHHST
N CcTOYHMK: BHIIOJIHEHO aBTOPAaMU
Figure 2. Deviatoric section of the fracture surface:
1; and 7, — the meridians of tension and compression; 0 — the angle of the type of the stress state
Source: compiled by the authors

A

\Brl

'\/grz

Puc. 3. Mepuuanbl pacTsHKCHUS H CKATHS TOBEPXHOCTH Pa3pyILCHHS:
Ry, v Rj; — npesiensl NpouHOCTH GETOHA HAa OCEBOE CKATHE U PACTSHKEHUE;
Ry, — TIPEJIEN IPOYHOCTH GETOHA HA PABHOMEPHOE JIBYXOCHOE CHKATHUE, = \/Erm , E= ﬁcm
M CcTOYHUK: BBIIOIHEHO aBTOPAMH
Figure 3. Tension and compression meridians of fracture surface:
Ry, and Ry, — ultimate strength of concrete for axial compression and tension;
Ry, — ultimate strength of concrete for uniform biaxial compression, r = \/grm ,& =130,
Source: compiled by the authors
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Panuyc-BekTOpEL % U 7, (CM. pHC. 2) ONpENeNsIoT Mepunuansl pactsukerns (0=0) u cxarus (0=m/3),
KOTOpBIE SBJIAKOTCS KBaJPATHBIMH MapaboIaMHu:

2 2
Tt Om (7™ Tin,c O Om
Ty v Omg (Om | Tme oy Oy (O] (12)
R, ' VIR Z(ij R, ble 2\ R,

Kosdduumentsr ay, aj, ay u by, by, by monydyensl Ha OCHOBE SKCIIEPUMEHTAIBHBIX [JaHHBIX M B 3aBUCH-
MOCTH OT NTapaMeTPOB MOAEIH, IPUBEIECHHBIX B Ta0. 1, onpenenstorcs no popmynam:

2 4, \F_ 1 \F Ry, — R,
ag=—Ry.ai ——Rj .ar +,|—R; ., 2R.. — Ry, )ar + B
0 3 bcl 9 bct2 15 bc 3( be bt) 2 52Rbc+Rbt
6= = = 6- - _,— = (13)
gﬁt (Rp; — Ry ) - \/;RbtRbc +7; 2Ry, + Ry )
612: .

_ 1 — 2 _ _
(ZRchbet)(ﬁt e Rbtiz 9RbtRbcj

/e [ R E
—=3r, p+ —
by =—pb —p°b,, b1=(§c jb2+5— b s

= R (14)
3§c_1 2 = l =
(ac+p)(a 3)(,3 3j

Tabruya 1/ Table 1

K onpenesennio napamerpoB moaenu Buininama — Bapuke /
To the determination of the parameters of the Willam — Warnke model

Bun nanpsikennoro cocrosinus / Type of stress state Kg;{:ﬂﬁﬁ/ Hanpsixenus / Stresses Yroa 0 / Angle 0
- . 03 =—Ry.
1. | OxHoocHoe cxxaTue / Uniaxial compression R, /3
01 =0 = 0
=Ry,
5 | Oanoockoe pactsxenue / R, 0, =03 =0 0
" | Uniaxial tension 4 _ Ry,
B =,
b
0] =6 =—Ry.
PaBHOMEpHOE IByXOCHOE CKaTHe / 03 = 0,
3. . o . Ry, 0
Uniform biaxial compression
73 Rbc
be = = 1, 2
Rb
o -_—
TpexocHOe CcKaTHe B PEKHME BBICOKOI KOMIIPECCHU R—m &
b
A (G3<01202,9:0)/ E>O 61¢0,62¢0,63¢0, 0
Triaxial compression in high compression mode 1 ’ El =3,67*%, 7, =1,59%
T —
(G3<01202,9:0) _m=t
Ry
O =
TpexocHoe c)xaTHe B pEeKUME HH3KOH KOMIPECCHU R_ _éc ’
b
5 (03 >01=0,, 0=m/3) / 2, >0 61 #0, 5, 20, 03 %0, 73
Triaxial compression in low compression mode 2 ’ E.=3,67%, T.=1,94%
T
(03 >01=0,, 0=1/3) m oy
Ry

* CormacHo pe3ynbraTaM dKcriepuMenToB Jlone u ["amrona [7].
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B Tab6n. 1 ucnonas3oBaHbI CJICeayromue 6yKB€HHLI€ 0003HAYCHHUS: Rb — HIPOYHOCTH OeToHa Ha OJHOOCHOC

oxatre (IpU3MEHHAasi WM KyOuKoBasi), Ry, — mpodHOCTh OETOHA Ha OJHOOCHOE pacTsikeHue, Ky, — mpod-
HOCTh OETOHa Ha PaBHOMEPHOE NBYXOCHOE CkaThe. [Ipu 3TOM HOpMHpyeMble 3HaYCHUS] MPOYHOCTH SBIISIOTCS
Oe3pa3MepHBIMU BeJIMYNHAME U 321aI0TCsI B OJSIX OT Ky, .

[IpouHocTs GeTOHA B YCIIOBHUSAX TPEXOCHOTO CXATHUS ONpeNesieTcs Ul PeKUMOB HU3KOM M BBICOKOI O0KO-

. .G - T, _
BOU KOMIIPECCUHN C HUCIIOJIB30BAHNEM COOTHOIICHUU —n —é’;c 158 m I"c Ha OCHOBAHUM SKCIICPUMCHTAJIBHBIX
b b

JlaHHBIX [7].

2.2. /lepopmuposeanue dbemona 8 00aacmax «cycamue — cyicamue — pacmaycenuer,
«cocamue — pacmaxcenue — pacmadxcenue
U «pacmasadcenue — pacmadicenue — pacmsdicenue) (yuem mpeuwsunooopa30eanus)

dusnueckas marpuna C, A1 6eToHA ¢ ONHOU, ABYMS U TpeMs TpellnHaMu (popMuUpyeTcs CleAyIomuM 00-
pazom. [Ipu oOpazoBaHNH TPEIIUHEI MO TIEPBOMY TJIABHOMY HAIPABICHUIO HANPSHKEHHOE COCTOSIHUE OETOHA IO
JIBYM JPYTUM HalpaBICHUSIM pacCMaTpUBAETCS KaK IUIOCKOHANPSIKEHHOE W UCIONb3YeTcs MOIUGUINPOBAHHBIH
KpuTepuii mpouyHoctu Muzeca — ['ybepa [14], KOTOpBIH CBOTUTCS K BHILY

f10(T).1 (Do)]=\/l3[312 (Ds)+ay (T;) ] =00, (15)

rae o u 3 — sMrupudeckue KO3(QQHUIMEHTHI, KOTOPhIE HA OCHOBaHWH JKCIIEPUMEHTANBHBIX TaHHBIX MMPUHH-
Mmatorcst paBabIMA 0,355 u 1,355 cootBercTBeHHO. OT™MeTHM, uTO TipH 0. =0 U B =1 ypaBuenue (15) BeIpoXxKIa-

eTcs B Kputepuil miactuuHoct Muzeca — ['yOepa [14].
C npuHATBIMH 3HA4YEHUSIMUA KOA(PGHUUUEHTOB o U B kputepui (15) 1ocTaTouHO XOPOIIO COTIIACOBBIBAETCS

C pe3yJbTaTaMH JIByXOCHBIX HCIIBITaHHM GeToHa (pHc. 4).

| ) f

10, v
P / /
0,2 0,2 04 -0,6 —0,8-1,0/ C.

3 l)r—’// Rb
70,2

Puc. 4. 'eomerpuueckas HHTEpIpeTanus Kpurepus Tekydect (15):
I — TIOBEpXHOCTH pa3pyLICHUsI COTIaCHO IKCIIEpHMEHTaIbHBIM JaHHBIM Kyndepa [6];
1] — xpureputii (15); II] — xpurepnii actuaHocTn Museca — ['yGepa [14]
M cTOUYHUK: BBHIIIOJIHEHO aBTOPAMHU

Figure 4. Geometric interpretation of the yield criterion (15):
1 — the fracture surface according to the experimental data of Kupffer [6];
1I — the criterion (15); /I — the von Mises & Huber plasticity criterion [14]
Source: compiled by the authors
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[lepBoHayanbHO HANPSKEHUS B KOHEYHOM 3JIEMEHTE BBIYHMCIIIIOTCS B IJI00AJIBHBIX OCSIX KOHCTPYKLIUHU X —
Yy — Z B MOMEHT BO3HUKHOBEHHMsI NMEPBOM TpelMHBl (PUKCHPYETCs TOJOXKEeHHEe TJIaBHbIX oced 1 — 2 — 3

(puc. 5).

Puc. 5. AHanu3 HanpsDKEHHOTO COCTOSTHMS OeTOHa IPH 00pa30BaHUH OJJHON TPEIUHEI
M cTOYHUK: BEIIOIHEHO aBTOPAMHU

Figure 5. Analysis of the stress state of concrete during the formation of one crack
Source: compiled by the authors

[Ipn BO3HMKHOBEHMH MEPBOM TPEIIMHBI MaTepuasl B 00BEME AJIEMEHTa PachajaeTrcs, COTIACHO MPUHSATOM
TUNOTE3€, Ha pAJ INIOCKOHANPSDKEHHBIX TNIACTUHOK. B Kaxmoil Takoi MiIacTHHKE CYIIECTBYIOT TaKHe MIIOLIaIKH
¢ Hopmanamu 2' u 3', Ha KOTOPBIX HOpMaNbHbIE HATIPSKEHHS MMEIOT SKCTpeMalbHble 3HadeHus. JanpHeimmii

aHaJIn3 TpCI]_II/IHOO6pa3OBaHI/IH MMPOU3BOAUTCH IO TJIABHBIM HAIIPAKCHUSAM (_52 n 63 , HeﬁCTBymH.IPIM BIOJIb ocert

2" u 3' (cm. puc. 5). JlanHble HaNpsKeHHs, KaK U yroj moBopoTa oceit 2' u 3' otHocuTensHO oceit 2 u 3, Haxo-
JSTCS 1O OOLIMM TpaBHUjlaM CONPOTHBIICHHS MaTepuasoB. [lanbHeWIMK pacyeT KOHCTPYKLHMH BBITIONHSETCS B
ocax 1 — 2' — 3!, s gero mpesBapUTENEHO BHIUMCISETCS MATPUIA HATIPABIAIONIMX KOCHHYCOB 3THX Oceil B
TI00ANTBHBIX OCAX X — Y — Z

[Ipu HanuumMu ABYX TpeIMH MOAYNb YIPYTOCTH OETOHA MO TPETheMy HANpaBlICHHUIO ONPEASsIeTcs o qua-
rpamMMe «HampspkeHre — aedhopManus A1 OMTHOOCHOTO HAMPSHKEHHOTO COCTOSHUS, & MOAYJIM CIBUra MPUHU-
MAarOTCsI 10 PEKOMEH/TAIHSIM, TIPUBEICHHBIM B padote [15].

