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Parameterization of Maxwell — Cremona Diagram
for Determining Forces in Elements of a Scissors Truss

Vladimir A. Repin"’, Anastasia V. Lukina" >, Artem A. Strekalkin

Vladimir State University named after Alexander Grigoryevich and Nikolai Grigoryevich Stoletovs, Viadimir, Russia
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Article history Abstract. An analysis of changing patterns of the values of member forces in a scissors
Received: February 6, 2024 truss, depending on the position of connections of its lower chords to the upper chords,
Revised: March 25, 2024 is performed. Exploring effective truss structure designs in terms of balanced
Accepted: March 29, 2024 combination of maximum strength and minimum weight is a sustainable approach to a

more rational use of building materials and the development of green construction. This
determines the relevance of this area of research. The analysis of configurations of the
truss under study was performed using the parameterized Maxwell — Cremona
diagram. Such diagram is a visually informative tool in presenting the calculation
results and it fully reflects the relationship between the member forces and the
parameters of the structure. The research process was performed using the MS Excel
spreadsheet editor. This eventually developed into a software tool for finding effective
Authors’ contribution scissors truss designs, which has full potential for further improvement and
Undivided co-authorship. development. Thus, the functionality of the tool can be easily expanded to designing
scissors trusses made of various structural materials, as well as with various cross-
sectional shapes of its elements. The proposed approach to the calculation of such
structures can serve as a basis for parameterization of trusses with other types of web.
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B.A. Pennn'’, A.B. Jlyknna'®, A A. Ctpekankun

Bragumupckuii rocyapcTBeHHBIH yHUBEpcUuTeT UMeHU Anekcanapa I'puropsesuda u Huxomnast I'puropseBuda CTONETOBBIX,

Braoumup, Poccus
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HcTtopus cratbu

[Moctynmna B pegakmmro: 6 saBaps 2024 .

Hopaborana: 25 mapra 2024 1.

[Mpunsra k mybmukanuu: 29 mapra 2024 T.

AHHOTauMsl. BEIONHEH pacyeT Mo OmpeneleHHI0 XapakTepa M3MEHEHHS
3HA4YEHUH YCWIIMI B 3JIEMEHTaX TPEYTroJIbHOM ()epMbl THIA «HOXKHHIBD) B
3aBUCHMOCTH OT TIOJIOKEHHUS TOUEK MPUMBIKaHHs BETBEH €€ HMIKHETO Mosica
K DJIEMEHTaM BepxXHero mosica. M3pickanne 3((GEKTHBHBIX KOHCTPYKTHB-

HBIX pemieHuid GepM B KOHTEKCTE TapMOHHYHOTO COYCTAHHS MaKCHMAalIb-
HOM MPOYHOCTH M MUHUMAJIBHOTO BECa KOHCTPYKLMH SIBJISIETCS YCTOMUHU-
BBIM TIOJXOJIOM K 0o0Jiee parroHaIFHOMY HCIIONB30BAHUIO CTPOUTEIBHBIX
MaTepHaIoB M PA3BUTHUIO 3€JICHOTO CTPOUTEIHCTBA. DTO OOYCIIaBIMBAaeT
aKTyaJbHOCTh JTAHHOTO HAINpaBJICHUS HCCIEIOBaHWA. AHAN3 BapHaHTOB
KOH(pHUTypalMu TPEYroJbHOM HccieayeMoii pepMbl BBIIOIHEH C MOMOIIbIO
mapaMeTpU30BaHHOM Auarpammbl MakcBemia — KpeMoHBI, KoTopast sBIisi-
€TCsI HaIJIITHBIM MHCTPYMEHTOM B MIPEACTABICHUN PEe3yJIbTaTOB pacyera
MOJIHOIICHHO OTPa)kaeT 3aBUCUMOCTh YCUJIUH B DJIEMEHTaX KOHCTPYKIIMH OT
ee napameTpos. [Iporecc nccnenoBanuii ObLI BOIJIOIIEH C MTOMOLIBIO Ta0-
nmyHoro npoueccopa MS Excel, 4To cl10KHII0CH B IPOrpaMMHOE CPEICTBO
TS TTIOMCKa 3(PPEKTUBHBIX KOHCTPYKTUBHBIX PEHICHUH ()epM THIA «HOXK-
HUIIBD), KOTOPOE B IOJIHOW Mepe o0JiaaeT MOTEHIIHAIOM K JajdbHEHIIeMy
COBEPILIECHCTBOBAHUIO U Pa3BUTHIO. OYHKIIMOHAI POTPAMMBI MOXET OBITH
pacimpeH 10 BO3MOXXHOCTH MPOCKTUPOBAHHUSA (epM THIIA «HOXKHHUIBD) 3
Pa3IMYHBIX KOHCTPYKIIMOHHBIX MAaTEPHANIOB, a TAKKE IS Pa3IMIHBIX (OpM
MIOIEPEYHOr0 CceYeHMs ee 3aeMeHTOB. IIpemnaraeMelil moaxon K pacyéry
TaKUX KOHCTPYKIIMA MOXXET MOCITYXXHTh OCHOBOW IS TapaMeTpU3alldi
(bepM ¢ ApyruMH THIIAMH CTEPIKHEBOU PEIETKH.

3asiBjieHHe 0 KOH(INKTEe HHTEPECOB

ABTOpBI 3asBISIOT 00 OTCYTCTBUH
KOH(JIMKTa HHTEPECOB.

Bkian aBTopos

Hepa3ﬂenLHoe COAaBTOPCTBO.

KaroueBsble cji0Ba: CTPOUTENBCTBO, IPOCKTHPOBAHUE, 31aHUS, AUATPAMMbI
Maxcsemna — Kpemonsl, hepma

DuHAHCHPOBaHHUE

Pabora BhInoHEHA TpH (PUHAHCOBOM NOAIep)kke MUHHCTEPCTBA HAyKH U BhICIIero odpasoBanus Poccuiickoit deneparun
B paMKax rocyIapCTBEHHOTO 3a/1aHus B chepe HaydHOil nesrenpHocTH (Tema FZUN-2024-0004, roczaganue Bal'yY).

Penun Bnaoumup Anamonvesuu, KanaunaT TeXHUUECKUX HAYK, HOLECHT Ka(eaAphbl CTPOUTENbHBIX KOHCTPYKIUH, IHCTUTYT apXUTEKTYpBI, CTPOUTENHCTBA
U SHepreTHky, Bnagumupckuii rocynapcrBennsnii yausepeuteT uMenn A.I'. u H.I'. CtoneroBsix, Bnagumup, Poceust; eLIBRARY SPIN-kox: 8650-1055;
ORCID: 0000-0001-9107-6606; E-mail: skia2000@mail.ru

Jlykuna Anacmacus Bacunvegna, KaHIUNAT TEXHUIECKUX HAYK, HOLUEHT Kadeaphl CTPOUTEIBHBIX KOHCTPYKIUH, HCTUTYT apXUTEKTyphl, CTPOUTEIBCTBA
U 3HEpreTHkH, Bragumupckuii rocynapcrsenssiid yausepeuter umenu A.I'. u H.I'. Cronerossix, Bnagumup, Poccust; eLIBRARY SPIN-kox: 8745-0004;
ORCID: 0000-0001-6065-678X; E-mail: pismo.33@yandex.ru

Cmpexankun Apmem Andpeegut, KaHAUIAT TEXHUUESCKUX HAyK, JOLEHT Kadeapsl CTPOUTEIBHBIX KOHCTPYKIHH, HCTUTYT apXUTEKTyphl, CTPOHTEIBCTBA
U 3HEpreTHku, Bragumupckuii rocynapcrsenssiid yausepeuter umenu A.I'. u H.I'. Cronerossix, Bnagumup, Poccust; eLIBRARY SPIN-kox: 6632-0378;
ORCID 0000-0002-6338-6241; E-mail: a.a.strekalkin@gmail.comu

98 ANALYSIS AND DESIGN OF BUILDING STRUCTURES


https://orcid.org/0000-0001-9107-6606
https://orcid.org/0000-0001-6065-678X
https://orcid.org/0000-0002-6338-6241

Penur B.A., Jlykuna A.B., CmpexankuH A.A. CTpouTenbHas MeXaHuka MHXEHEPHbIX KOHCTPYKUMA 1 coopyxenuir. 2024. T. 20. Ne 2. C. 97-108

I[J'lﬂ HUTHPOBAHUSA

Repin V.A., Lukina A.V., Strekalkin A.A. Parameterization of Maxwell — Cremona diagram for determining forces in
elements of a scissors truss // CtpouTenbHas MeXaHUKa WHXCHEPHBIX KOHCTPYKIMHA U coopyxkeHuil. 2024. T. 20. Ne 2.
C. 97-108. http://doi.org/10.22363/1815-5235-2024-20-2-97-108

1. Introduction

By the early 18-th century there was no reliable method of designing structures. For a long time, the
experience of masonry and wooden construction was not generalized and fixed by any calculation methods [1].
When designing, one had to use a system of rough empirical calculations developed on the basis of centuries-old
practice [2; 3].

Graphical structural analysis emerged in the second half of the 19-th century as a method for solving
engineering problems containing equilibria of forces [4]. Graphical structural analysis is an intuitive and
powerful design tool that allows the structural engineer to analyze and control forces in planar lattice
structures — trusses [5; 6]. Trusses are widely used in a variety of engineering structures because of their
relatively high strength to mass ratio. They are used both as internal support for other structures and as
independent structures [7; 8]. Before the emergence of computers, graphical structural analysis was the only
viable means of designing arches and trusses, the elements of which experience axial forces only. The
resulting structures were often material efficient [9—11].

2. Method

With the advent of computers (around the 1980s), analytical and manual calculation methods
gradually lost their relevance. Nevertheless, there are cases when during the design of a structure it was
necessary to visualize the calculation results and their dependence on its parameters, in this case on the roof
slope. In such situations, it is reasonable to use the Maxwell — Cremona diagram [12; 13]. The method of
constructing the Maxwell — Cremona diagram allows to quickly and illustratively determine the forces in
the truss members and find the relationships between the forces and the position of the connections between
the lower and upper chords.

The advantages of this method include: compactness of constructing force-vectors, possibility of
quickly checking against errors and assessment of the overall stress-strain state of the truss. This paper is
devoted to the qualitative analysis of modeling a particular kind of vaulted (triangular) truss — the scissors
truss. Usually, trusses with bottom chord elevation are installed over specific indoor facilities: living rooms,
sports halls, often used for canopies [14; 15].

3. Results and Discussion

Paper [16] presents a study of the relationship between the forces in the members of the truss shown in
Figure 1 and the ratio of the rise to the span of the structure. The study was based on the analysis of the
Maxwell — Cremona diagram (hereinafter M—C) for different values of the f'to L ratio.