[pu aTom usnveckas Marpuiia OyIeT BHIIISACTh CISIYIOIUM 00pa3oM:

000 0 0 O
000 0 0 0
00E 0 0 0

Ce=lo0 006, 0 o (16)
000 0 Gj3 0
00 0 0 0 Gf]

[Tpu HammuuM Tpex TPEIMH MOAYJIb YIpyroctd E paseH Hymio.
Mopnyns E B marpune C, (16) npuHumaeTcs paBHbIM MO0 Ha4aIbHOMY MOJYIIIO, €CIIU OETOH B TPEThEM

TJIABHOM HAITPABJICHUU PACTSIHYT, JIMOO KAacaTeIbHOMY MOJYJIIO KPUBOHM «HAMpsKeHHEe — JedhopMarius», eclid
OCTOH 0 TPETheMy TJIABHOMY HAIIPABJICHUIO CHKAT.

OKCIIEpUMEHTHI MTOKA3bIBAIOT, YTO TPECHYBIIHMA OETOH C apMaTypol IepenaeT 3HauYNTellbHbIe KacaTellbHbIC
HanpspkeHus. [Ipy 3ToM Ha BETUYHHY CIBUTOBOM JKECTKOCTH BIIMSIOT Takue (DAKTOPHI, KaK MIUPHHA PACKPBITHS
TpeurHbl, K03()(QUIMEHT apMUPOBaHUS, TUAMETP apMaTypbl, CTPYKTypa OeToHa u ap. [15]. Cnenys pekoMmeHna-
usM [15], Moaynb caBura mpuMeM Kak (ZyHKITUIO TeKYIeH pacTaruBaromnie aegopMarny.

Taxk, 111 6€TOHA ¢ TPEIIUHOHN B TIEPBOM TJIABHOM HaIlPaBJICHUH
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&
Gy =0,25G| 1-—1— | G, =0, ecmn g >0,004, G5, =G5, (17
0,004
rae G — MO,E[yJ'IL caBUura 6eTOHa 663 TpeH.II/IH; 81 — paCTﬂFI/IBaIOI.Ha}I I[e(i)OpMaIlI/UI 10 FJ'IaBHOMy Hal‘IpaBJ'le-
Huro 1.

st 6eToHa ¢ TPEIMHOM B IBYX HAIpaBJICHHUSX:

G =0,25G| 1-—L_ |, G& =0, ecnn &, > 0,004,
0,004

b

G§3 :O,ZSG(I—ﬁj , Gzc3 =0, ecmn &, >0,004, (18)

1

C : C C

G12 = Emln[GB, G13i| .

st 6eToHa ¢ TPEIUHOH B TpeX HalpaBJICHUAX:

1 J G, =0, ecmn g >0,004,
04

G, =O,2SG(1—

>

Gy =0,25G| 1-—2— |, G, =0, ecnu &, > 0,004,
0,004

(19)

Gy =0,25G|1-—2_ |, G; =0, ccmn &5 > 0,004,
0,004

B

1 .
Gip = G553 =G5 =§mm[G19GzaG3] :

Ha ocHoBanMm npuBeNeHHOTO alTropuT™Ma pazpaboTaHa MporpaMMa, aJalTHPOBAaHHAS K BBIUHUCIUTEITHPHOMY
komrutekcy [TPUHC [18-20].

3. PesyabTaThl M 00CyKIeHHE

st TecTpoBaHus pa3paOdOTaHHOTO KOHEYHOT'O JIEMEHTa OBIIIM MCIOJIb30BaHbl Pe3yJIbTaThl COOCTBEHHBIX
9KCIIEPUMEHTOB aBTOPOB, BBIIIOJHEHHBIX B J1a00OpPaTOPUM CTPOUTENbHBIX KOHCTPYKIMH U MaTepHajoB AenapTa-

MEHTa CTPOUTEIILCTBA MHXKEHEpHOU akamemuu PYJIH, B Xolle KOTOPBIX HCCIIEIOBAJIOCh HANPsKEHHO-AedOp-
MHUPOBaHHOE COCTOSIHHE KeJIe300€TOHHOH Oanku (puc. 6).

Puc. 6. O0wwuii BUJ SKCIIEpUMEHTATbHOW OaJIKH U UCTIOJIh30BaHHOTO 000PY/I0BaHHS
Uctounuk: ¢oro B.II. Aranosa, A.C. MapkoBuua
Figure 6. General view of the experimental beam and used equipment
Source: photo by V.P. Agapov, A.S. Markovich

AHAIUTUYECKVE W YMCHEHHBIE METOZbI PACYETA KOHCTPYKLIMIA 601



Agapov V.P., Markovich A.S. Structural Mechanics of Engineering Constructions and Buildings. 2023;19(6):593-607

Jl1s OLleHKM HanpspKEHHOTO COCTOSIHHSI, B COOTBETCTBHM C METOAMKOHN SKCIEPHMEHTA, IO HAIpPaBICHUIO
rIaBHBIX JedopMmarnmii B 21 TOUKe Ha MOBEPXHOCTH Oalku OBLTH HakIieeHbI TeH30pe3ucTopel BF120-20AA c 6a-
30i 20 MM, HOJKITIOYAEMBbIE MO MOJHOM MOCTOBOU cxeMme K 24-kaHanbHOU TeH3octaHuuu ZETLAB. Dxcnepu-
MEHT IPOBOJWICS Ha HMCIBITATENILHOW YCTaHOBKEe Matest ¢ mocTossHHOW ckopocThio HarpyxkeHus 10 H/c. Ilpu
3TOM Harpyska, AeopMaluy U IepeMEeLICHUS XapaKTePHbIX TOYEeK OalIKu 3aIMChIBAINCh CHHXPOHHO.

Marepuan 6ankun — Oeton knacca B60. banka nMena npoaonsHoe apMUpoBaHUe apMatypoii kinacca A400
@10 (puc. 7).

P 910 A400
| "
(=]
&
| -
. 7 l 65
J( 660 660 —
s \/ - /«
a0 | 1320 | | 40
1400

Puc. 7. 'eomerprueckue pa3Mepsl U cXeMa apMHUPOBaHUST OaJIKU
VN CcTOYHUK: BBHIIOJIHEHO aBTOPAMHU

Figure 7. Geometric dimensions and reinforcement scheme of beam
Source: compiled by the authors

KoHneuHo-371eMEeHTHAsT MOJIETh AKCIIEPUMEHTAIBHON Oanmku coctosiia u3 2800 00BEeMHBIX BOCBMHY3JIOBBIX
a5eMeHTOB (puc. 8). ApMupoBaHHe OAKU MOJCITUPOBATIOCH OJJHOMEPHBIMH CTEP)KHEBBIMH JIEMEHTAMH C TPEMSI
CTETICHSIMH CBOOOIBI B y31ie. [1Jist IPOIONBHOM apMaTypsl IPUHUMATACH TUTIOTE3a HCaTbHOTO YIPYToMmiacTHye-
CKOT'0 NOBE€ACHHSA, U YUHUTHIBAJIOCH BJIMAHUC KBaJpPaTOB YIJIOB IIOBOPOTA Ha IMPOAOJIbHBIC YCUJIHA. CTep)KHI/I 110~
MEPEYHOT0 APMUPOBAHHUS HAXOAUIIMCh B YCIOBUSIX JTHHEHHO-YIIPYroro Ae(OpMHUpPOBAHUSL.

HarpyxeHue M ycioBusl onmupaHusi OANKH COOTBETCTBOBAIM METOJUKE MPOBEJICHHBIX aBTOPaMHU DKCIIEPH-
MEHTOB (cM. puc. 9).

a o

Puc. 8. PacuetHast cxema SKCIICPUMEHTATIBHOM OaKH:
a — KD mopnens «rena» 6anku, 6 — cxema apMHpOBaHHsI cTep)kHeBBIMU KD
N cToYHUK: BBIIOIHEHO aBTOPAaMH C UCIONb30BaHKueM nporpammsl [IPUHC

Figure 8. FE scheme of the experimental beam:
a — FE model of the «body» of the beam, 6 — bar FE scheme of reinforcement
Source: compiled by the authors using the PRINCE program
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Puc. 9. Xapakrep pa3pyleHuUst IKCIIEPUMEHTAILHON OaKi
Uctounuk: ¢oro B.II. Aranosa, A.C. MapkoBuua

Figure 9. The fracture character of the experimental beam
Source: photo by V.P. Agapov, A.S. Markovich

CyMmmapHas Harpy3ka Ha Oanky Obuia npuHsTa paBHOU P = 36 kH. Pacuersl BRINOTHSUIMCH 11IarOBO-HTEPa-
IIMOHHBIM MeTOJIOM. bbit 3aman 41 mar HarpyxeHus, KOOQQUIMEHT K Harpy3Ke Ha IEepBOM IIare MPUHUMAIICS
paBHbM 0,01, a Ha ocTanpHBIX marax — 0,03.

[To pe3ynbraTam pacuyeToB MCCIEIOBAIUCH MPOIECC TPEIIMHOOOPa30BaHUs B OCTOHE, MPOTHOBI OANIKU TIPH
(hUKCHPOBaHHBIX 3HAUEHUSIX HATPY3KH, a TaKXKe MpeebHas (pa3pymaroiias) Harpy3Ka.

Pesynbrarer pacueToB mpeCcTaBIeHBI B Ta0M. 2

Tabauya 2 / Table 2
Pe3yabTaThl pacuera 6ajxu / Beam calculation results
i / IIporudn1 6aixu (Mm) npu Harpyske, kH / Harpy3ka Tpemuso- | Paspymaomas
ccﬁ;’;’;’;’;ﬁ?}ﬁ:g"“‘ Displacements of beams (mm) under load, kN |  ogpasosanus, kH / narpyska, kH /
18 21 24 Cracking load, kN Failure load, kN
Pe3ynbraThl 9KCHEPUMEHTOB / 0.96 1.170 1,488 9.375 28.849

Experimental results

Pesynprater pacaera B BK IIPUHC /
Calculation results in the PRINS 0,742 1,131 1,476 9,00 27,36
computer application

[orpemHocTs, %0 /

Divergence, % 29,4 3,33 0,81 4,17 5,44
, /0

Kak BugHO 13 Tabmd. 2, pacxokaeHre B 3HAUCHUIX MPEACTbHOH (pa3pylIaroneii) Harpy3Kky, HOITy4eHHOH 10
pesynprataM pacdetoB B BK [IPMHC, B cpaBHEHMH ¢ 3KCIIEpHUMEHTAIBHBIMH JaHHBIMH He mpeBbImacT 5,44 %,
YTO CBHUJETEIBCTBYET O BBICOKONH TOYHOCTH Pa3pabdOTAHHOIO KOHEYHOI'O IEMEHTA, a TAKXKE O HAJEeKHOCTH U
YCTOWYHMBOCTH UCIIONB3YEMBIX aJITOPUTMOB HETMHEHHOTO pacyeTa.

[Ipouecc TpeumHOOOpa3oBaHus paccMaTpuBaeMoi OaiKku, MoydeHHbIH ¢ ucrnonb3oBanneM BK TTPUHC,
mokasas Ha puc. 10.
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Homep wiara: 12
Step number 12

Homep mara: 9
Step number 9

Homep wara: 19
Step number 19

Howmep mara: 16

Step number 16

Homep mara: 22
Step number 22

Homep wara: 24
Step number 24

Puc. 10. TpemunooOpa3zoBaHue paccMaTpUBaeMOM OaIKU
N cTouyHUK: BBIIOIHEHO aBTOPAMHU ¢ HUCHOIb30BaHKUeM nporpaMmsel [IPUHC

Figure 10. Cracking of the considered beam
Source: compiled by the authors using the PRINCE program

[Iporu0s1 6anku, COOTBETCTBYIOIINE CyMMapHoii Harpy3ke 18, 21 u 24 xkH, npuBenens! Ha puc. 11.

ABTOpamu pa3paboTaH U peann3oBaH HU3NICCKH HETMHCHHBIN 00bEMHBIH KOHEUHBIH 3JIEMEHT IS pacueTra
MACCHBHBIX JKEJI€300C€TOHHBIX KOHCTPYKIIUH, TO3BOJISIONINN YUYUTHIBATh XPYIKOE pa3pylicHue OeToHa B 00Jia-
CTH CKaTHsI U TIPOLIECC TPEIINHOOOPa30BaHus B PACTSIHYTOM OETOHE.

Ja ygera paboTsl O€TOHA B PEXKIME «CKATHE — CIKATHE — CHKAaTHE» HMCIIONIb3YETCs KPUTEPUil IPOYHOCTH
Bunniama — Bapake.

[Ipu BO3HMKHOBEHUH B OETOHE TPEMIMHBI IO TIEPBOMY INIABHOMY HANpaBJICHHUIO HANPSHKEHHOE COCTOSIHUE TI0
JIBYM APYTUM HaIpaBIICHUSIM PacCMaTPUBAETCs KaK IUIOCKOHAMPSKEHHOE U MPUMEHSETCS MOAU(PpUIIMPOBaHHBIN
KpuTepHit mpoaHocTy Mmuseca — ['yOepa.

[Ipn HamuuMM ABYyX TPEIIMH MOAYJb YIPYTOCTH OETOHA MO TPETheMy HaIpaBICHUIO OTpenessieTcs 1Mo aua-
rpaMMe «HaIpsbkeHue — aedopManushy U MPH STOM YYUTHIBAETCS BIVSHHUE KacaTeNbHBIX HANPSKEHUA Ha pabo-
Ty O€TOHA C TPEIITMHAMH.

Tak xKak apMHpOBaHWE KOHCTPYKLHMH MOXET BBIMONHATHCA MPOU3BOJBHBIM 00pa3oM, ero OCOOEHHOCTH B
MOJHOM Mepe MOTyT OBITh YYTEHBI BKIIOUCHHEM B KOHEYHO-3JIEMEHTHYIO CXEMY KOHCTPYKIHMH OJHOMEPHBIX
CTEP>KHEBBIX 3JIEMEHTOB, XapaKTepU3yIOLIUX apMatypy. Ilpu sTom ans apMaTypHOU cTamu BO3MOXKHO 3alaHHE
KaK yIpyroi, Tak U yIpyromiacTi4ecKon Mojeneii aegopMupoBanusi.
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Puc. 11. ITporu6er 6anku:
a — nupu Harpyske 18 kH, 6 — npu Harpyske 21 kH, ¢ — npu Harpy3ke 24 kH
M cTOoOUYHUK: BEIIOTHEHO aBTOPaMU € HCIIOIb30BaHKeM nporpammel [IPUHC

Figure 11. Beam displacements:
a— ataload of 18 kN, 6 — at a load of 21 kN, ¢ — at a load of 24 kN
Source: compiled by the authors using the PRINCE program

4. 3akaouenue

1. B mponecce oTnagxy nporpaMMbl Ajsl BepUPHUKaLUU pa3paboTaHHOTO KOHEYHOTO AJIEMEeHTa Oblila TIpoBe-
JIeHa CepHs TECTOBBIX pacueToB OaJIKi, HAXOMAALIECHCS B YCIOBUH TpexToueuHoro m3ruda. [locnenyromee cpas-
HEHHE pe3yJIbTaTOB pacueTa C JaHHBIMU OKCIEPUMEHTOB, TPOBEJECHHBIX aBTOPAaMH, IOATBEPAMIIO BBICOKYIO TOU-
HOCTb pa3pab0TaHHOI0 KOHEYHOTO HJIEMEHTA.

2. JlanHblil KoHeuHbIN 31eMeHT anantupoBad k BK [IPUHC u B coctaBe 3TOro nporpaMMHOro KOMIUIEKCA
MOXeT OBITh HUCIIOJIb30BaH MHXXEHEPAaMH IPOEKTHBIX M HAYYHBIX OPraHU3alMH U1 IPAKTUIECKUX PAacueTOB XKe-
71e300€TOHHBIX KOHCTPYKLIUH.

Taxum obpazom, BK TIPUHC MosxeT OBITh yCHEIHO MCIOIB30BaH ISl PelieHHs! IUPOKOTo Kiacca WHKe-
HEPHBIX 3a7ad.
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Hcropus cratbn AnHoTanms. [IpoaHann3uMpoBaHEl CTPYKTYpHBIE XapaKTEPUCTUKH YIIEPOIHBIX
TocTynuna B pefakimio: 29 mast 2023 T. HaHOMaTEpHaJIOB, IOJyYEHHBIX IPH PAa3IMYHbIX BPEMEHHBIX NapaMeTpax CHHTE-
JlopaGotana: 27 asrycra 2023 T. 32 Ha OCHOBaHMH PEHTICHOBCKOW mudpakromerpun, KP-criektpockonuu u cka-
TTpunsTa K myGuKaLuu: 5 ceHtsops 2023 r. Hupytouied mMukpockoruu. 1lo manapiM KP-criekTpockonuu ¥ peHTTeHOBCKOTO

paccesHUS PacCYMTAHO, YTO Pa3Mepbl KPUCTAJUIUTAa HAHOTPYOOK HaxXomsITcs B

npenenax oT 9 no 38 HM. Pazmep kpucrayuuTa HaHOTPYOOK NPU JUIUTENBHOCTU
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1. BBeaenune

CHUHTE3 U CBOWCTBA KOMIIO3UTOB CTPOUTEILHOTO HA3HAYCHHUST HAXOJATCS B 3aBUCUMOCTH OT BXOJSIIIHX B UX
COCTaB KOMIIOHEHTOB. JIJisi MaTepualoB Ha OCHOBE BSKYIIMX COCTABJISIONIMX IMPEIONpEeNsioniee 3HaAuCHHE
UMEET JUCIICPCHO-KPUCTAIUITMTHAS CTPYKTYypa HOBOOOPA30BaHMI HAMOJICKYJIIPHOTO YPOBHS, (DOPMUPYIOIIUXCS
B IMPOILIECCE TBEPJCHHS IIEMEHTHOTO KamHs. [103TOMy HEOOXOIUMO YYHTHIBATh Pa3MEPHBIC CTPYKTYPHBIC SIH-
HUIIBI KOMIIO3UTa Ha YPOBHE KPHUCTAUINTA (3€pHA) WM arjioMepara, Tak Kak JaHHbIC WHIWBUIYaJbHBIC WM
YKPYIHEHHbIE CyOMUKPOCKOMHUYECKHE W HAHOCTPYKTYPHBIC YACTHIBI 3apOXKICHUS TBEpAOH (aswl uepe3 mpo-
CTPaHCTBEHHO-TEOMETPHUYECKYIO KOMIIOHOBKY OIPEEISIOT MPOYHOCTHBIC MOKA3ATENN OTJENBLHO B3SITOTO YYacT-
Ka U cUCTeMBI B 11eJIoM. OTMETHM, YTO HalpaBiIeHHOE PEryJIHMpOBaHME YKa3aHHBIX MapaMeTPOB CTPYKTYpPBI KOM-
MO3UTa MOXKET OBITh JOCTUTHYTO 3a CYET NMPUMEHEHHS METOIOB HAHOMOIU(MHUIIUPOBAHUS, KOTOPBIE 33Jal0T
OMpe/IeNICHHOE HANPABJICHUE PA3BUTHS T€OMETPUHU KPUCTATUTUTHON CTPYKTYPBI C 00pa30BaHUEM MOBEPXHOCTHBIX
KOMITJICKCOB ¥ HOBBIX XUMHYECKUX cBs3el. CTeneHb peann3aiuy IPUHIIMIIOB HAHOMOJU(PHUIIUPOBAHUS CTPYKTY-
pPBI CTPOUTETHLHOTO KOMIIO3UTA U WX 3(PPEKTUBHOCTL OYIAYT 3aBUCETh OT XapaKTEPUCTHK M CIIOCOOOB BHECCHUS
HAHOPa3MEPHBIX YacTHUIl. BhICOKHE y/IeNbHbIC MOKA3aTEeIN TOBEPXHOCTH HAHOMATEPHAIIOB CIIOCOOCTBYIOT MPO-
SIBIICHUIO KalTWJUISIPHBIX CBOMCTB (TIOTJIOICHUE YKUKUX CPEJI MO JCHCTBUEM CHII TOBEPXHOCTHOTO HATSKEHUS ).
JIns CTPOMTENBHBIX MaTePHATIOB, 00JIAAOINNX MPEHMYIIECTBEHHO TETEPOTCHHOW CTPYKTYPOH M THAPATAIUOH-
HBIM TIPUHIUIIOM TBEPJACHHS, MPUMCHEHHE HAHOMATEPHATIOB HE TOJBKO OYAET CIOCOOCTBOBATH 3AMOIHEHUIO
MUKPOTIOP, HO W TO3BOJIUT CYIIECTBEHHO CHU3UTHh KOJMYECTBO CBOOOJHOW W KaNMWIUIAPHO-CBS3aHHOW BOJIBI,