The results showed that:

o the change in the horizontal coordinates of the points of the diagram is inversely proportional to the

change in rise, i.e. the shape of the diagram changes only its length;

e its height is directly proportional to the value of the external load;

o the values of forces obtained from unit loads are valid for any span of the structure, but at the

constant rise to span ratio.
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Ry =SPR2 Ry=SP/2
a2 L2 L2 A

Figure 1. The studied truss model in general form
S ource: made by V.A. Repin

Thus, to obtain the values of forces in the elements of a similar structure, it was sufficient to scale the
original diagram according to the degree of change in the rise, and then multiply the obtained forces by the
value of the load.

This paper presents the results of an additional study, which consists of determining the relationship
between the force values and the position of the connections of the lower chords to the upper chords, which
is controlled by the ratio of distances a and b (see Figure 1). This ratio is denoted as

a
m=" (1

Assumptions of the analysis:

e loads are applied to the nodes of the upper chords of the structure in the form of concentrated

forces;

e external loads act only vertically (horizontal components of the loads are expected to be considered

in further studies);

e the connection of the elements is hinged, thus excluding the emergence of bending moments.

The results of the analysis of M—C diagrams plotted in a CAD software for different values of m show
that they differ from each other radically (Figure 2). Thus, for obtaining forces at different ratios of a and b,
scaling of the diagram is not suitable.

This raises a problem of finding an original approach to the construction of the force diagram in the
elements of the investigated structure depending on parameter m. Such approach involves parameterization
of the configuration of the scissors truss members and, as a consequence, of the force diagram graphs. An
algorithm is developed on the basis of the obtained mathematical expressions. The algorithm is further
implemented with the help of the MS Excel spreadsheet editor, which has a charting tool.

The magnitudes of external forces P applied at point C, in addition to distributed load ¢, are also
determined by the width of the loaded region equal to b:

P=gb.
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Figure 2. The changing pattern of force diagrams when varying the position
of connections of the lower chords to the upper chords in the truss
S ource: made by V.A. Repin
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In turn, the width of the loaded region for the loads at points B and D is equal to (a + b)/2. Coefficient
k reflects the difference in magnitude of the concentrated forces at points B and D with respect to the load at
point C:

k:a+b.
2b

Considering relation (1), one may obtain:

pomtl
2

Support reactions R,, therefore, are equal to

» > P PQk+1)  P(m+2)
L) 2 2

The position of the upper chords of the truss is determined by the roof slope, which is the ratio of the
rise to the span, or rather to its half, which is denoted as follows:

_2f
==L,

n

Let us assume the position of the coordinate origin at point A. Then, the following equation is valid for
the configuration of element A—B—C (Figure 3):

y = nx.

L/2 L/2

Figure 3. Parameterization of the configuration of the scissors truss elements
S ource: made by V.A. Repin
Correspondingly, for the lower chord A—F-D:

o
Y a+2b

)

Now this equation needs to be expressed in terms of variable parameters n and m. Since a + b = L/2
and a = bm, then:
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L mL
b= ,a= .
2(m+1) 2(m+1)

Since ¢ + d = fand ¢/d = m, then

d=_d M

TmalT ma+l

Hence, expression (2) can be represented as:

y=nx m_ 3)
m+2
Parameterization of the M—C force diagram is performed similarly. The graphs of the diagram are
constructed parallel to the truss members, and the nodal points of the diagram are located at their
intersection. Point 1 is taken as the coordinate origin.
Hence, graph 2—6 is parallel to element 4—B and its segment belongs to the line described by the
following function (Figure 5):

m+2
y2_6=nx+Ry=nx+P >

Graph /-6 is parallel to element 4—F and is described by a straight line equation, effectively coinciding
with expression (3):
m

Vi_g = X .
1-6 m+2

The position of point 6 is determined by the intersection of lines /-6 and 2—6. Thus, the x-coordinate
value is found from the following equation:

nx =nx+P R

m+2 2

which is equal to

2 2

+2 R
X6 =—PM or X6 Z——y.
4n nP

Then, the y-coordinate value is equal to

m(m+2 mR
Y6:_P¥ or y6=_Ty‘

Hence, the coordinates of point 6 on the force diagram are equal to

2
__y‘_mRy
nP’ 2

Point 7 is located at the intersection of lines 3—7 and 6—7. Their equations are derived by focusing
on the points of their intersection with the vertical axis, as in the previous case. Thus, line 3—7 is parallel
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to element A-B—C (see Figure 3) and intersects the y-axis at point 3 (0; 0.5P). Then its equation takes the
form of

y3_7 =nx+0.5P.

Line 67 is parallel to B—F—E, which is symmetric to A—F-D (i.e. its sign is opposite), and intersects
the vertical axis at the point with coordinates (0; —m-R,). Then the equation of this line takes the following
form:

Yo7 =—hx —mR,.

m+2

The horizontal coordinate of point 7 is determined from the following equation:

nx+0.5P=—-nx —mRy,
m+
which results in
kR
X7 =_Pw or x7 :__y.
4n n

Then, the vertical coordinate is equal to
y7=05P—kR,.

The parametrization results are presented in Figure 4.

Points & and 9 are located symmetrically to points 6 and 7, so their vertical coordinate values are the
same, but with the opposite sign.

kP
Ry

kP
R

0.5P kR,

O O PL |

Figure 4. The process of parameterization of the Maxwell — Cremona force diagram
S ource: made by V.A. Repin
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The obtained results are entered in the cells of the spreadsheet in Figure 5. The computations show
that the values of forces obtained from the diagram are directly proportional to the value of load P.
Therefore, it is reasonable to use a unit load P =1 in the formulas for determining the forces to ensure
proper control over the calculation process. The design values of member forces of the investigated
structure are calculated by multiplying the forces from the unit load by the design value of P, determined

via the design value of load g.

In addition, the determination and selection of the value of parameter n (slope of the upper chord), can

be arranged in an informative tabular form (see Figure 5).

A B C D E F

Roof slope (selection)

J K L M N o] P Q R S

Structure model in parametrized form

T

U \

Diagram points

a b L2

as . Rise T T T T Point ID X Y
2 % fracti as ratio Angle, ©
i actions f.m 1 5 o
4 10 0.1 O 1:10 5.711 0.6 I 2 0 1.75
5 15 0.15 O 1:6.67 8.531 0.9 - 3 0 0.5
6 20 0.2 O 1:5 11.310 1.2 - 0 0.5
7 25 0.25 O 1:4 14.036 S N 5 0 -1.75
8 3333 0.33 O 1:3 18.435 2 6 -6.125 | -1.3125
9 35 0.35 O 1:2.86 19.290 2.1 7 -4.375 | -1.6875
10 40 0.4 O 1:2.5 21.801 4 8 4375 1.6875
1 45 0.45 Ol 1:222 24228 2. SOURCE DATA 9 -6.125 13125
12 50 0.5 @© 1:2 26.565 3 L= m q= kN/m
13 55 0.55 ] 1:1.82 28.811 33 P= 6 kN
14 [ 60 06 |C| 11167 | 30964 36 m=an=[_15 | = 125
15 66.67 0.67 O 1:1.5 33.690 4 f= 3 m kP= 75 kN
16 70 0.7 ] 1:143 34.992 42 n=2fL= 05
17 7 0.75 ] 1:133 36.870 45 a= 36 m Ryy= 175 (atP=1)
18 80 0.8 O] 1:1.25 38.660 4.8 b= 24 m Ry= 105 kN
19 83.33 0.83 O 1:1.2 39.806 S5 c= 18 m
20 90 0.9 O] 1:1.11 41.987 54 d= 12 m
21 95 0.95 ] 1:1.05 43.531 5.7
22 100 1 O 1:1 45 6

Figure 5. Calculation of the nodal points of the force diagram (for n = 5; m = 1.5)
S ource: made by V.A. Repin

The calculated values of nodal coordinates
fully coincide with the ones obtained graphically
(see Figure 5 and Figure 2, b).

On the basis of these data, the force diagram
can be easily constructed in the MS Excel
environment (Figure 6).

The values of forces from the design load,
qg=25kN/m (P=6.0kN) in this case, fully
coincide with the design values obtained using
finite element software (Figure 7).

Thus, a software tool for analysing scissors
trusses was developed. It allows to effectively
and illustratively calculate the forces depending
on the following parameters:

» geometric: span L; rise f (roof slope n);
position of the connections of the lower chords
to the upper chords — m;

» external load ¢ (or P).
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Figure 6. The M—C force diagram, constructed
using the “Chart” function in MS Excel

Source: made by V.A. Repin
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Parameterization of the topology of the truss web provides a rational configuration of the structure,
which allows to minimize the values of forces in its elements. This, in turn, contributes to the achieving
higher economic efficiency of the truss structure [17; 18].

Graphical methods do not lose their popularity in structural design owing to their computational
efficiency [19; 20], which is due to the simplicity of determining forces in the truss elements, as well as the
clear reflection of the relationship between their values. These results also demonstrate the possibilities and
relevance of M—C diagram application in present-day conditions.

m=15 P X Y z AA AB AC AD
Diagram construction and calculation of forces
X1 Y1
S Element ID 2 72 Length |Force, kN
= 2 2
0 0
1-9 6.2640 | 37.584
-6.125 | 13125
1-6 Oﬂ ? —— 62640 | 37.584
1.75P -6.125 | -1.3125
0 1.75
2-6 d 6.8480 | 41.088
-6.125 | -1.3125
0 0.5
3.7 48914 | 29.348
-4375 | -1.6875
0 0.5
a 4-8 25is | 16e5s 48914 | 29.348
-4.37 .
0 -1.75
5-8 6.8480 | 41.088
-6.125 | 13125
-6.125 | -13125
6-7 3T, ;875 1.7897 | 10.738
b ¥ -1
-4375 | -1.6875
7-8 = : 687'5 33750 | 20.250
4.5/ K
-4375 | 1.6875
8-9 5 i*s 3ras] 17897 | 10738
-0.14 Dla

C b P= 6 KN

Figure 7. Analysis of the results of calculating the element forces in the investigated truss in two ways:
a — model; b — parametrically according to the M—C diagram; ¢ — using finite element method

S ource: made by V.A. Repin

4. Conclusion

1. The Maxwell — Cremona diagram allows to quickly and illustratively determine the forces in the
truss elements. It also allows to find the relationships between the forces in the elements of a scissors truss
and the position of connections of the lower chords to the upper chords, governed by the ratio a/b, and the
roof slope.

2. The graphical method of obtaining the values of element forces fully characterizes the behavior of
the scissors truss.

3. The use of a spreadsheet editor allows to efficiently and informatively implement the construction
of M—C diagram graphs based on the parametric algorithms presented above. It is possible to analyze the
stress-strain state of the structure depending on the rise, roof slope and other factors.

4. In addition, due to the computational potential of the spreadsheet editor, it is possible to extend the
functionality of this software tool to solve a number of additional tasks, for example: selection of element
cross-sections, determination of the rational configuration of the structure in terms of reducing material
consumption, installation weight, etc.