Yuri N. Tolchkov, Postgraduate student, Department of Engineering and Technology of Nanoproduct Manufacturing, Tambov State Technical University,
Tambov, Russian Federation; ORCID: 0009-0001-2656-1434; E-mail: tolschkow@mail.ru
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NPUAAB CUCTEME YIUIOTHEHHYIO KOHCTPYKIHUIO. J((PEKTUBHOCTh MPUMEHEHHUSI TAKOTO POAa HAHOMOJIU(HKATO-
pOB OyZIeT ompenensiTbcs pasMEpHBIMH MapaMeTpaMHu HAaHOCTPYKTYp M MX CTpoeHHeM (UMIMHApUYecKas, cde-
puyecKas U 1p.), 38 CUET 4ero peann3alus Ipolecca CBA3bIBaHUS BOJBI OyJeT MPOXOIUTh HE TOIBKO aacopOuu-
OHHO, HO U XeMocopOunonHo. Hanpumep, yriepoaHsie HaHOTPYOKH 00JIafaloT BBICOKMMHU XapaKTEPUCTHKAMHU
azcopOLuy M KanWUIIPHBIMU CBOWCTBAMHM (CKJIOHHOCTh MaTepHaja IOINIOIATh BHYTPh CBOEH IIOBEPXHOCTH
JKUIKOCTH, PACIUIaBbl U Ap. MOJ ASHCTBUEM CHJI TIOBEPXHOCTHOTO HAaTsDKeHUs). OZHUM M3 METOJIOB HCCIIE0BA-
HUSI KPUCTAJUIMYECKOTO CTPOCHHUS BEIIECTB SIBISACTCS] PEHTTEHOBCKas AUPPAKLUs, KOTOpas TO3BOJISET MOIyYUTh
MHQOPMAIHIO O CTPYKTYPHBIX XapaKTEpPUCTUKAX PACCMAaTPUBAEMBIX BEIICCTB.

PenTreHoBckue MccnenoBaHUs YIICPOOHBIX HAaHOTPYOOK mpencTaBieHbl B [1-5], roe paccMOTpeHBl Iu-
(bpakuMOHHBIE KAPTHHBI M XapaKTEepHBIC JJIsI 3TOr0 MaTepHalibl, HHTeppepeHInOHHbIe MakcuMyMbl — (002),
(100), (004). J1ns HaHOTPYOOK OTIMYUTEIHLHOW OCOOSHHOCTRIO SIBJIICTCS HATMYUE MAKCUMAIBHBIX HHTEHCUBHO-
creit B 3HaueHnsax nukoB (002) u (004). B pazpaboTtkax aBTOpoB [3—5] HA OCHOBaHHWH MMapaMeTPOB PEHTTEHO-
rpaMM OLICHUBAJIACh CTEIICHb YNOPAA0YEHHOCTH YITIEPOAHBIX HAHOMATEPHAJIOB, B PE3yJIbTaTe aBTOPbI IPUXOISIT
K BBIBOJY, UTO MMapaMeTp HAXOIUTCS B 3aBUCUMOCTH OT MakcumyMma nuka (002), mpu koTopoMm Goiee ymopsiiao-
YEeHHBIE CTPYKTYpPbI HAOMIOJAI0TCS IPH CHUYKEHUH JIMHUHM MHTEHCUBHOCTH. BBIBOIIBI IO paboTe caenaHbl Ha OC-
HOBaHHUM SKCIEPUMEHTAJIBHBIX HCCIIEIOBAHNHN 1 pacueTa MOJICJIbHBIX PEHTITC€HOTPaMM Ha OCHOBAHUH YPAaBHEHUH
JleOast.

B [6] ananu3 ¢a3oBoro coctaBa 1 peduiekCoB HAHOTPYOOK B CpaBHEHUH C rpadUTOM MOATBEPIUII yBEIHUe-
HUE MEXIUIOCKOCTHOTO paccrosHus oT 0,336 (rpadur) mo 0,343 um (YHT) u cmemenue peduekca YHT B 00-
JIacTh MEHBIINX YITIOB. BaXHBIM MOMEHTOM B IyOJIMKAIMHK SIBIIsI€TCS 0OOCHOBAaHHME 3aKOHOMEPHOCTEH Ipeumy-
HIECTBEHHOTO 00pa3oBaHus MHKa HHTeHCUBHOCTH (002), KOTOPBIN B MEPBYIO OYepeab CBSA3BIBAIOT C HANUYHEM B
HAHOTPYOKaX MCKPHUBICHHBIX y4acTKoB. [Ipn ycnoBun otcyrcTBus nmonoOHbx aedekroB YHT muk (002) Obu1 661
HE 3HAYUTEJIBHBIM MJIM OTCYTCTBOBAJI COBCEM, TAKMM 00pPa30M, METOJl PEHTI€HOBCKON NU(PAKIUKN PACKPHIBAET
0COOEHHOCTH CTPOSHHS PaccMaTpPHBaeMOro oopasina.

B [7] Obimi mpoaHanu3upoBanbl AU(PAKIUOHHBIE KAPTHHBI pacCMaTPUBACMBIX YIJIEPOAHBIX HaHOMAaTepHa-
JIOB, CTPOCHHE M THUI MakCUMyMOB peHTreHorpamm (002), (004) moaTBepaAna NUIMHIPHYECKYIO CTPYKTYpPY YT-
neponubix (as. Ha ocHoBanum momydeHHbIX audpaxinuoHHbx pedaekcos (002), (004) u ypaBaenus Censko-
Ba — llleppepa omnpeneneHsl CTPYKTypHBIE XapaKTEPUCTUKNA 00pa3LoB, a HIMEHHO pa3Mephbl KPHUCTAIIUTOB, KO-
TOpBIE HAXOIATCA B AuanazoHe ot 6 1o 11 HM. B pesynbraTe mpoBeaeHHOro aHajau3a aBTOPhI MOATBEPANIN, UTO
B HCCIEIyeMOM YTJIEPOAHOM KOMIIO3UTE IPUCYTCTBYIOT (Pa3bl, COOTBETCTBYIOIIME HAHOTPyOKaM TpyOdaroro
TUTIA CTPOCHUS, U PACCUUTAIIN UX KPUCTAIITHYECKUE XapaKTePUCTHKH.

PaccMoTpeHHbIe OnyOIMKOBaHHBIC AaHHBIE [6—8] TOBOPAT O TOM, YTO aHAJIM3 PEHTTEHOTPaMM HaHOTPYOOK
MPOBOAUTCS B COUYETAHUM C JIPyTUMH MeToaaMu (Hanpumep, KP-criekrpockonus), Tak Kak AuppakOHHbIE Kap-
TUHBI HEYIOPSIOYEHHBIX YIJIEPOJHBIX HAHOMATEPHAJIOB O0JIafAI0T HEKOTOPBIM CXOACTBOM OTHOCHUTEIBHO HC-
XOAHBIX MaTepHalIoB. B CBS3U ¢ 3TUM IIPUMEHEHNE AOMOJIHUTENBHBIX METOI0B KAYECTBEHHOT'0, KOJINYECTBEHHOT'O
aHaJIM3a M WIACHTH(UKAMKM MO3BOJUT OJHO3HAYHO YCTAaHOBUTH HauOoJee IMOJIHBIC XapaKTEPUCTHKH CTPOCHHS
uccaenyeMbIX HaHoCTpykTyp. Hampumep, B [8; 9] npeanokeHbl anropuTMbl aBTOMATH3aLUN aHaJH3a PEHTTEHO-
rpamMM, KOTOpbIe OCHOBAaHBI Ha BEIYMCIIMTEIFHBIX METOAAX MM KOMITBIOTEPHBIX MPOrpaMMax, B pe3yJbTaTe dero
9KCIIEPUMEHTAIBHO TIOIy4YEeHHBIE JaHHBIE CPAaBHMBAIOTCS C TEOPETHUECKH PACCUMTAHHBIMU AU(PPaKIMOHHBIMHU
KapTUHAMH Ha OCHOBaHMU MeTOoAuK [[ebas. OmHako He BCe MOJAO0OHBIE MOAXOBI OKA3BIBAIOTCS OJHO3ZHAYHO OTIH-
CBIBAIOIIMMH BCE OCOOEHHOCTH CPAaBHUBAEMBIX AM(PAKTOrpaMM, a MPEUMYILIECTBEHHO NMPUMEHUMBI B 00IaCTH
OTPaHMYCHHBIX XapPaKTEPUCTHK (00JIACTH MAJIOYTIIOBOTO PACCESHUS, OMHOCIOWHBIC HAHOTPYOKH, TpaduTOIOm00-
HBIE MaTepualbl U Ap.), IO3TOMY Ul MOTy4YEHHS MOJTHON KapTHHBI CTPOSHHS BELIECTBA 3a4acTyr0 TpeOyeTcs uc-
MOJIb30BaHNE KOMIUIEKCHBIX TaHHBIX CKaHUpYIomiel cnekrpockonui KP 1 peHTreHoBCKOH Tudpakiuy.

Astops! [10] u3yunnu pasmep KpHCTAJUIUTOB TPaQuTOB, TEXHMYECKOTO YIiepoJa U YIIepOIHBIX BOJTOKOH
Ha OCHOBAHMM OTHOIIEHHMi mojoc uHTeHcuBHOCTel KP (1360 u 1580 cM™') u peHTreHorpamMm Tex ke MaTepua-
JioB 110 opmynam Bynbda — Bparra, Illepepa u Yoppena. [l o0pasiia TEXHHYECKOTO yriiepojia pa3Mep Kpu-
CTAJUTUTA MO PEHTIT€HOMETPUYECKUM JAHHBIM HaxoJuJica B guarna3oHe oT 3,8 1o 38 HM, ¢ Ipyroi CTOpOHBI, 3a-
BUCUMOCTH TlapameTpoB criekTpa KP mpuBoasT k 3HaueHusIM kpuctainuta oT 4,1 1o T 29 um. HecoorBeTcTBre
MOJTYYEHHBIX 3HAUEHUH pa3Mepa obnactell korepeHTHoro paccesHust (KP u pentreHoBckoi audpakunu) HUBeE-
JUpYeTCsl IPU pacueTe mapaMeTpoB HAa OCHOBAHWHM MHTErpalibHBIX MHTeHCHBHOcTel mosnoc KP. B pesynbrate
aBTOPHI YCTaHOBWJIM JIMHEHHYIO 3aBUCUMOCTD MEXKIy CPEJHUMH 3HAYCHUSMH pa3Mepa KpUCTaTUTa U METOJaMU
ero onpenenenus: (KP u peHTreHOBCKOW MU(paKIUK), YTO MO3BOJSCT B CIy4ae HEBO3MOXKHOCTH NMPHUMEHEHHS
OJTHOTO M3 CITIOCOOOB OPUEHTHPOBATHCS HA MapaMeTphl JOCTYITHOTO.
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Bompocsl 0 MpUMEHAEMOCTH COOTHOIICHHWS NMUKOBBIX HMHTCHCHBHOCTEH JIMHWUU (Ip/lc) IUTsI OTpeneeHwst
pa3MepoB KPUCTAJUINTOB PACCMATPHUBAIOTCS YK€ JOCTATOYHO JABHO M MMEIOT CYIIECTBEHHOE OTpa)KeHHE B CO-
OTBETCTBYIONMX Iyonmukanusx [11-13] wim momydeHHBIX SMIHUPUYECKUX 3aBUCHMOCTsIX. B [13] meTomamu
peHTreHoBckoil auppakromerpun U KP-criekrpockonuu uccnenoBaH HEWIOHCKHH TrpadUT (Tak Kak COAEPIKHUT
99,9 % yrnepona). CpaBHUBAS MOTyYEeHHBIC PE3yNIETAThl, YAEHHBIC MMPUXOAAT K BBIBOJY, UYTO IMITMPHUECKUE 3a-
BucHUMOCTH (cooTHomeHnid D n G KP-cmekTpa) SIBISIIOTCS OPHEHTHPOBOYHBIMH CPAaBHHUTEIHLHBEIMH JTAaHHBIMU,
KOTOpBIE MOTYT ITOMOYb COITOCTABUTH pa3iMyHbIe 00pa3lbl HA CTPYKTYPHOM M Ka4YeCTBEHHOM YPOBHSX C TOUKH
3peHnst AeeKTHOCTH (IUCTIEPCHOCTH) YTIIEPOJHOIO MaTepuaia. Takke OTMEedYaeTcs, 4YTO METOBI (PEHTTeHOB-
ckoii nudpaxtomerpun u KP-crekrpockonuu) He MOTYT OBITH B MOJTHON MEpE COMOCTABUMBI (B TOM YHCIE 3a
cdeT (pU3MYECKUX Pa3WYMii B OCHOBE IMOJXOJIOB) U HE MOTYT UCKIIOYATh, 4, BEPOSTHEE, NOJKHBI JOIMOIHATH
Apyr apyra.

Pa3zymnopsiio4eHHOCTh YIIIepOJHBIX HAaHOMATepHAIOB BO MHOTHX CIIy4asx SIBISETCS CIEACTBHEM HAJU4YUS B
o0pasie NCKPUBJICHHBIX TPa(QEHOBBIX CIIOEB W BU3yallbHO JOCTATOYHO TOYHO OMPEIEIISETCs C TIOMOIIBI0 METO-
JTIOB CKAHUPYIOIIEH 3JIEKTPOHHONH MHKPOCKOIIHH.

B uccnenoanuu [14] 6puta nonyyena pacuetHas hopmyna Leq = 8,8(420/Ap) Ha OCHOBaHWM MHTEHCHBHO-
cTeil cnexTpanbHbIX MuHKH ~2450 cM (4ap), =1350 cm'(Ap), Ans ycTaHOBNEHMS pa3Mepa Ipad)eHOBBIX CIOEB C
Y4eTOM HMX KPHBH3HBL. B pamkax sKkcrepuMeHTa MPOBOJMIICS CPaBHUTEIBHBIH aHaIN3 MPUPOAHBIX (DyJIepeHOB
Kapenbckoro mporcxoxeHus, a IMEHHO OLICHUBAJICS Pa3MEpHBIA mapaMeTp rpadeHoBoro cinos (Leq) U pazmep
KpuctaiunTa (La) B OOJIBIIMHCTBE CITydae 3HAUCHHUE Loq™>La, YTO TIOATBEPKAAET UCKPHUBIICHNE TPa(eHOBOTO CIIOs
pasnuaasiMA MeTofamu: KP, COM. DTu BBEIBOABI KOPPEIUPYIOTCS C UCCICIOBAHUAMHE aBTOPOB [15], KoTOphIe
OBLIH BBITTOITHEHBI C MTOMOIIBO) PAMAaHOBCKOW CIIEKTPOCKOMUHM HAHOAIMA3HEIX YTIIEPOI0B, OJYUYSHHBIX MPH BBI-
COKMX TeMIlepaTypaxX. YCTaHOBWJIM, YTO TOJOCH 2D HabmomaroTcs B o0Opa3lax ¢ TeMIepaTypoil OTXkwura
(1900 K u BBIIIE), YTO MPUBOAUT K (POPMHUPOBAHHUIO BHITHYTHIX (POPM IpadeHOBBIX (HParMeHTOB.

B mpoananu3npoBaHHBIX JaHHBIX [16] pacCMOTPEHBI paMaHOBCKHE CHEKTPhl MHOTOCIOMHBIX YTJIEPOAHBIX
HaHOTPYOOK u ux Moaupukanuii. OOpa3sl HAHOTPYOOK OTINYAIKMCH CPEJHUMHU AMAaMETPaMH, KOTOpbIe OBbLIH
MIPOKOHTPOIUPOBAHBI TPOCBEYUBAOIIEH AIIEKTPOHHONW MUKpOCKomueil. CTpyKTypHBIE 0COOEHHOCTH MaTepHalloB
aHaJTM3UPOBAINCH HA OCHOBAHWW OTHOIIECHUH MHTeHCUBHOCTEH (/2p/Ip) OT CpemHETO AMaMeTpa HAHOTPYOKH, UTO
MPOAEMOHCTPUPOBANIO TOYTH JIMHEHHYIO 3aBUCUMOCTH, MPH KOTOPOW pOCT AMaMeTpa HaHOTPYOOK COMpPOBOX-
Jayicst Bo3pacrtanuem 3HaueHus (op/lp).

PaccMmoTpeHHBIe Hay4YHbIE HCTOYHHUKH MO3BOJISIOT CAENATh BBIBO, YTO CHEKTPOCKOMHUS KOMOMHALIMOHHOTO
paccesiHUs CBETa U PEHTICHOBCKas AU(paKIUsI MPUMEHIIOTCS B KaUeCTBE CPEACTB TUArHOCTUKU CTPYKTYPHBIX
MapaMeTpoB U CTENEHU Ae(PEKTHOCTH YIIepOJHBIX HAHOMATEPHAIIOB C JTOCTATOYHON TOYHOCTHIO TOCTOBEPHO-
cTH pe3ynbTaroB. [lomydeHHble TakKMMHU crioco0aMy MOKa3aTelu IMOMOTYT OIICHWTh IPUKIJIAJHBIE CBOWCTBA U
pasMepHbIe 0COOEHHOCTH HAaHOCTPYKTYp. Llenbio paccMaTpuBaeMOro MCCIeOBaHMS SBISETCS aHANIHU3 CTPYK-
TYPHBIX OCOOEHHOCTEH YTIEPOJHBIX HAHOMATEpPHANIOB W OIEHKA BO3MOXKHOTO BIHSHHS JAaHHOTO (akKTopa
(pa3mepa kpucTaminuTa) Ha (U3UKO-MEXaHUYECKHUE XapaKTEPUCTHKH CTPOUTEIBHOTO KOMIO3UTA MPH UCTIOIb-
30BaHUHM HAHOCTPYKTYpP B KaueCcTBE KOMIIOHEHTa HaHOoMoAuduuupytomei nodaBku. s BHIIOTHEHUSI Hame-
YEHHBIX YCJIOBHI HCCIIEOBaHMS IUIAHUPYETCS NMPOBECTH KOMIUIEKCHOE HCCIEA0BAaHUS YIIIEPOJHOTO HAaHOMa-
Tepuana merojgamMu KP-ciekTpockonuu, peHTTeHOBCKOM MU(PAKINK, CKaHUPYIOLIEH 3JIEKTPOHHON MHUKPOCKO-
MUK ¥ BBIMOJIHUTH HCIBITAHUS MOJU(PHUIMPOBAHHOTO THIica (IPOBEPSEMBIMH HAHOCTPYKTYpaMH) Ha (UIUKO-
MEeXaHHYeCKHe TTOKa3aTelH.

2. MaTtepuajibl U METObI

B pabote O0pIm BiccenoBaHbI yriepoanbie HaHoMarepuaisl « Tayauty (OO0 «HaroTexLlentp», r. Tam6oB),
KOTOpBIE€ ObUIM TOJYYEeHBI NMPU Pa3IUYHBIX PEXHUMHBIX MapaMeTpax cuHTe3a. HaHOTpyOkuM CHHTE3HpOBaHBI B
nporecce Katanutuueckoro nuponusa (CVD) B cpene yrineBogopoaoB Ha katanuzaropax (Ni/Mg). Temnepary-
pa cunTe3za — 630 °C, pacxo/ npomnaH-0yTaHOBo# cMecu — 15 n/muH, Bpemst cuaTe3a — 1-90 MuH.