5. The proposed approach to the analysis of scissor trusses can serve as a basis for the parametrization
of trusses with other web types as well.
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Abstract. This study investigated influence of varying waviness characteristics of fiber,
represented by path amplitude A and different numbers of half sine waves k, on the
elastic-plastic dynamic behaviour of laminated composite plates with variable fiber
spacing. The analysis was based on the equations for action of constant axial dynamic
loading and two-dimensional layered approach with classical first order shear
deformation theory with five degrees of freedom per node, and it was performed with
FORTRAN 94 programming language. Von-Karman’s assumptions were used for the
discretization of the laminated plates to include geometric nonlinearity for nine-node
Lagrangian isoperimetric quadrilateral elements. Complete bond between the layers was
assumed with no delamination, which was based on first-order shear deformation theory.
The Newmark implicit time integration method and Newton-Raphson iteration were
simultaneously used to solve the nonlinear governing equation in conjunction. It was
proven in the research that the nonlinear performance of the laminated composite plate
was affected by the studied waviness parameters A and k, and also by the variable
distribution pattern selected for this study.

Keywords: laminated plate, composite, sinusoidal shape of fibers, variable spacing,
dynamic load, non-linear performance
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MeKAY HUMM HA HeJIUHeHble JUHAMHYECKUE XapaKTePUCTUKHU
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Hctopus cratbn AHHoTanusl. Hccienyercst BIMsSHUE Pa3INYHBIX XapaKTEPUCTUK CHHYCO-
TMocTynuia B pexakuuio: 17 supaps 2024 r. UAAIBHONW (OPMBI BOJIOKOH, B TOM {HCIIC aMIUTHTY/B! M KONMHMECTBA M10-
JlopaGorana: 13 mapra 2024 . C/Ie/I0BATENBHOCTEH, Ha YNPYrOMIACTHYECKHE AMHAMUYMECKHE CBOHCTBA
Ipunsra k my6mukaumn: 22 Mapra 2024 1. MHOTOCTIOMHBIX KOMIIO3UTHBIX IUIACTMH C IEPEMEHHBIM PAacCTOSHHEM

MEXIY BOJOKHaMM. MeToauka MCCIEOBaHUS OCHOBaHA Ha HEKOTOPBIX
ypaBHeHuUsX Jlelicca — MapTtena 11 NOCTOSIHHOM 0CeBOM AMHAMUYECKON
Harpy3Kd U JByMEPHOM MHOTOCJIOIHOM HOJXOJE C KJIACCHUECKOH TeOopu-
ABTODBI 3a5BIIAIOT 00 OTCYTCTBUH el cIBUTOBBIX JleOpMalMii TIEPBOTO IMOPS/IKA C MSATHIO CTEHNEHSMH CBO-
KOH(JIMKTa HHTEPECOB. 00/1bI Ha y3el W pealn30BaHa C IOMOIIBIO SI3bIKA MPOTPAMMHUPOBAHMS
FORTRAN 94. T'unore3sl ¢oH Kapmana ncnonp3yroTcs Ui ydeTa Teo-
METPUYECKON HEMTMHEWHOCTH B JEBATUY3JIOBBIX H30NEPUMETPHUUECKUX
BkJ1aJ aBTOpOB YETBIPEXYTONIBHBIX dJeMeHTax JlarpaHxka, KOTOpBIE NPUMEHSAIOTCS UL
JUCKPETU3allMd MHOTOCIIOMHBIX IUIACTHH. IIpennonaraercs mojgHoe cuen-
JICHUE MEXIy CI0sSMH 0€3 paccliOeHHsI HA OCHOBAHUH TEOPHH CIABUIOBBIX
nedopmanuii epBoro mopsaka. [is pemieHus HEJIMHEHHOTO pa3peliaro-
IIETO YpaBHEHHUS OJHOBPEMEHHO HCIIONB3YIOTCS HESIBHBIM METOJ MHTE-
rpupoBanus Heiomapka u utepauuoHssiii Mmeron Herorona — Padcona.
Pe3ynbraTsl uccnenoBaHMs MOKa3blBalM, YTO HETUHEWHBIE XapaKTepH-
CTUKH CJIOMCTOM KOMITO3UTHOM IIACTHHBI 3aBUCST OT UCCIEAYEMBIX Ia-
paMeTpoB BOJIHUCTOCTH A ¥ k BOJIOKOH, a TaKKe OT BBIOpaHHOW yIsl aH-
HOT'O UCCJIEZIOBAHMSI CXEMBI UX PaclpeleICHUsL.

3asiBjieHHE 0O KOH(])JII/IKTC HHTEPECOB

HepasnenbHoe coaBTOpCTBO.

KiroueBble cioBa: crioucras IUIaCTHHA, KOMIIO3UT, CHHYCOHJAlbHas
(dhopMa BOJIOKOH, MEPEMEHHOE PACCTOSIHHE MEXKIY BOJIOKHAMM, JTAHAMH-
Yyeckasi Harpy3Ka, HeJIMHeitHas MOCTaHOBKA 3a/1a4u
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Mohammed W.H., Shambina S.L., Ammash H.K. Effect of sinusoidal fiber waviness on non-linear dynamic performance of
laminated composite plates with variable fiber spacing / CrpourtenbHas MeXaHHKa WHXKEHEPHBIX KOHCTPYKIHH U COOpYXKe-
Huit. 2024. T. 20. Ne 2. C. 109-119. http://doi.org/10.22363/1815-5235-2024-20-2-109-119

1. Introduction

Frequently employed methodologies for the design of composite laminates entail the organization of
the matrix and fibers in a pattern characterized by equidistant intervals and linear trajectories that are
oriented parallel and perpendicular to the axis of the laminate. Therefore, it can be deduced that both the
angle of the fibers and the percentage of fiber volume remain fixed in relation to the plane of the lamina.
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Consequently, previous formulations of the stress-strain state have solely considered fibers that are linear.
The objective of this study is to produce composite materials that exhibit optimal forms of inhomogeneity
through the modification of reinforcing fiber shapes. The intended outcome is to enhance the buckling
strength of thin-walled laminates [1; 2]. The tensile response of laminates having a sinusoidal fiber pattern
was investigated in [3]. In [4] examined the effect of curved fibers on the tensile and compressive response
of a plate with a circular hole. The influence of sinusoidal fibers on the buckling behavior of a composite
laminate was investigated by P. Phani Prasanthi, K. Sivaji babu, and A. Eswar Kumar [1]. There are three
important relationships between the fibers and wave properties, which are:

1. The secondary significance of fibers in the transmission of dynamic and thermal waves in the
overall composition of composite materials [5—7].

2. The utilization of fluctuating regular geometric phase functions, such as sine or cosine, as a means
of variable distribution of fibers within the matrix [8—10].

3. Sawing the fibers form regular geometric waves in the matrix, which is a method adopted recently
in the manufacture of composite panels [10], improving the non-linear dynamic performance of the panel
under plane load.

The principal aim of the study by Ali 1. Al-Mosawi [11] was to investigate whether variable fiber
spacing can enhance the structural efficiency of plates. This study presents numerical findings on the impact
of in-plane loading on boron/epoxy fiber reinforced laminates. Various properties of the composite plate are
examined. The findings of this investigation indicate that the post-buckling response of composite plates is
highly influenced by the fiber distribution type. Specifically, the seventh distribution equation yields the
highest buckling load and the lowest amount of deformation.

The study by A.V. Duran [6] offers an analysis of thermal buckling in square composite laminates that
exhibit varying stiffness properties. The spatial variability of fiber angles gives rise to position-dependent
material properties. This study examines the thermal responses of symmetric balanced laminates subjected
to constant thermal loading using a particular methodology. The objective is to identify the optimal fiber
orientations that can effectively resist thermal buckling for various material models.

In the book [chapter 2] of Susmita Mondal and L.S. Ramachandr [12], imperfections in laminated
composite plates in the form of openings were considered. Based on this new concept, the nonlinear
dynamic pulse buckling of imperfect composite plate with embedded delamination was numerically
analyzed and showed the influence of type of pulse loading (sinusoidal, exponential and rectangular) and
plate boundary condition on the shock spectrum. The response of delaminated plates was also computed for
various delamination percentages at different layer interfaces by using Tsai-Wu quadratic interaction
criterion. This study was selected to compare its results to verify the accuracy of the current results and the
reliability of the program.

M. Cetkovic [13] studied the influence of initial geometrical imperfections on thermal stability of
laminated composite plates using the layerwise plate model. The effects of imperfection mode and
amplitude, temperature distribution, side to thickness ratio b/h, aspect ratio b/a, boundary conditions and
lamination scheme on critical buckling temperature were analysed. The mathematical model assumes
layerwise variation of in-plane displacements, non-linear strain-displacement relations (in von Karman
sense) and linear thermo-mechanical material properties by adopting the Koiter’s model for initial
geometrical imperfections. Principle of virtual displacements (PVD) is used to derive Euler — Lagrange
differential equations of linearized buckling problem.

Haider K. Ammash [10] conducted a study on the effect of fiber waviness on the analysis of laminated
composite plates with large displacement elastic-plastic behaviour. The study utilized a square plate with six
layers and a simply supported boundary condition. The hypothesis posits that fibers exhibit sinusoidal
morphology. Chapter 6 discusses the impact of this particular type on various factors such as the number of
semiwavelengths (k), the amplitude of the wave (A), and the orientation of the fiber. The variability of the
sine wave fiber semiwavelengths (k) was established within the amplitude range of the sine wave fiber,
spanning from 0.05 to 0.5.
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T. Piyatuchsananon et al. [14] performed a study to elucidate the correlation between quantified fiber
waviness parameters and the tensile strength of a composite material. The orientation angles of the fibers in
a composite material reinforced with flax slivers were initially determined. Subsequently, the distribution of
angles was assessed through the utilization of the Local Moran’s I and Local Geary’s ¢ techniques for spatial
autocorrelation analysis. Ultimately, the results showed correlation between the resultant tensile strength and
the measured parameters.

2. Theoretical formulation of geometric waviness of fibers

The present study aims to assess the feasibility of improving the buckling capacity of composite plates
through the modification of the reinforcing fibers’ shape within the plate. The subsequent paragraphs feature
figures that illustrate the impact of fiber waviness on dynamic buckling curves:

¥() :asm(@) ()

a

In a manner that induces fluctuations in the orientation angle of fibers along the longitudinal x-axis,
the following occurs:

tan(e)=%=%'cos(%j=Akmcos(kﬁ), ()

where a = plate length; £ = number of half sine waves; and o = wave amplitude. Two normalized variables,
A=o/a andXx = x/a, are introduced.

The initial objective of this research is to examine the impact of fiber waviness, represented by
parameters k and A, on the static and dynamic buckling properties of composite laminates. In order to obtain
fiber rotation in any direction around the x-axis, as depicted in Figure 1, one can employ the following
equation:

x, =xcos(B)+ ysin(B), 3)

where P is the angle of waviness for the fiber and x, stands for the x-coordinate of a rotating fiber.
The angle of fiber orientation is variable with respect to the x-coordinate:
0o 0o
S 2wy, )
ox oy
this angle, rather than the constant angle that is utilized for straight fibers, is employed in Equation 1.
Figure 2 demonstrates how the main material directions are angled to be parallel to the lamina axes (B).

Lamin Fibers

a

/\/ Sinusoidal
T fiber

]
il

a b
p=0 4 7 p#0
Figure 1. Sinusoidal fiber rotation around the x-axis:
a — Lamina with variable fiber orientation; Figure 2. Laminate plate with sine wave
b — Geometry of sinusoidal fiber path fibers aligned with x-axis
Source: M.D. Pandey [15] S ource: made by W.H. Mohammed
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3. Materials and Methods

The present study aims to investigate the impact of fibers’ geometric regular waviness on the large
displacement elastic-plastic dynamic behaviour of laminated composite plates (1x1x0.01 m). formed from
four layers of thin steel plates bonded by the epoxy matrix reinforced with carbon fibers (Er= 413.68 [GPa],
E. =43 [GPa], Gr=172.36 [GPa], G = 1.277 [GPa], v/= 0.2, and v,,= 0.35). They were subjected to 800
kN uniform in-plane compressive load in the X-axis direction with a time step (A#) of 0.0001[sec]. To
achieve this, a four-layer square symmetric cross-ply laminated plate with variable distribution of carbon
fiber was analysed based on [2-2] and [3-3] from Leissa and Martin's equation (Table 1). The dynamic
response of the plate was evaluated using the FENSDAAP computer program, which is coded in
FORTRAN 94 language. The study considered different values of fiber path amplitude A ranging from 0.05
to 0.5 and different numbers of semiwavelengths & ranging from 4 to 12 (Table 2). The current investigation
utilized a (2x2) element mesh featuring a nine-node isoparametric approach to model the complete laminate
plate. Each node of Lagrangian elements possesses five degrees of freedom per node (w, 0x, 6y, 0x*, 6y*).
A consistent mass matrix and Newmark integration method with a = 1/2, and p = 1/4 were used in the
present study.

Table 1
Equations of fibers distribution based on Leissa and Martine’s equations
Equation (n — p). Volume fraction of fiber, %
n: equation’s number Vr(x)
p: equation’s exponent V max Viav
. 4 4 2
Equation 1-1 _ZX_FX } 100 66.67
4 4 LT
Equation 2-2 Zx-=x? 100 53.34
L 12
4 4 LT
Equation 3-3 Zx-=x? 100 45.7
L 2
. 1 1 0% 1 X2
Equation 4-1 5 + 77 L_2 75 66.67
2
. 1 1 | )
Equation 5-2 —+| =X -—X 75 63.34
2 | L 12
Source: made by A.W. Leissa and A.F. Martin [16]
Table 2
Parameters of the analysis
Fiber distribution Values of fibers path amplitude A Numbers of semiwavelengths (k)
with number of semiwavelengths, k = 4 with value of fiber path amplitude, A = 0.4
0.1 4
Unified 0.2 6
Equation 2-2 0.3 p
Equation 3-3 0.4
0.5 10
’ 12

S o urce: made by W.H. Mohammed
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4. Results and discussion

4.1. Effect of variable fiber distribution on the dynamic nonlinear
behaviour of a wavy fiber laminated composite plate

Figure 3, @ aims to compare two plates with a consistent fiber distribution. The first plate had fibers
arranged in a straight pattern, while the second plate had fibers arranged in a wavy pattern with values of
fiber path amplitude A = (0.3) and numbers of semiwavelengths & = 4.

8,00

6,00

4,00 straight
2,00

0,00
_2’000,00 0,02 0,04 0,06 0,08 0,10 0,12
-4,00 Sin wave

Deflection [mm)]

-6,00

-8,00
Time [sec]

straight

0,02 0,04 0,06 0,08 0,10 0,12

Sin wave

Deflection [mm)]
=
(=4
S

time [sec]

b

straight

0,00 0,02 0,04 0,06 0,08 0,10 0,12
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Figure 3. Comparison of straight carbon fiber versus sine wave fiber with different distributions:
a — unified fiber distribution; » — variable fiber distribution based on equation [2-2];
¢ — variable fiber distribution based on equation [3-3]
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This contrast reaffirmed the concept of enhancing the composite panels’ dynamic response by
providing novel shapes and distributions to the fibers that contribute to energy dissipation as a result of the
dynamic loads applied on them.

Figures 3, b and 3, ¢ demonstrate the improvement of the dynamic performance of wavy fiber
composite panels after changing their distribution.

It can be established that the distribution based on equation 2-2 is the best.
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4.2. Effect of path amplitude A on non-linear dynamic performance
of the laminated composite plates with variable fiber spacing

Figure 4 shows the effect of the path amplitude A in composites with variable fiber spacing based on
Leissa — Marten’s equations [2—2] and [3—3] on the nonlinear dynamic behaviour represented by the values
of deflection of the samples. Five values A (0.1, 0.2, 0.3, 0.4 and 0.5) of this effect were studied with
numbers of semiwavelengths & =4. It is proven that the influence of this parameter on the stability and

oscillations of the plate is significant, as well as on reducing the response.
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Figure 4. The effect of path amplitude A on non-linear dynamic performance
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4.3. Comparison of path amplitude values A in plates
with variable fiber spacing based on [2-2]

By examining the behaviour of the plate with a variable distribution in Figure 4 it was noted that the
panels reinforced with carbon fibers with distributions based on equations [2-2] and [3-3] are the most
effective in improving the response. Therefore, they were selected to study the effect of the path amplitude
A between 0.1 and 0.5 with the number of semiwavelengths k=4, to find out which path is the most
efficient.

The path amplitude A of 0.3 is the best, the least offset, and the most stable (Figure 5).
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Figure 5. The effect of path amplitude A on plates with variable fiber spacing based on equations [2-2] and [3-3]:
a — variable fiber spacing based on [2-2]; b — variable fiber spacing based on [3-3]
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4.4. The effect of number of semiwavelengths k
on the non-linear dynamic performance of the laminated composite plates
with variable fiber spacing

This section investigates the impact of varying fiber spacing on the nonlinear dynamic behaviour of
samples, as represented by the values of deflection over time. Specifically, the investigation focuses on the
effect of the number of semiwavelengths k using Leissa — Marten’s equations [2-2] and [3-3]. Figure 6
shows the impact of five values of the numbers of semiwavelengths & (4, 6, 8, 10, and 12) on the stability,
oscillations, and response reduction of the plate, using a path amplitude A of 0.4. The results show that this
value has a significant effect on these factors.

Upon comparing the displacements resulting from the variation of k& with the set of distribution
equations, it has been ascertained that equation 3—3 exhibits superior behaviour, greater stability, and lesser
distortion than its counterparts.

Also, the numbers of semiwavelengths K is best with a value of 8 with equation 3-3 and the path
amplitude A of 0.4.
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Figure 6. The effect of the number of semiwavelengths k on non-linear dynamic
performance of laminated composite plates with variable fiber spacing
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In Figure 7 the outcomes of equations [2-2] and [3-3] are compared against the five & values to
validate that equation 3-3 is the most optimal and consistent option for all k£ values, particularly for the
number of semiwavelengths k= 8. Through a comparative analysis of the displacements resulting from
variations in the value of £ with the set of distribution equations, it has been ascertained that equation 3—3
exhibits superior behaviour, greater stability, and lesser distortion in comparison to the other equations.
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Figure 7. The effect of the number of semiwavelengths & on plates with variable fiber spacing based on 2-2 and 3-3:
a — variable fiber spacing based on [2-2]; b — variable fiber spacing based on [3-3]
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5. Conclusion

1. The oscillatory behaviour of a symmetric cross-ply laminated composite plate, featuring sine wave
fiber with parameters k£ = 12 and A = 0.4, exhibits lower amplitude compared to other plates.

2. The laminated plate with symmetric cross-ply lamination and sine wave fiber (k = 4 and k = 12)
exhibits a better dynamic performance compared to the laminated plate with symmetric cross-ply
lamination and sine wave fiber (k = 8).

3. The laminated plate with sine wave fiber (k = 8, A = 0.4) exhibits a higher dynamic performance
compared to the other plates. Similarly, the symmetric cross-ply plate with sine wave fiber (k =8, A= 0.2)
demonstrates a greater performance than the remaining plates.
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KOH(IINKTA HHTEPECOB.

Bxkuaag aBTopoB

HGpa3IleJILHO€ COaBTOPCTBO.

AnHOTauusa. bonpmMHCTBO coopyxeHuit B Hemane, Bkouas aaMHUHU-
CTPaTUBHBIC W KWJIBIC 3J1aHUsA, BBIMNOJHCHBI W3 KaMH. Nx KOHCTPYKIIUH
VSI3BUMBI BO BpeMs 3€MIICTPACEHHI, O YeM CBHIETEIBCTBYIOT MACIITa0HbBIE
TMOBPEXKICHUS W YEJOBEUECKHE JXCPTBBHI M3-3a OTCYTCTBHS HaJUIC)KAIICH
OLICHKH M COOTBETCTBYIOLIMX Mep IO yKperuleHuro. [Ipencrasien aHamms
CEHCMUYECKON YA3BUMOCTH CYILECTBYIOIIMX 30aHUM U3 KUpIHYa B Tpaau-
MUOHHOM cTwiie Hproapu, Haxomsammxcs B nonuHe Ilokxapa. DTH 3maHuS
OBUTH ITOCTPOEHBI C HMCHOJIB30BAHMEM METOOB M TEXHOJOTHH KOPEHHOTO
HaceneHus. MccienoBaHue OCHOBAaHO Ha aHAJMTUYECKHX pacueTax, MpH
9TOM HEKOTOPBIE CBOIMCTBa MaTEpHAIOB OBLTH IIONyYEHBI B pe3yibTare Io-
JIEBBIX HCIBITaHUA. D PeKkTHBHOE MOJETUPOBAHNE KAMCHHOM KIIAIKH HMe-
€T pellarolliee 3Ha4eHUE B MPOECKTUPOBAHUM HAJEKHON U CENCMOCTOMKON
KOoHCTpYKIrH. OHAKO MOJEITUPOBAHNE PEANTbHON KaMEHHON KOHCTPYKIHH
SIBIISICTCS. HEOPAMHAPHOW W 3aTPaTHOW B BBIYHMCIHUTEIBHOM IUIAHE 3a1aucit
M3-32 CIIOXKHOM CTPYKTYpBI, TPEOYIOIIei yrIyOJeHHOTO aHaln3a, peasu-
CTHYHBIX CBOWMCTB MaTepHalla M aKTyalbHBIX NaHHBIX. Llenpio JaHHOTO HC-
CIICZIOBAHMUS SBIISIETCS OIpENeNICHHE CEHCMIUYECKINX XapaKTePUCTHK CTAphIX
KUPIHYHBIX 3aHUK B cTHie Hbr0apy ¢ UCONIb30BaHHEM KPHBBIX MPEICIOB
HanpsHKEHUH M CeMCMOYCTOWYMBOCTH. 3a/1add MCCIIEIOBAHUS PELIAOTCS C
MOMOIIBIO JIMHEHHOTO JHHAMHUYECKOTO aHalW3a C HCIIONB30BAHUEM MIPO-
rpaMMHOTO O0ecIe4eHHsI Ha OCHOBE KOHEUHBIX 3neMeHToB Sap 2000 v20.
KoneunosimemMeHTHBIE MoOACInu 3}18.Hl/ll71 6])IJ'II/I HCIBITAaHbI Ha TPEX 3CMJICTPS-
ceHmsix. /laHa oleHKa SKCIUTyaTAallHOHHOTO COCTOSIHHUS 3IaHHS Ha OCHOBE
pa3IMYHBIX YPOBHEH HAarpy3kd W BEBISBICHBI cialble ydacTku. [IpoanHanm-
3UpOBaHa KpWBas MpejeNia CelCMOYCTOWYHBOCTH KOHCTPYKIHH C Y4ETOM
mapaMeTpoB IBIKEHHUS TPyHTAa B JAaHHOW MecTHOCTH. DYHKUHMS Tpenena
CeHCMOYCTOMYNBOCTH MOCTPOCHA C BEPOATHOCTHIO Pa3pyIICHUS C HHTEPBa-
oM 0,10 g. Pe3ynbraThl pacueToB MOATBEPAKAAIOT, UTO HCCIeayemasl KOH-
CTPYKIHSI yS3BMMa B CPaBHEHUH C IIOJIOXKECHUSAMH CTPOHUTEIBHBIX HOPM H
TIPaBHIL.
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1. Introduction