B kadecTBe BSKYIIETo BemIeCTBa ISl TIOATOTOBKH 0Opa3ioB MOAM(PHUIIMPOBAHHOTO KOMITO3UTA HCIIONB30-
BaJICS THIIC CTPOUTEIBHBIM OCINBIN MPUPOTHOTO MPOUCXOXKAeHHI, MexrocynapcTBeHHsii crangapt 'OCT 125-
2018°, Toprosas mapka — Alabaster Paladium, I'-5, ¢acoska 5 kr.

3TOCT 125-2018. Bsaxymue runcossie. Texnudeckue ycnosus. M.: Crannaptundopm, 2018. 10 c. URL: http://rosgips.ru/images/
doc/gost_125-2018.pdf (nara obpamenus: 21. 02.2023).
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DJeKTpOHHAs CKaHHPYIOMasi MUKPOCKOIHUSI BBITIOJHEHA HA YHHBEPCAIBHOM aHATUTUYECKOM KOMILIEKCE,
aBTOAPMHUCCHOHHOM CKaHUPYIOIIEM 3JIeKTpoHHOM MuKpockore Merlin (CarlZeiss). CtpykrypHO-MOpdoiIorue-
CKHe MapaMeTphl OlleHMBaNI peHTreHoaudpakTomerpudeckum crnocodom (CuKo-usnydenue, A = 1.5406 A, nu-
¢pakrometp Bruker D2 Phaser) u MeTomoM crieKTpOCKONMMH KOMOMHAIIMOHHOTO paccesHust (Raman Microscope
(Thermo Scientific Instruments Group, Waltham, MA USA).

3. Pe3yJabTaThl U 00CYKIEHUSA

CTpyKTypHBIE TapaMeTphl YIJIEPOJHBIX HAHOMATEPHAIOB HA OCHOBAHWU CKAHHPYIOMIEH 3JIEKTPOHHON
MHUKPOCKOIIMHU TTOKa3aau (puc. 1), 4To Y4acTHUIbl YIISPOJHOTO MaTepuaia MpeCTaBISIIOT COOO0M MyYKH IUTHH-
JIPOB Pa3IUYHOTO TUAMETPa, YTO COOTHOCHUTCS C XapaKTEPUCTUKAMH YTICPOIHBIX HAHOTPYyOOK cepum «Ta-
YHUT», KOTOpPBIE TMPEACTABISAIOT COO0OW KBa3WOJHOMEpPHBIE, HAHOMACIITa0HbIEe, HUTEBUAHBIE 00pa30BaHMs TIO-
JUKPUCTAIUTMYECKOTO TpaduTa MPEeNMYIECTBEHHO MIHHIPHIESCKON (POPMBI C BHYTPEHHUM KaHAJIOM.

B 3aBucHMOCTH OT pekMMa CHHTE3a JHUaMETpP YIIEPOIHBIX HAHOTPYOOK HAXOAUTCS B Pa3IMYHOM HHTEPBAJIC
3HaueHuit (S2-20 — 30-60 um, S2-21 — 70-104 ™M, S2-22 — 55-95 um, S2-23 — 50-100 M, S2-24 — 35—
78 uM). 3HauCHUE CpEIHEro nuaMeTpa HaHoMarepuanoB S2—24 oka3aJoch MUHUMAJIBLHBIM OTHOCHUTEIBHO IPY-
rux o0pa3ioB u cocraisier He Oonee 50 HM. [Ipu yBenmueHNH BpeMeHU CUHTe3a (UKCUPYETCSI COKpaIlleHHe He
BCTYNHBIIUX B PEAKIMIO WJIA MHKAICYJINPOBAHHBIX KaTanu3aropoB. KapTuHa pocta yriepoaHbIX HaHOTPYOOK
COOTBETCTBYET MPHUHIIMAITY BEPITUHHOTO POCTA, MPU KOTOPOM YACTHIIA KaTaau3aTopa MepeMEenIaeTCsl BEPTUKATb-
HO COBMECTHO C PacTYyIIUM YTJIEPOIHBIM BOJIOKHOM. Hanmdme pa3BeTBICHHS W CIUICTCHHs MaTepuana S2—21—
S2-23 (cm. puc. 1) cBs3aHO C AeNeHHEM KaTallu3aTopa Ha OTIeNbHBIC YaCTHIIbl. 3HAYUTEIHHOTO KOJIMYEeCTBa Ka-
TaaM3aTopa, KOTOPOE MOXKET OKa3bIBaTh 3HAYMMOE BO3JICHCTBHE Ha YTIIEPOTHBIA MaTepHal WiIH MOTUGUIHpYe-
MBI UM OOBEKT, OCTaTOYHBIX IIPOJYKTOB He 0OHapyskeHo [17].

TouHas uHGOpMaLKS O CTPYKTYPHBIX MapaMeTpax MCCICIYEMbIX MaTePUAJIOB, BKJIOYAs KoJieOaTeIbHbIC
XapaKTEPUCTUKN aTOMOB, Ja€T BO3MOYXHOCTh BBIABUTH CTENEHb YIMOPAIOYSHHOCTH U OJHOPOJHOCTH CTPYKTY-
pBL. DTH TIOKa3aTedu OyAyT WrpaTh CYIIECTBEHHYIO POJb MPU ONTHMHU3AINK U pa3paboTke MPUHIMIIOB HaHO-
MOAU(UIIMPOBAHUS, TaK KaK (PU3UKO-XUMHUUYECKHE MapaMeTpbl 0OBEKTOB MO3BOJIAT MPOTHO3UPOBATH B3aHUMO-
HeﬁCTBHe MOI[I/I(l)I/IHI/Ip}/IOHH/IX KOMITIOHCHTOB U 3JICMCHTOB MaTpHIIbI. Z[anee JJIA BBIABJIICHUA SaKOHOMepHOCTeﬁ
CTPYKTYPHBIX TIapaMeTPOB YTJIEPOJHBIX HAHOMATEPHAIIOB KaK KOMIIOHEHTOB COCTaBa MoAH]UKaTOopa OBITH
MIPOBENICHBI X UCCIIEIOBaHUs HA OCHOBAHUH PEHTTEHOBCKOHU AudpakTomerpun U KP-criekrpockommm.

B 3apeructpupoBannbix KP-ciekrpax o0pa3noB ¢pukcupyroTcst muku (puc. 2), COOTBETCTBYIOIINE HAHO-
TpyOkam (rpynmsl uHTeHCUBHOCTENH G 1 D). OcTpoyroiibHOE CTPOCHHME MUKA MOJITBEPKAAET IIPOUCXOXKIECHUE
YTJIEPOJHBIX HAHOMAaTE€pPHAIOB Ha OCHOBE METANTOOKCHAHBIX KaTaiau3aTopoB. Cpean APYrHX WHTEHCHBHO-
crel cmenyer BeinenuTh Hamuure oTO-(poHOHHONM MONBI, €e HaTU4KMe OTpakaeT MPUCYTCTBHE B Marepuase
HCKPUBJICHHBIX TPa)CHOBBIX CJIIOEB, KOTOPOE CUCTEMHO CHIKAETCS 33 CYET YBEIWUYCHUS IIIUTEIHHOCTH CHUH-
Te3a. 3MeHeHne HHTEHCUBHOCTH TUHAHN 2D HaXoJUTCA B aHaJOTUYHOMN 3aBHCUMOCTH OT BpEMCHU CHMHTE3a U
MpU MaKCUMaJIbHOW MPOJOIKUTENLHOCTH 90 MUHYT CYIIECTBEHHO COKpalaeTca. Takoe MOBEJCHUE JTMHUU
2D CBSI3BIBAIOT CO 3HAYHUTEIBHONH YYBCTBUTEIBHOCTHIO K (DOPMHUPOBAHHUIO U3MEHEHUI I'pa)eHOBBIX CIOEB U
COJIep)KaHUEM B yTIEPOJHBIX HAaHOMAaTepuanaax (a3 AByMEPHOTO M TPEXMEPHOTO CTPOCHHS KOMIIOHEHTOB CH-
CTCMBI.

Ha ocHOBaHWM >MIHUPUYECKUX 3aBUCHMOCTEH, IMOJTYYCHHBIX B HCCICIOBAaHUSIX aBTOpoB [11-14], Obun
paccUHMTaHbl CpeHUe pa3Mephl rpadeHoBOro ¢parMeHTa KPUCTALIUTA YTIEPOJHBIX HAHOMAaTEPHAIOB C HC-
MOJIb30BAaHUEM JJAHHBIX KOMOWHAIIMOHHOTO paccesHusi cBeTa U cooTHomeHus Ip/lg. B pesynbrare pa3smepsl
KPUCTAJNIUTOB HAHOTPYOOK HaXOASATCS B JUana3oHe 3HaUeHUU OT 3 10 17 HM B 3aBUCHMOCTH OT MOJXOJa pac-
yeTa W BpeMeHHu cuHTe3a (puc. 3). CpaBHHBas MONyYEeHHBIE 3HAYEHUS C pe3ybTaTaMH CKaHHUPYIOIIEH 3JeK-
TPOHHOH MHUKPOCKOTHH, MOXHO CIIeJaTh BHIBOJ, YTO pa3Mep KPUCTAILIUTA YTIEPOJAHOTO HaHOMAaTepHasa 3a-
BHCHT OT JMaMeTpa HAHOCTPYKTYpP M BO3pacTaeT OJHOBPEMEHHO C 3THM IOKa3areieM. Marepuan noj 0003Ha-
yeHueM S2-24 OTHOCHUTEIBHO IPYTHX pacCMaTpUBAcMbIX 00pa3lloB HAHOMATEPUAJIOB OINPEACISCTCS MHHHU-
MaJIbHBIMU 3HaueHUAMH 0T 3 10 11 HM. Mcxoas u3 3Toro MoXHO MPEANON0KUTh, YTO HAJIMYUE CYIIECTBEHHON
WHTCHCUBHOCTH JUHUN D B HaHOTpyOKkax S2—24 momycKaeTcsl XapaKTepH30BaTh HE TOJBKO ¢ NePEKTHOCTHIO
CTPYKTYpPBL, HO ¥ C MEHBIIIUM TIOKa3aTeJeM WX JuaMeTpa U pasMepa rpadeHOBBIX (pparMeHTOB KPUCTAILTUTOB
OTHOCHUTEIBHO JIPYTUX 00pa3IioB.
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Puc. 1. COM m3o6paxenns YHT «Tayrur»:
a — S2-19 (Bpems cunTe3a — 1 MuHyTa); 6 — S2-20 (Bpems cuHTe3a — 5 MUHYT); 6 — S2-21 (Bpems cunTe3a — 10 MuHyT);
2— S2-22 (Bpems cunteza — 20 MuHyT); 0 — S2-23 (Bpems cunTe3a — 40 MuHyT); e — S2-24 (Bpems cunTe3a — 90 MUHYT)
M cTOYHHK: BBIIOIHEHO aBTOPOM