Most of the historic, administrative, and residential building structures in Nepal are based on masonry
construction. To date, more than 60 % of buildings in Nepal are masonry, which have heavy mass and low
compressive strength, and these structures are normally up to four stories tall. They have a flexible
diaphragm system both in the roof and floor levels. Basically, masonry structures are built with mortar and
masonry units. The mortar is made with lime-cement, clay, and bitumen, while mud, stone, and fire clay are
used as masonry units. However, the majority of the masonry buildings in Nepal are constructed without
adopting proper engineering guidelines. In past seismic events, the masonry structures have failed due to
inadequate brick units, poor quality of mortar, irregularities in plane and vertical direction, inadequate load-
bearing walls, lack of vertical confinement, weak bottom storeys, wall openings, improper section and
dimension, wall connections, etc. [1]. In fact, unreinforced masonry buildings are more vulnerable to
earthquakes due to their heavy mass, insufficient deformation capacity, and lack of integrity between the
structural elements [2]. These types of structures have a brittle failure mode during earthquakes (see
Figure 1).

d e f

Figure 1. Failure mode in masonry building during earthquake:
a — separation of short wall at cross section; b — complete collapse of short wall; ¢ — collapse of gable wall;
d — out of plane bulging; e — in plane damage with opening; f — shear damage

S ource: photos by R.K. Adhikari, D.D’Ayala [3]

Researchers [4; 5] studied the importance of compressive strength in conventional design practices,
while in [6] highlighted the necessity of characterizing the mechanical behavior of masonry bond. Costigan
et al. [7] and Parajuli and Kiyono [8] experimentally characterized the mechanical properties of masonry
walls. Endo et al. [9] conducted an experiment on a brick masonry wall composed of fired bricks and mud
mortar. Parajuli et al. [10] studied the behavior of the monumental brick masonry wallet through in-situ
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tests. The analysis of masonry structures is a challenging and computationally demanding task due to their
complicated framework. It requires in-depth knowledge, realistic material properties, and relevant
information. It is difficult to extract the structural and material properties of the structure built with
indigenous technology in the absence of information and data concerning the behavior of their primary
frameworks. The appropriate modeling technique is essential to extract the realistic response of old masonry
structures. Creating a feasible model for a contemporary structure made of new industrial materials is
easier, as materials and member properties are more uniform and largely clear. However, accounting for the
multiple uncertainties of the problem that arise during the analysis and design of the structure requires more
work. Nevertheless, there is negligible study found in the literature that covers both the characterization of
the mechanical properties of masonry and performance assessment of such a historical building structure
based on those properties.

In the Pokhara valley, most of the masonry structures have existed for three to four generations
without proper damage assessment, which ultimately leads to the loss of life and property. Proper
strengthening measures can restore the existing buildings, which will have a greater impact on the overall
performance of the structure. Realistic seismic performance evaluation methods should be followed for this
purpose. To this end, this research focuses on the performance assessment of existing old historical building
structures based on field data. The research objective is achieved through the analysis of numerical models.
The numerical models are subjected to three earthquakes of Kobe, El-Centro, and Gorkha. Finally, the
results are based on the stress level and fragility curves in different ground motions, and these are compared
with standard codal provisions and recommendations.

2. Study of existing old Newari building

2.1. Description of building under study

The prototype building structure is a traditional building in the locality that was constructed in the
17th century using original local technology. Most old Newari buildings in the area have traditional
architecture. The building is three to four stories high with a floor height ranging from 1.8 to 2.3 meters and
a larger opening ratio in the lower stories. The building typically has a simple rectangular floor plan with a
breadth of over 6 meters and a length between 10 to 16 meters. The substructure uses shallow foundation
with stones, and the superstructure is built with locally available clay burnt brick and mud mortar. The
design is supported by three walls, two external walls, and one spine wall in the middle. In the upper story,
the spine wall is sometimes replaced by a timber column frame system for creating a bigger continuous
space. Wood joists uphold the floors and rooftop, over which wooden sheets or boards with a thick layer of
mud topping are applied. The rooftop is typically doubly pitched and covered with traditional stone in the
past, but nowadays, they are replaced by CGI sheets to make it waterproof. The brick masonry wall’s
typical thickness is about 60 cm and consists of a bricklayer in mud mortar and timber planks and beams.

During fieldwork, general information about the building, such as its length, breadth, height, number
of stories, the thickness of the masonry wall, position and size of doors and windows, dimension of timber
beams and columns, and material properties, was measured. The dead and live load in the building model is
applied based on IS 875-1 (1987) and IS 875-22 (1987) codes.! The load of the timber staircase is
calculated manually, and its loads are distributed to the supporting wall. The mechanical properties of brick,
mortar, and wallet are taken from previous literature [11]. The old Newari building and corresponding plan,
front and side elevation, and sectional view of the studied building are presented in Figures 2 and 3. The
structural and geometrical properties of the case study building are summarized in Table 1.

'IS 875-1. Code of Practice for Design Loads (Other Than Earthquake) For Buildings and Structures. Part 1: Dead Loads —
Unit Weights of Building Material and Stored Materials. New Delhi: Bureau of Indian Standards; 1987; IS 875 (Part 2):1987Code of
Practice for Design Loads (Other Than Earthquake) For Buildings and Structures. Part 2: Imposed Loads. New Delhi: Bureau of
Indian Standards; 2008.
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Figure 2. Old Newari building
S our ce: Photo by K. Chapagain, H. Chaulagain
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Figure 3. Details of studied building structure:
a — plan; b — front and side elevation; ¢ — cross section
S ource: made by K. Chapagain, H. Chaulagain
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Table 1
Geometrical and structural properties
Description Properties Description Properties

Area of building 14.8 mx6.70 m Unit weight of brick in mud mortar (Y)  17.68 kN/m?
Building Height 9.06 m Modulus of elasticity (E) 509 N/mm?*
Floor height GF =2.30 m, Modulus of elasticity of Sal (E) 12600 N/mm?

FF=2.16 m,

SF=193m,

TF = 2.68 m (at attic)
Earthquake Zone A% Shear modulus (G) 204 N/mm?
Subsoil type I Unit weight of mud-topped 1.47 kN/m?
Timber column 0.14 mx0.14 m Imposed load for Floor 2 kN/m?
Timber beam 0.14 mx0.10 m Imposed load for roof 1 kN/m?
Slab thickness 0.125m Unit weight of Sal (Y) 8.03kN/m?
Wall thickness 0.60 m Poisson’s ratio (v) 0.25

S o urc e: made by K. Chapagain, H. Chaulagain

2.2. Determination of compressive strength of brick units of building model

The old Newari building that exists today was constructed 265 years ago in 1814 B.S and is still being
used as a residential space. Despite being exposed to various earthquakes in the past and recent times, the
building remains in good usable condition. The masonry walls of the building are made of brick units
constructed using local cohesive soil without the addition of any binding materials. In order to assess the
strength of the bricks, a sample was taken from the building and tested using a Compression Testing
Machine (CTM), and the results of this experiment are provided in Table 2. Additionally, Figure 4 depicts
the testing process for the brick units.

Figure 4. Testing of brick samples in lab

S o ur c e: photo by K. Chapagain, H. Chaulagain

Table 2
Determination of Compressive Strength in Lab CTM
Sample Dimension and area Yield Load, kKN Strength of brzick Average strfngth,
Length Breadth Area, mm? unit, N/mm N/mm
1 118 90 10620 115 10.83
2 120 88 10560 120 11.36
3 145 97 14065 155 11.02 11.06
4 132 88 11616 130 11.19
5 122 88 10736 115 10.71
6 121 88 10648 120 11.27

S our ce: made by K. Chapagain, H. Chaulagain
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2.3. Seismic Input

The ground motion parameters of displacement, velocity, and acceleration can occur separately or in
combination. Acceleration is usually the measured quantity, and the other parameters are derived from it.
However, due to limitations in technology and instrument setup, there is a lack of precise earthquake data.
To meet the research objectives, appropriate time history data must be arranged. This study considers three
recorded earthquakes, which are presented in Table 3. The peak ground acceleration (PGA) has been scaled
to an interval of 0.05 to 1 g. The El Centro, Gorkha, and Kobe earthquakes are analyzed in two orthogonal
components in the x- and y-directions, as their magnitudes, fault distances, and source mechanisms
correspond to the seismic hazard at the study location. Figure 5 shows the earthquakes examined in this

study.

Table 3
Peak ground acceleration used for the dynamic analysis

Name of earthquake | Peak Ground Acceleration (PGA)
Kobe earthquake 0379 ¢

El Centro earthquake 0.365¢

Gorkha earthquake 04¢g

S o urce: made by K. Chapagain, H. Chaulagain
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Figure 5. Time history data:
a — Kobe earthquake; b — El-Centro earthquake; ¢ — Gorkha earthquake
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2.4. Linear time history analysis

The analysis of masonry structures using nonlinear methods is a complicated and time-consuming
process. Therefore, linear analysis, which is a simpler approach, is more commonly used. This method
involves studying the structural behavior within the linear range of the stress-strain curve, assuming the
brick masonry as a homogeneous material. Many researchers utilize linear time history analysis to
determine the real performance of the structure. In time history analysis, loading and response history is
analyzed in progressive time increases using a step-by-step technique. It is assumed that the structural
characteristics remain constant and the structure behaves linearly throughout the loading history. Each
natural mode of vibration is estimated as a function of the building period for a given time history and
damping, and is expressed in terms of pseudo-spectral acceleration, displacement, and velocity.

2.5. Damage state criteria and fragility analysis

The study of a structure's behavior can be achieved by examining damage thresholds, also known as
limit states, which represent the point at which different levels of damage occur. Various researchers have
recommended different damage states, based on criteria such as drift ratio, yield displacement, and ultimate
displacement of the structure, for example in [12] established light, moderate, and severe damage levels
based on maximum drift ratio, while Dumova-Javanoska [13] proposed five damage levels (none, minor,
moderate, severe, and collapse) based on damage index. Kircil and Polat [14] developed yielding and
collapse damage levels for studying the performance of existing structures, while Jiang et al. [15] suggested
maximum inter-storey drift ratio and global damage index for fragility assessment. Ahmad [16] focused on
slight, moderate, extensive, and incipient damage levels to study reinforced concrete structures in the
Himalayan region.

Lagomarsino and Giovinazzi [17] employed four damage grades — slight damage (0.7 dy), moderate
damage (1.5 dy), extensive damage (0.5 (dy + du)), and complete damage (du) — by considering ultimate
(du) and yield displacement (dy) for the fragility analysis of existing structures. After reviewing the limit
states proposed by various researchers, it was found that the most commonly adopted limit states are
slightly damage, moderate damage, extensive damage, and complete damage. Therefore, Lagomarsino and
Giovinazzi’s [17] four limit states were used in this study to construct a fragility curve that describes the
performance level of the study building.

Fragility curves are typically generated through a fragility analysis of structures. Specifically, they are
obtained by deriving a probability of failure relation from the following expression:

iy S215)]

Where, J(...) represents a standard cumulative normal distribution function, S; and S. are the
demand displacement and medium of damage state. For this study, the demand displacement of the building
structure was determined through linear dynamic analysis using three different ground motions. The
medium damage states were determined using the damage grade proposed by Lagomarsino & Giovinazzi
[17]. The total uncertainty is represented by the log standard deviation, denoted by the symbol 3, as per
HAZUS-MH-MR4.?

2 HAZUS-MH-MR4. Multi-hazard Loss Estimation Methodology. Technical Manual. Department of Homeland Security,
Emergency Preparedness and Response Directorate, Federal Emergency Management Agency, Washington, D.C. 2003.
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3. Finite element modelling

3.1. Structural Modeling

There are two main approaches to model masonry structures: micro modelling and macro modelling.
In micro modelling, masonry is considered as a single-phase material, while macro modelling involves
modelling the masonry structure as two or three phase materials. However, the macro modelling approach
cannot address the mortar joints acting as a plane of weakness. Therefore, this study adopts the micro
modelling approach due to its higher level of accuracy and simplified methodology. Figure 6 presents the
different modelling approaches, including macro modelling, simplified micro modelling, and detailed macro
modelling with two-phase and three-phase materials. Brick Element Mortar Element

Continuum Interface Brick Mortar Element
Macro Element | Element Element
‘ . v
I - ‘ v
’ Il il J Interface
Tt | = 1 - ¢ Element
| »
fr— 1T 1\ —
(| |
(1] L
a b c

Figure 6. Masonry modeling strategies:
a — macro-modeling; b — simplified micro-modeling; ¢ — detailed micro-modeling

Source: Asteris et al. [18]

3.2. Foundation

The strip foundation of the old Newari traditional building is constructed with larger stones at the base
and has a depth of at least 175 cm for buildings with three to four stories. The construction follows a
stepped fashion and has a width greater than 1 m.

3.3. Masonry walls

The walls are made of mud mortar and unreinforced brick masonry, typically consisting of three layers
of bricks in the vertical direction. The brick units are handmade using locally available soil for the mortar.

3.4. Floor System

The traditional Newari building’s flooring is typically constructed with timber material. Wooden or
timber joists with an average dimension of 0.10 m width and 0.14 m depth and a center-to-center dimension
of 0.35 m to 0.45 m are used to support the floor from party wall to party wall. The floor is supported by
closely spaced timber joists with a layer of wooden planks. The subfloor is finished with a mud-topped
layer that is 10 cm thick.
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3.5. Roof system

In the past, the roof structure of the building was made of stone slabs and was supported by timber
purlins and rafters. However, nowadays, the stone slabs have been replaced by CGI sheets. The rafters and
purlins are supported by the brick masonry walls.

3.6. Masonry construction

Masonry structures are characterized by continuous bearing walls instead of framed structures. When
subjected to vertical loads, these walls exhibit excellent mechanical behavior and high resistance to impact
or accidental loads. However, when subjected to horizontal loads such as earthquakes, masonry structures
tend to have low stability due to the low tensile strength of masonry materials. Thus, in masonry structures,
all walls contribute significantly to structural function. It should be noted that masonry structures typically
have structural walls with constant transverse dimensions and experience only modest compressive
loads [19].

3.7. Timber in masonry

Besides using wooden ring beams at the top of load-bearing walls, timber elements can also be
employed as horizontal reinforcement along the wall's height, creating a building technique known as
“timber-laced masonry.” This method not only enhances the wall-to-wall connection but also provides
stability through the systematic insertion of timber pieces along the wall’s height. The use of timber
elements is advantageous due to their superior tensile strength. The confined masonry wall sections improve
the walls' compressive strength and deformability. The timber-laced masonry technique is distinct from ring
beams and has been examined separately [20].

3.8. Modelling of contact surfaces

Typically, wooden beams and columns are modeled as either fixed or hinged joints, but in reality,
their behavior doesn’t match either of these assumptions. In the software SAP2000 v20°3, frame elements are
represented by single center lines to model timber elements such as joists, beam-columns, and posts. These
center lines come into contact with adjacent masonry walls, which are modeled as thick shell elements. In
actual designs, the surface of wooden elements contacts the adjacent masonry wall, and this contact issue is
resolved by introducing link elements between the wooden elements and the surface of the thick shell
element. When the joint moment of the rafter and masonry is fixed, a two-point link must be applied to
bring it closer to a simple support. To satisfy bending moments closer to pin joints, two-point link elements
are used during modeling.

3.9. SAP 2000 v 20

Computers and Structures developed the SAP2000 v20 software which offers a user-friendly interface
for modeling, analysis, design, and reporting. Users can customize window layouts and toolbar
configurations. As a finite element program, SAP2000 v20 has gained popularity for its versatility in
designing and analyzing various structures such as buildings, bridges, dams, and industrial plants. Its
practical and object-based modeling environment allows for easy to complex calculations in 2D and 3D
models. SAP2000 v20 also provides a wide range of structural analysis techniques, including linear and

3 SAP2000. Computers & Structures, Inc., Berkeley, California, USA, 1978-2016. 2016.
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nonlinear analysis, static and dynamic analysis, seismic analysis with ground excitations, response spectrum
analysis, and other types of dynamic analysis under time-varying constraining conditions.

A FEM model was created using SAP2000 v20 to evaluate the response of the structure to different
levels of seismic activity. The isotropic elastic behavior was assumed, ignoring the effect of mortar joints as
planes of weakness. These assumptions were useful in predicting low-level stress deformations but not
higher-level stress deformations that result from nonlinear material behavior and local failure. Material
models based on average properties and ignoring the effect of mortar joints were used, but including the
possibility of local failure [21]. Brick masonry walls were modeled using isotropic surface members,
i.e. shell elements, and wooden joists, beams, and posts were represented by isotropic linear members,
i.e. frame elements [18]. The building model created in SAP2000 v20 is depicted in Figure 7.

Figure 7. Building model in Sap 2000 v20
S o urce: made by K. Chapagain, H. Chaulagain

4. Results and discussion

4.1. Stress level in structure

Table 4 shows the stress contour map of the building model generated by the finite element software
SAP2000 v20 under the load combination of DL+LL+THx and DL+LL+Thy. The highest stress values
were observed at the openings and the base of the building model, while the tensile stress was concentrated
at the gabion. At a PGA of 0.30 in the three different considered earthquakes, the maximum compression
stress (S11), stress in the perpendicular direction (S22), and shear stress (S12) were 0.564 MPa, 1.313 MPa,
and 0.988 MPa respectively. Conversely, the maximum tension stress (S11), stress in the perpendicular
direction (S22), and shear stress (S12) were 3.287 MPa, 3.436 MPa, and 2.0 MPa, respectively. Based on
the permissible allowable stress of a masonry structure for compression, tension, and shear, the building
model is safe in compression but not in tension and shear. The results also indicate that the structure
performs better under loading in the y direction. Figure 8 shows the maximum compression shear stress
(S11 and S12) in the building model.

Table 4
Stress on the building due to three different earthquakes MPa
L El Centro Gorkha Kobe
Combination Type of stress
S11 S22 S12 S11 S22 S12 S11 S22 S12

C 0.434 1294 0.673 | 0469 1302 0.646 | 0336 1.228 0.453
DL+LL+THx

T 1.229 1368 2.611 | 1.023 1.272 2237 | 2938 3.436 1.57

C 0.564 1313 0988 | 0378 1304 0.576 | 0.491 1.251 0.872
DL+LL+THy

T 0972 1397 1.115 | 1.682 1475 2321 | 3.287  2.092 1.90

S ource: made by K. Chapagain, H. Chaulagain
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Figure 8. Maximum shear stress:
a— S11; b — S12 in the building in compression (S12)
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4.2. Fragility analysis

Fragility curves are useful tools for structural engineers and experts to assess the seismic vulnerability
of buildings. In this study, fragility curves were generated for four damage states for three earthquakes:
El Centro, Kobe, and Gorkha. The peak ground acceleration (PGA) values ranged from 0.10g to 1g with an
interval of 0.05g, and the probability of failure for the structure was determined. From Figure 9, it is evident
that the building model has a higher probability of failure for slight, moderate, extensive, and collapse
damage levels in the Kobe earthquake at a PGA of 0.30g than in the El Centro and Gorkha earthquakes.
Previous studies have highlighted a peak ground acceleration of 0.40g for Pokhara with a 10 % probability
of exceedance in 50 years [22]. Therefore, the probability of failure at a PGA of 0.30 to 0.40 is significant
in this study.
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Figure 9. Fragility Curve of Old Newari Building for various Damage States at El Centro Earthquake
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4.3. Inter-storey drift

Based on the results of the linear static analysis, it can be observed that the building model exceeds the
standard drift limit proposed by the code (FEMA, 2008)* in all three earthquakes — Kobe, El Centro, and
Gorkha. The displacement of the building is found to be the highest in Kobe earthquake, followed by El
Centro and Gorkha earthquakes. Additionally, the displacement of the structure does not meet the
prescribed limit, indicating its vulnerability in terms of displacement (Figure 10). This may be attributed to
various factors, including the parameters associated with the time history function such as frequency
content and duration (Table 5).