Figure 1. SEM images of CNT «Taunit»:
a — S2-19 (synthesis time — 1 minute); 6 — S2-20 synthesis time — 5 minutes; 6 — S2-21 (synthesis time — 10 minutes);
2— S2-22 (synthesis time — 20 minutes); 0 — S2-23 (synthesis time — 40 minutes); e — S2—24 (synthesis time — 90 minutes)
Source: made by the author
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Puc. 2. KP-cnexrpst YHM «TayHut» Puc. 3. Cpennuii pa3mep rpadeHOBOro pparMenrta KpUCTAILIHTA
MpY pa3IMYHBIX UHTEPBaJlaX BPEMEHU CHHTE3a it 00pa3noB MYHT B 3aBHCHMOCTH OT BpEMEHH CHHTE3a
M CcTOYHUK: BBINOJIHEHO aBTOPOM M cTOYHUK: BBIIOJIHEHO aBTOPOM
Figure 2. Raman spectra of CNM “Taunit” Figure 3. The average size of a graphene fragment of a crystallite
at different synthesis time intervals for MWCNT samples depending on the synthesis time
Source: made by the author Source: made by the author

Ha ocHoBe mosrydeHHBIX peHTreHorpaduyecKux HcciaeAoBaHUil (puc. 4) yriepogHbIX HaHOMAaTEpHaJoB
1o MU PaKIMOHHBIM JaHHBIM OTMEUAIOTCs MHUKH, XapaKTepHble A HaHoTpybok — (002), (100), (004), (110).
B unTepBane yrios 20 ot 26—26,5° mHK MHTEHCUBHOCTH (HOPMHUPYETCSI B BUIEC MAaKCUMAaJbHOTO (0COOEHHO Ha
MO3JTHUX dTanax CHHTE3a), YTO COOTBETCTBYET AU(MPAKINHU Ha IUIOCKOCTIX rpadeHoBoro ciost. CTpoeHne Xapak-
TepHbIX UKOB (002), (004) moaTBepKIaeT MHOTOCIOWHYIO CTPYKTYPY YTIACPOIHBIX HAHOMATEpHAJIOB, a BO3pac-
TaHue peduieKkca CONPOBOKAAETCS yBEIMUCHUEM BPEMEHU CHHTE3a M MOBBIIICHUEM 00JacTH yHOPAJOYEHHOCTH
OTHOCHUTEIHHO APYTHUX HampasicHuH. [Ipu BpeMeHN cuHTe3a HAHOCTPYKTYp 90 MUHYT Hanbolee sIBHO TIPOSIBIIS-
IOTCSI MAKCUMYMBI PacCMaTPHUBAEMbIX HHTEHCUBHOCTEH, OCTAIbHBIE MAKCUMYMBI IIPAKTUUECKU He3aMETHBI. BhI-
COKHE M Y3KHE MUKW MHTCHCUBHOCTEH XapaKTepHBbI Uil HAHOTPYOOK MpH KoJIH4YecTBE (POPMUPYIOIMIUX CIOEB OT
10 u Oonee, 4yTO MOATBEPKIAETCSA NAaHHBIMU MPOW3BOAMTENS W HE MpeBblmaeT 15-25. YUuThIBasg, 4yTO 4YUCIO
cloeB (PaKTUYECKU WILTFOCTPUPYET BHEITHUN PaiyC HAHOTPYOKH, ITPH HEKOTOPBIX YCIOBHSIX BO3MOXKHO OpHEH-
THPOBATHCS Ha 3TH 3HAYEHHS, HO B HAIlIeM CiIydae 3a CUeT yBEJIWYeHHS JUIUTEIbHOCTH CHHTE3a M MPOTEKaHUS
nponeccoB (OPMHPOBAHMS 3TOT IapaMeTp HE MOAXOAMT, YTO TaKXKe MNOATBEepXKIaroT uccienosaHust KP-
CIIEKTPOCKOIMHU U CKaHUPYIOLIEN 3J1EKTPOHHON MUKPOCKOIIHH.

ITo mudpaxnuonasiM kaptuHam YHT (puc. 4), He 0OHapy>KE€HO CYIIECTBEHHOI'O KOJHYECTBA MPUCYTCTBY-
fotero rpaguTa (HeCMOTps Ha OJHM3KOE CTPOCHHE), TaK KaKk B PEHTreHOrpaMMax HaOJrogaeTcs HanOONbLIMN
POCT MHTEHCHBHOCTH npeumyiecTBeHHo B nukax (002) u (004), a nys rpaduTa XapakTepHO MOBBIIEHHE OO0JTb-
IIMHCTBA UHTEP(HEPEHIIMOHHBIX MAaKCUMYMOB.

CornacHO NaHHBIM aHanu3a npoduieiit peHTreHoBCKOH mudpakiuu, no Gopmyie Censkora — llleppepa
pacuUTHIBAIM pPa3Mepbl KPUCTAUINTOB Lc M La, COOTBETCTBEHHO B MPOAOJBHOM M IEPIEHAUKYJISIPHOM
HaIlpaBJICHUM YTJEPOIHBIX clIoeB. M cmonp3ys SKcIeprMeHTaabHbIe AaHHbIe o peduiekcy (002) omeHnBamn
pasmep 00JacTH KOTepeHTHOI'0 paccesHuUs BIIOJIb OCH ¢, 1o pediexcy (110) — Baons ocu a:

La,c = B%};e’

rae Lqc — pa3Mmepsl KpuCcTaUUTOB; K — KOHcTaHTa, Onn3kas kK 0,9—1; A — nuHa BOJNHBL, B — MOJNyIIMpUHA

PEHTIeHOBCKOM TUHUH (/1kl), IO KOTOPO# BBITONHSUICS aHATN3; 6 — OpArroBCKUi yTouT TSl THIOCKOCTH (hkl).
CornacHo pacueTaMm, pa3Mepbl KPUCTAIIIMTOB HAHOTPYOOK B pe3ysIbTaTe POCTa BPEMEHH CUHTE3a HAXOIATCA

B npezaenax 9—12 HM B IpOJOJIbHOM HalpaBlIeHUU U 22—38 HM B NEPIEHIUKYIISIPHOM HAIlPABICHUH.
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Puc. 4. Pearrenorpammsl YHT «TayHut»:

a — S2-19, Bpems cunte3a — 1 MuHyTa; 6 — S2-20, BpeMst cuHTe3a — 5 MUHYT; 6 — S2-21, Bpems cuHTe3a — 10 MUHYT;
2— S2-22, Bpems cunTeza — 20 MuHyT; 0 — S2-23, Bpems cunre3a — 40 MuHyT; e — S2-24, Bpems cunteza — 90 MUHYT

N cTOYHUK: BBITOIHEHO aBTOPOM
Figure 4. Radiographs of CNT “Taunit™:

a — S2-19, synthesis time — 1 minute; 6 — S2-20, synthesis time — 5 minutes; ¢ — S2-21, synthesis time — 10 minutes; e — S2-22,
synthesis time — 20 minutes; 0 — S2-23, synthesis time — 40 minutes; e — S2-24, synthesis time — 90 minutes

Source: made by the author
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Pacyer u cpaBHeHME TaHHBIX PEHTI€HOTPAMM M CKaHHPYIOIIEH IEKTPOHHON MUKPOCKOIIMHU IS OTpeere-
HUSI BIMSHUS JUIMHBI HAHOTPYOOK Ha KapTUHY paccesHUs MOKa3ajl, YTO 3HAUYUTEJbHOTO BIMSHUS HE 0OHapyKe-
Ho. OnHako cTpoeHue pediaekcoB OU(PaKIHMOHHON KapTUHBI, & UMEHHO Y3KHE HMHTCHCHUBHBIC ITUKH, KOTOpHIC
MOCTETIEHHO BO3PACTaIOT MPH yBEIUUCHHH BPEMEHH CHHTE3a, XapaKTepHBI JUIS HAHOTPYOOK, B KOTOPBIX CyIIe-
CTBeHHO (B 5—6 pa3 m OoJjee) 3HaUEHHE MPOTHKEHHOCTH IMPEBBIIIACT XapaKTepUCTUKU AuameTpa. [lapaMeTpsl
PELIETKH KPUCTAIJIOB U TOJIOKEHHUS WHTCHCUBHOCTEH AJISI KQKIOr0 THIIA HAHOCTPYKTYP COOTBETCTBYIOT U CO-
XPaHIIOT CBOM KOOPAMHATHI B UCXOTHBIX 3HAUYEHMSX, HE3aBHCHMO OT Iepuona cuHTe3a. Habmonaemsle ociu-
nsuu (cM. puc. 4) B BUE «OMEHUS» WHTEHCHUBHOCTEH Ha PEHTreHOrpamMmax (B OCHOBHOM HadajbHbIE CTaIlUH
CHHTE3a) SIBIISIOTCS CIIEACTBHEM TOTO, YTO HAHOTPYOKM MPU CHHTE3E MPEICTaBIAIOT co00il HEKOTOPYIO COBO-
KyIHOCTb Pa3lIWYHbIX XapaKTePUCTUK, KOTOPas CO BPEMEHEM CHHTE3a CIVIAXKHMBaeTCs 3a c4eT (OpPMUPOBAHUA
o0pasioB Onu3koi Gopmbel U pasMepa. JudpakiuonHas kapTuHa (CM. puc. 4) MOKa3bIBaeT, UYTO CIIaKWBaHUE
UHTEePPEPEHUNOHHBIX MAKCUMYMOB MTPOMCXOANT B OCHOBHOM Ha YYaCTKe JANbHET0 paccesHusl, a 00JacTb Mao-
YIJIIOBOTO paclpeleieHns] N3MEHETCS] HECYIIECTBEHHO, M CBA3aHO 3TO B OOJbIICH CTENEHH C BapbHPOBAHUEM
pa3sMepoB KPUCTAJLINTA.
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Puc. 5. 3meHenne Gpu3nKko-MeXaHHIECKHX MOKa3aTeel MPOYHOCTH MOAUGHIUPOBAHHBIX 00PA3LOB TUIICa
(OTHOCHTENBHO KOHTPOJIBHOTO 00pa3ua) mpu pas3nu4Hbeix Mapkax — YHM «Taynurax:
a — S2-19 (Bpems cunTe3a — 1 MunyTa); 6 — S2—20 (BpeMs CUHTE3a — 5 MUHYT);
6 — S2-23 (Bpems cunte3a — 40 MuHYT); ¢ — S2-24 (Bpems cunTe3a — 90 MUHYT)
M CcTOYHUK: BBIIOJIHEHO aBTOPOM