-@-Gorkha -#-Kobe -#-El Centro --Gorkha -#-Kobe -#-El Centro

Height of structure (m)

Height of structure (m)

o —
L

o
to

10 20 30 40 50 60 0.4 0.6 0.8 1.0
Horizontal displacement (mm) Drift (%)

a b

=

Figure 10. Storey displacement and drift of building structure in different earthquakes:
a — Storey displacement; » — Storey drift
S o urce: made by K. Chapagain, H. Chaulagain

Table 5
Probability of failure at PGA = 0.3g for Centro, Gorkha and Kobe Earthquake
Earthquake Slight Moderate Extensive Complete State of damage
El Centro 99.94 98.05 72.26 39.15 Extensive
Gorkha 99.85 96.19 61.78 28.56 Extensive
Kobe 99.97 98.79 78.46 46.94 Extensive

S o urce: made by K. Chapagain, H. Chaulagain

5. Conclusion

This research paper presents a case study of an existing 265-year-old Newari building made of brick
masonry in mud mortar. In the numerical analysis, a masonry wall is modeled as a thick shell homogeneous
element and timber is modeled as isotropic linear members frame element. Three earthquakes, namely El
Centro, Kobe, and Gorkha earthquakes, with different peak ground acceleration values are considered as
seismic input parameters. Based on the stress level and the fragility status of the building structure, the
following conclusions are drawn:

1. The stress level of the building structure is within the allowable permissible limit in compression,
while the tension and shear stress levels exceed the allowable limit, indicating the vulnerability of the
structure to shear and tension.

2. The probability of failure of the building is higher in Kobe earthquake at the same peak ground
acceleration value as compared to El Centro and Gorkha earthquakes. This may be due to the variation in
model frequencies and predominant frequencies of the ground motion.

3. The displacement of the building model is maximum in Kobe earthquake followed by El Centro and
Gorkha earthquakes, and the displacement of the structure is not within the same limit. Thus, the studied

4 Federal Emergency Management Agency (FEMA). (2008). Disaster Program Information. Washington, DC: FEMA.
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building is vulnerable in displacement parameter, which may be attributed to the parameters associated with
time history function like frequency content and duration. Moreover, the building model has higher inter-
story drift level as compared to the standard drift limit in all three considered earthquakes.
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1. BBenenue

VYpaBHeHHE TOBEPXHOCTHU OOBIYHO 3aJaeTcs B MapaMeTpuyeckoil popme — (QyHKIUAX MPOEKIHUU TOU-
KM IIOBEPXHOCTH HAa NPSMOYTOJIBHYIO CUCTEMY KOOpAMHAT. OQHAKO I MHOTHX ITOBEPXHOCTEH BBIBOJ Ia-
paMeTpUYECKUX ypaBHEHUH SBIIIETCS HEPOCTOH 3anaueil. Kpome Toro, no napaMeTpu4eckuM ypaBHEHUSIM
ObIBaeT 3aTPYyIHUTEIBHO ONpENenuTh (GopMy MmoBepxHOCTU. bosee yqo0OHBI M HANIAHBI BEKTOPHBIE ypaB-
HEeHus noBepxHocTeld. DopMOOOpa30BaHUE MHOTHMX KJIACCOB MOBEPXHOCTEH OCYIIECTBISETCS HAa OCHOBE
3a7aHusl IPOCTPAHCTBEHHON WM IJIOCKOI HalpaBISIOMIEH ¢ CHCTEMOM 00pas3yroluX KpUBBIX, IIPUBSI3aH-
HBIX K HampasJsitonleld KpuBod. J{s 3aaHus oOpa3yroIuX KPUBBIX BBOJATCS BEKTOpHBbIE (DYHKLIUU, CBS-
3aHHBIC C HANpPaBIISIONIEH KPUBOW — BEKTOPHI KacaTreabHON, HOpMayd U OnHOopMann. Eciin Hampapmsiomas
KpHBas 3a7jaHa B MIPSMOYTOJIBbHOM CUCTeME KOOPJMHAT, TO HA OCHOBE BEKTOPHBIX YPAaBHEHHH IOBEPXHOCTH
MOJKHO IIOJIYYMTh IIapaMETPUYECKUE YPAaBHEHUS MOBEPXHOCTU. Huke paccMaTpuBaeTcst KiacC IOBEPXHO-
CTeH ¢ CHUCTEeMOH IUIOCKUX 00pa3yroNMX KPUBBIX B HOPMaJIBHON IJIOCKOCTHU IJIOCKOW HAIpaBIIAIONIEH KpU-
BOH. DTOT KJacc MOBEpXHOCTEH paccmaTpuBaics B [1], HO B Hell He ObUIH HOTy4YeHbI GopMyibl Kodddurim-
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€HTOB KBaJIpaTUYHBIX (POpPM MOBEpXHOCTEH, HEOOXOMUMBIX AJIsi pacyeTra obonouek. B [2] ykazaHbl Bce u3-
BECTHBIC Ha CETONHSALIHMHA J€Hb KJIACChl, MOJIKJIACCHl U TPYIIBl aHATUTHUYECKUX MoBepxHocTeil. Cremys
KJaccu(uKayy, NpeaIokeHHON B [2] U y4HuTBIBasg cocod WX MOCTPOEHUs, MpeuiaraeéMble K paccMoTpe-
HUIO TIOBEPXHOCTH MOTYT OBITh BKJIIOUEHBI B Kiacc «KuHemarndeckue moBepxHocTn» [3]. IlpuHuMas Bo
BHHMAaHHE, YTO pacCMaTpPUBAEMbIE TTIOBEPXHOCTH Ha KPUBOJIMHEHHO-TpANELMEBUIHOM TUIaHE 3a/1al0TCS aHa-
JUTUYECKUMH (OPMYITaMu, OHU MOTYT IMIPUBJIEYb BHUMAHUE apXUTEKTOPOB B paMKaX apXUTEKTypHOTO CTH-
ns «[Tapamerpuueckas apxutexrypay» [4].

2. YpaBHeHNe NOBEPXHOCTH HA KPMBOJIMHENHO TPpaneuueBHIHOM IUIaHe,
K03 GUIMEHTHI KBAIPATHYHBIX (DOPM IMOBEPXHOCTH

OproroHanbHasi KpUBOJMHEWHAs CUCTEMa KOOPAMHAT B IUIOCKOCTH 0Opa3zyeTcs CUCTEMOW MpPSIMbIX,
OPTOrOHAJIBbHBIX 33JJAHHOH IIOCKOM 6a30BOI1 KpUBOIi ¥, (u) = x(u)i + y(u) (puc. 1).

Puc. 1. [IceBnononsipHas cucremMa KOOpJHHAT
W ¢ To4HuK: BemojHeHo B.H. IBaHOBBIM

Figure 1. Pseudo-polar coordinate system
Source: compiled by V.N. Ivanov

Takum 00pa3zoM, KpUBOJIMHEHHO-OPTOTOHAIBHAS CUCTEMAa KOOPAUHAT B IUIOCKOCTH (KPUBOJIMHEHHO-
TpaneuueBUIHbIN T1aH) 00pa3yeTcss CUCTEMOM SKBUIUCTAHTHBIX KPUBBIX, MapaJUIeIbHBIX 0a30BOM KPUBOH
Y CUCTEMOM NPSIMBIX, OPTOrOHAJIBHBIX CUCTEME IKBUJIUCTAHTHBIX KPUBBIX.

YpaBHEHHE OPTOTOHANBHON KPUBOJIMHEWHOW KOOPIUHATHOW CUCTEMBI

r(u,v)=r,(u)-wv, (D

V — HOopMaJh 6a30BOI KPHUBOIi; v — KOOpIUHATa 00pa3yoNuX MPsIMBIX 110 HOPMaJK K 0a30BOi KPHUBOHA.
[TonoxxuTenpHOE 3HAUEHUE KOOPJAMHATHI MPSMBIX MPUHUMAEM B CTOPOHY BBINYKJIOCTH 0a30BOil KpH-
BOI4, TaK KaK IPU HAMpPABICHUU B CTOPOHY BOTHYTOCTH MOXKET IOJIy4aThCsl MEPECEKAIONIasiCs CUCTEMa TPsi-
MBIX.
3anaBasch QPyHKIMEH BEPTUKAIBLHOM KOOPAMHATHI z(1,V), MOIy4aeM BEKTOPHOE YpaBHEHHUE MMOBEPXHO-

cri p(u,v) Ha Gase KPUBONMHEHHO-OPTOTOHANBHOI CHCTEMBI KOOPIAMHAT B ILIOCKOCTH
p(u,v)=r(u)—vv +z(u,v)k. )
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s BoiBoga dopmyn Kod(pOUIMEHTOB MOJIy4aeM MPOU3BOJHBIE BEKTOPHOTO YpaBHEHHS, yUWUTHIBAs
COOTHOUIEHHS KJIacCHUeckoil nuddepeHnnansHoii reometpu [5; 6]:

rp=st; s'=lgl; v=skv=kyv; k =sk; V'=—kr. 3)
Toraa nonyyaem
p,=(s"+vk)t+z,k; p,=—v+zk. (4)

KoadhdbummenTst 1-i kBagpatuaHOit GOpMBbI

E=(pupu)=(s'+vks)2 +z2; G=(pp,)=1+z); F=(p,p,)=2z,. (5)

BexkTop enMHUYHON HOpPMaJIA MOBEPXHOCTH

1 1 ,
m:E(puxpv):E(zu‘r—(s +vk,)(z,v+k)), (6)

S=VEG-F" =|(p,xp,)

= (5" + vk ) (1422 )+ 22
= (S Vv s) ZV Zu — JUCKPUMHHAHT ITIOBEPXHOCTHU.

Boruncrnsiem BTOpbie MPOU3BOAHBIE BEKTOPHOTO YPaBHEHUS:

" ! !
puu:(S +VkS)T+(S +Vks)ksv+zuuk; plN:kYT+ZlNk; pW:Zvvk (7)
Koadduumentsr 2-i kBaapatuaHoi GopMbI

(s"+Vk!)z, +(s"+ vk, )2 kz,—(s"+ vk )z

L= (puum) = D e )
NZ(PWm):M; M:(pwm):_zuks_(s +Vks)zuv ) (8)
)y ))
KpuBu3HbI TOBEPXHOCTH:
i L (S"+Vks')zu +(S’+Vks)2 k.z, —(S'—i—vks)zuu '
" E z|(s'+vk,) +2; ] ’
' :E: (s’+vks)2VV ) _ M -z k —(s'+vks)zvv o)

W e = )
YT G Z(l—i—zf) \/E Z[(Sf_i_vks)?-q-zj} (1+Z§)

Tak kak ko3¢ ¢uIUeHTb KBaapaTudHbIX (opM F, M # (0, MOBEPXHOCTHAS KOOpPAMHATHAs CUCTEMa

paccMaTpuBaeMbIX IOBEPXHOCTEH B 00IIEM Cllydae He SBJISIETCS HM OPTOTOHAIBHOMN, HU CONPSDKEHHOM U HE
SIBJISICTCS JIMHUSIMU TJIABHBIX KPUBU3H.
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3. IToakaaccbl MOBEPXHOCTEH HA KPUBOJMHEITHO TpanenueBUAHBIX MJIAHAX

OtmeTHM, 4TO paccMaTpuBaeMasi CUCTEMa MOBEPXHOCTEH OTHOCHUTCS K KJIACCy HOPMAaJIbHBIX MOBEPX-
HOCTEH [7-9] — TMOBEPXHOCTEH C CHUCTEMOH IUIOCKMX KOOPIWHATHBIX JHHHNA (0Opa3yromuX KPHUBBIX) B
HOpPMaJIbHOM IJIOCKOCTH HampaBisiomeid kpuBoid. B [7; 8] moka3aHo, 4yTo TONBKO AJS IBYX MOAKJIACCOB
HOpPMaJIbHBIX TIOBEPXHOCTEH 00pa3yroliue KpuBble OyayT JIMHUSMU INIABHBIX KPUBHU3H: | — MOBEpXHOCTEH
BpAIllCHUsI — HAIpPAaBJIAIOIasl KpUBas MpsMas JIMHUS, 00pa3yloIuX KpUBBIE OKPYXKHOCTH; 2 — HOpMallb-
HBIE MTOBEPXHOCTU C CHCTEMON HEM3MEHSEMBIX 00pa3yIoIIMX KPUBBIX. 2-i MOIKIACC OTHOCHTCS K KJIaccy
noBepxHoctel Momxka [8; 10-13].