Figure 5. Changes in the mechanical strength parameters of modified gypsum samples
(relative to the control sample) for different brands — CNM «Taunit»:
a — S2-19 (synthesis time — 1 minute); 6 — S2-20 (synthesis time — 5 minutes);
6 — S2-23 (synthesis time — 40 minutes); e — S2-24 (synthesis time — 90 minutes)
Source: made by the author

[IpoaHanu3upOBaHHbBIC YIIIEPOAHBIC HAHOMATEPHAbl ObUIM MPHUMEHEHBI B KAYeCTBE KOMITOHEHTOB MOJIH-
¢dbuKaTopa 11 KOMIIO3UTOB CTPOUTEILHOTO HAa3HAYCHUS 1O paHee BHIpaOOTaHHBIM MeToaukaM [18]. Dkcmepu-
MCHTAJILHBIC MCCJICOBAaHN A, HAIIPABJICHHBIC Ha U3YUCHUEC BIIMAHUA HaHOTPY6OK (HOJIy‘IeHHI)IX Ipu pa3H0171 JJIA-
TENBHOCTH CHHTE3a) Ha XapaKTEPUCTUKU CTPOUTEIBHOTO KOMITO3UTa, MPOBOAMINCH Ha 0Opasnax rumnca. [lomy-
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YeHHBIE Pe3yNbTaThl MOKa3all CTAaOMIbHOE YBeTMUeHHe (DPU3MKO-MEXaHHIECKUX M AKCIUTYaTallMOHHBIX CBOWCTB
Marepuaia. BHeceHne HaHOMOIU(HUKATOpPa OCYIIECTBISUIOCH C BOAOH 3aTBOPECHUS, B YaCTH KOTOPOIl HAHOTPYO-
KW HaXOAWINCH O] BO3ACHCTBHEM YIBTPa3ByKOBOH 00paboTkH [19], cOBMEIIanuCch ¢ OCTaIbHOW YacThIO JKUA-
KOCTH M CMEIIMBAIINCH C BSOKYIINM U IIOATOTOBKH CMecH. J[nama3oH BHeCEHUSI HAHOCTPYKTYp OBLT onpereneH
UCXOMsl U3 PaHee BBIMOJHEHHBIX COOCTBEHHBIX W CTOPOHHMX padoT [17-19] B mpemenax 0,0001-0,001 %, ot
Macchl neMeHTa (puc. 5). Pesynastupytomum 3¢p¢GeKToM HCMoIb30BaHus MOTUGHUIMPYIOMIEH T00aBKHU SIBISETCS
pocT PHU3MKO-MEXaHUYECKUX XapaKTePUCTUK CTPOUTENBHOTO KoMmo3uTa. OleHKa BIUSHUS MapaMeTPOB KOMITO-
3WTa TOATBEpIria YBEeIHMUEeHHEe 3HaUeHUI SKCIUTyaTallMOHHBIX TMOKasarenel martepuana ao 20-25 % orHocH-
TETHFHO KOHTPOJILHOTO 00pasma (cM. puc. 5).

Ha ocHOBaHWH 1MOITyd4eHHBIX NaHHBIX (CM. PUC. 5) M COTJIACHO MpeANIecTBYOMUM padotam [17-19] mpen-
MoJIaraeTcsi, YTo CTPYKTypa KOMITO3UTA MPH BHECEHUH HaHOMOoAH(pHKaTopa mpuodpeTaer 6oiee IUIOTHYIO yIia-
KOBKY YacCTHII, YTO MOATBEP)KIAETCS POCTOM (PM3NKO-MEXaHMUECKHUX XapaKTepPHCTUK MaTepuana M HaJHdHueM
HOBOOOpa30BaHuil ¢ ©3MEHEHHOH Mopdonoruel kpuctamioruapatos [19]. B pesynbpraTe KOMNO3ULIMOHHBIN Ma-
Tepuan GOpMHUPYETCS U3 HCXOTHBIX KOMIIOHEHTOB CUCTEMBI, a JIOTIOIHUTENLHBIC YaCTHIIBI B BU/IE HAHOCTPYKTYP
BBITIOJIHSAIOT POJIb PEKYPCOPOB, YTO 0OECIIeUNBAET CTUMYJIMPOBAHUE CUCTEMbI TBEPJIEHUS B CTPYKTYpe KOMIIO-
3uta. CrenoBarenbHO, ¢ TMOMOLIBIO MPOLECCOB HAHOMOIM(HUIMPOBAHHUA pealn3ytoTcs 3(deKTsl ynpaBieHHUS
CTPYKTYypOOOpa3oBaHHEM, CBsI3aHHBIE C MPOSBICHUEM BIIUSHUS HAaHOPA3MEPHBIX YACTHI] KaK MOIU(PHUKATOPOB,
BBITIOTHAIOIINX POJIb 3apOIBIIIEH CTPYKTypOoOOpa3oBaHUs, EHTPOB KPUCTAJUIM3ANWN M POCTa YaCTUI[ HOBOH
(a3pl apMUPYIOIINX JIEMEHTOB MAaTPHIIBL.

4. 3akjouenue

1. MccnenoBanust yriaepoIHBIX HAHOMATEPHAJIOB, BHIIOJTHEHHBIE HA OCHOBAaHWH PEHTTEHOBCKON Au(paKTo-
MeTpun, KP-ciekTpockonnu U CKaHUPYIONMIEH MUKPOCKOIHH, MPOIEMOHCTPUPOBAIA BO3MOXKHOCTh MX HCIOJb-
30BaHMSI B KaYeCTBE JOIMOJHUTEIbHBIX WU KOHTPOJIBHBIX METOJOB MPH H3yYEHUH HAHOCTPYKTYPUPOBAHHBIX
MaTepHaJoB.

2. Jlarabie KP-CIEKTPOCKOIIMA ¥ PEHTTEHOBCKOTO PaCCesSHUS O0OHAPYKUBAIOT, UTO B CTPYKTYPHOM acCIICKTE
pa3MepHOTO 3HaUCHUS KPUCTAIUIMTA HAHOTPYOKH HAXOAATCA B mpeaeiax 9—12 HM B MpoOJIOJIbHOM HarpaBiICHUU
u 22-38 HM B NEPICHIUKYIISIPHOM HamnpaplieHnH. Pa3Mep kpucTayumra HaHOTPYOOK A MaTepuana S2—24 Bpe-
Ms cuHTe3a 90 MUHYT (PUKCHpyeTCs B BHe MHHIMAJIHHOTO 3HAYSHHS B CPAaBHEHUH C IPYTUMH 00paslaMu U Co-
XPaHSIOT AaHAIOTUYHYIO TEHICHIINIO TIPU Pa3HBIX METOaX JHUATHOCTHKHU.

3. CTaOWIBHOCTh HAHOTPYOOK MPHU Pa3IMYHON JUTHTEIBHOCTH UX cuHTe3a (1-90 MuH) oTpaxkaeTcs U3MEeHe-
HUEeM (OPMHPYIOIINX BEMIECTBO pa3MepoB 0710KoB. CHCTEMBI, COCTOSINHAE U3 OOIBIIX OJIOKOB, OOBIYHO MEHEE
cTaOWIBHBI (MMEIOT MEHBIIYI0 MPOYHOCTh Ha M3JIOM), YeM CHCTEMBI, COCTOSIINE W3 MEHbIINX 010koB. Como-
CTaBJICHUE METOJIOB MO3BOJISIET ClIETaTh BHIBOJ], YTO BBHICOKOE IMOJIOKECHHE JTUHUU MHTEHCUBHOCTU D s S2-24
B uccienoBanusax KP-criekTpockonuu MOKeT OBITh CBS3aHO HE TOJBKO C Ie(DeKTHOCThIO CTPYKTYPBI MaTepuana,
HO W C YMEHBIIEHHEM pa3Mmepa rpadeHOBBIX (PParMEHTOB KPHCTAJUIUTOB, YTO MOATBEPKIAETCA B3aUMOJOIIOIN-
HSIOUTUMH JTaHHBIMHU TUGPAKIIMOHHBIX KAPTUH PEHTTEHOCTPYKTYPHOTO aHaJIM3a.

4. VccnenoBaHHbBIE yIiIepoIHbIE HAHOMATEPUAbI, CPOPMHUPOBAHHEIE TIPH PA3IMYHBIX PEKUMaxX CHHTE3a U
CTPYKTYpHO OTJIMYHBIE TIO Pa3MEPHBIM XapaKTEPHUCTHKaM 3€pHa, MPOaHAIM3UPOBAHBI HA TIPEIMET BIMSHUS Ha
(U3NKO-MEXaHUIECKUX XapaKTEPUCTHKH CTPOUTEIHLHOTO KOMIIO3UTa B cOcTaBe moaupukaTopa. B pesynbrare
MPUMEHEHUS B KAYECTBE KOMIIOHEHTa MOAU(HUKAaTOpa HAHOTPYOOK C JUIUTENBHOCTBIO cuHTe3a oT 40 10 90 Mu-
HYT HaOIltoJaeTcs yBEIWUYeHHE 3HauYeHWH SKCILTyaTallMOHHBIX TOKazarenei komroduta no 20-25 % otHocH-
TEJILHO KOHTPOJILHOTO 00pasma. Mcxoas M3 3TOro MOXKHO CHeNaTh BBIBOA, YTO YPOBEHb MOIU(DHUIIUPYIOIIETO
s¢dexkra MHOTHX J00aBOK, B TOM YHUCIIE U HAHOJ00ABOK, 3aBUCUT B TOM YHCJIEC U OT Pa3MEPHOTO MOPSIKA aK-
TUBHOTO KOMITOHEHTA.
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