[TonmoxxuB B ¢opmymnax KBaapaTHIHBIX (HopM z = z(v) — oOpasyromias KpuBas HE H3MEHICTCS NpHU
JBWKCHUH B HOPMAJILHOM TUTOCKOCTH HAIPABJISIFOIICH KPpUBOH (z, = z,=0), TIOTydaeM I MMOBEPXHOCTEH
Momnxka:

2

E=(s"+Vvk); G=(p,p,)=1+z); F=0; Z=(s+vk)J1+2;

k,

e
(s'+vks)w/1+zf, ’ (1+Z§)3/2 (19

Koopaunarnas cets noBepxHocteil MoHxa sIBJISIETCS JIMHUSIMU IVIaBHBIX KPUBU3H MOBEPXHOCTU. Eciu
oOpasyromnieil kpuBoi moBepxHocTH Momxa Oyaet npsimas TuHus z = vtgh (0 — yron HakioHa oOpasyto-

k=

el mpsAMoM K IUIOCKOCTH HampaBisIoNIe KPUBOM), TO MOIY4aeM TOPCOBYIO MOBEPXHOCTh OJMHAKOBOIO
ckara [13—15]. IIpu aToM umeem:

1 s'+ vk
z,=tgh; z,=0; 1+Zf= S L=
cos 0 cosf
2 1 . k. z sinf
E=(s"+Vk); G=—s=; L=(s"+Vk )ksin0; N=0; k=—""—; k=0. (11)
S S ’
cos’0 s'+ vk,
A4
\
Puc. 2. [ToBepXHOCTH C HAMIPABIISIOUIUM Puc. 3. DBobBEHTHO-CHHYCOUAATBHAS
SJUIUIICOM U 00pa3yroliel CHHYCOUI0M MOBEPXHOCTH MOHXka
M ¢ T 094 HuK: BemonHeHo B.H. lIBaHOBEIM W ¢ T 04 HuK: BeinonHeHo B.H. MIBaHOBBIM
Figure 2. Surface with an elliptical directrix Figure 3. Involute-sinusoidal
and a sinusoidal generatrix Monge surface
S ource: compiled by V.N. Ivanov S ource: compiled by V.N. Ivanov
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Ecnu yron Hakimona obpasyromeit npssmoit 0 = 0, z = 0, To moay4aeM KpUBOJIWHEHHO-TPANICITUEBUIHYIO

B IUIAHC INIACTUHKY!

E=(s’+vks)2; G=1; L=N=0; ki=k=0.

(12)

PaccMoTpuM mpumepbl MOBEPXHOCTEH ¢ KOHKPETHBIMU HANpPAaBIISIIOIIUMUA KPUBBIMUA U 00pa3yOIIMMHU
KpuBbIMU. Ha puc. 2 npuBezieHa OBEPXHOCTh C HAMPABISAIOUINM SJUIAIICOM M CHHYCOMIAJIBHON 00pa3yro-

el KPpUBOM, aMIUTUTYAa KOTOPOM U3MEHSETCS 1O INHEHOMY 3aKOHY:

b+~b* —4ac

ro(u)=X)i+Y() ; X(u)=acosu; Y(u)=bsinu— ,z(u,v):clsinng;

2a 21

u=0+2n; v=0=+d,

e ¢ — MaKCUMaJIbHasl aMIUIUTY/la CUHYCOUIbI; d — IMpHHA 00pa3yrolieil CHHYCOUIbI (TOBEPXHOCTH).

OnpenernseM napaMeTpbl HAMPaBISIONIETO HUIMIICA U IPOU3BOAHBIE 00pa3yIolel KPUBOM:

s'=VX?+Y"? =a\n; n=sin®u+e’cos’u; 8:2; =21 . n':(1+82)sin2u;
a 2 \/ﬁ
”_ " ! 1 2
k:X'Y 3X'Y: 22, kS:S'kzi; k;Z—%ﬂ'=—8(1+82)smzu;
s' an n n n
c . v c v c v ct .V
z,=—sinn—; z,, =0; z, =—cosn—; z, =—ucosn—; z,=———usinm—.
2n d 2d d 2d d 2d d
KoahdunmenTs! kBagpatnaHbix Gopm:
e , Vv Y . v
E= a\/ﬁ+v— +—sin"n— G=l+—7Fu'cos'n— F= usin 2w —
n 4n d 4d d 8nd d

2

2 2
€ c v c Y
Y= layn+v=1 |1+ u’cos’n— |+ sin’m—;
( " nj( 4d’ dj 4w d

T

2
+2
I*e L+gl2 sin2usinm > + a\/ﬁ+vE B sty
d n) du d

n |\ 2sin2u M,
L= m)=c - ;
(p”“ ) 23
[a\/ﬁ+v8jusinnc\; lssimt:;+cli(a\/ﬁ+v8jcosn:;
Neo cn2 n M= TN n .
2d > 23

Paccmorpum mpumep ¢ moBepxHOcThio Momnka (puc. 3), ¢ HampapmsONIEd HBOJILBEHTON

(13)

Kpyra

X (u)=a(cosu+usinu); Y (u)=a(sinu—wucosu) u obpasyowmeii CHHYCOUIOMH z=csin§; u=(1+5)m;

v=0+d, rne ¢ — aMITUTyJa CHHYCOUJIbI; d — IIMpHUHA 00pa3yroIIe CHHYCOUIBI (TTOBEPXHOCTH).
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[TapameTpsl HanpaBISAIOUIEH SBOJBLBEHTHI U IPOU3BOIHBIE 00pa3yroLel KPUBO:

1 c v c . v
s'=au; s"=a; k=—; k;=1; k;=0; z =—cos—; z, =—-—sin—.
au d d d d
Koaduuments! kBaaparndubix GopM U KPUBU3HBI MOBEPXHOCTH (CM. puc. 3):
2 c’ v c? v
E=(au+v); G=(p.p,) :1+?coszg;2 =(au+v) 1+?cos2— ;

d
v .V
c¢(au+v)cos— csin —
L= 2 4 » N=- 2 ;
d,f1+c—zcos21 d? 1+c—zcos2 v
d d d d
v .V
CCoS— csin —
k== d k=

— : . (14)
/ c v
d(au+v) 1+?coszg d2(1+dzcoszd)

Ha pric. 4 pHBe/eHa OBEPXHOCTH OJMHAKOBOTO CKATA C HAMPABIISIONICH TeMHUCKATON BepHymuma:
X(u)=aR(u)cosu; Y (u)=aR (u)sinu;

R(u)=+2cos2u, u=(-1+1)n 4.

R(u)

a

s'=2a R(u); k=

N | W

; k.o=3.

N

KoaduumenTs! kBaaparndHbix GopM U KPUBU3HBI MOBEPXHOCTH (puC. 4):

2 .
P 2a vl 1 24 R(u)sin®

=——; L=3 3v [sin®;  k =3—————;
Rw) )7 7 T o0’ RGN T 0 Ry

=0. (15)

[
|

L[]

Puc. 4. [ToBepXHOCTh OAMHAKOBOTO CKaTa ¢ JIEeMHHCKaTOW beprysu
W ¢ 1 ouHwuk: BemonaeHo B.H. IBaHoBEIM

Figure 4. Equal slope surface with the Bernoulli lemniscate
Source: compiled by V.N. Ivanov
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PaccMoTpuM BapHaHT JHMHEHYATHIX MOBEPXHOCTEH, HE OTHOCAIIMXCS K MOJKJIAcCy MOBEPXHOCTEH
OJJMHAKOBOT'O CKaTa.

Ha puc. 5 npuBenensl BOITHOOOPa3HbIE JIMHEHYAThIe MOBEPXHOCTH C PA3IMYHBIMU HANpaBIISIONIMMU
KPUBBIMH.

ey
oS 747
SR
N4
4

\
\i\\\\\\\\\\‘“’,’/’/

Puc. 5. BorHoOOpa3HbIe TMHEHYAThIC IOBEPXHOCTH C HATPABISIONIMMHI KPHBBIMU:
a — cuHycouna; 6 — runepbona; 6 — napadoiia; ¢ — MUKIOH/a; 0 — JIUIUIC
W ¢ 104 Huk: Beimonneno B.H. MBaHOBBIM
Figure 5. Undulating ruled surfaces with directrix curves:

a — sinusoid; 6 — hyperbola; 6 — parabola; 2 — cycloid; 0 — ellipse
Source: compiled by V.N. Ivanov
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OO6pasyromas npsimasi Ipu JBMKCHUU BIOJb HAIMPABIAIOIIEH KPUBOW COBEpIIAET BOJIHOOOpa3HOE
JBHUKEHUE B HOPMAJIbHOM IJIOCKOCTH HaNpPaBIISAIOLIEH KPUBOM:

a) z(u,v)=v(c+dcostu)
WITH
. T
0) z(u,v) = v(c +d sin tu) ,t=p o Au=u, —u, — nuana3oH U3MEHCHHUs KOOPIMHATHI HAIPaB-
u

JSIOLIEH KPUBOM; p — YKCIIO MOMYBOJIH Kojiebanus oOpasyroleit KpuBoi; ¢ = tgh, 0 — yron HakinoHa obpa-
3YIOIIEH KPUBOHM BOKPYT KOTOPOTO COBEPINAETCS KoieOaTeTbHOE IBMKCHIE 00pa3yIoNIei mpsMoii:

a) z,=—dtvsintu; z =—dt*vcostu ; z,=c+dcostu; z, =—dtsintu; z,=0;

uu uv

6) z, =dtvecostu; z, =-dt’vsintu; z,=c+dsintu; z,, =dtcostu; z, =0. (16)

u

Ha puc. 5 B ieBoM cToo1ie mprBeAeHbl BOIHOOOpa3HbIe JIMHEYaTie MoBepXHOCTH IpH 6 = 0, B ipaBoM —
0 0.
KoadhdunmenTsl kBagpaTuaHBIX GOPM U KPUBU3HBI TIOBEPXHOCTH OMPEICIAIOTCS 110 00IIMM (GopMy-
nam (4-9), ¢ yaerom ¢opmyn (16) u ypaBHEHHIA HaNPaBISIONINX KPUBBIX, pu 3ToM N = 0, k,= 0.
[Ipu Hanpasmsromeit nukinonae (puc. 5, 2) X (u) = a(u —sinu), Y(u)=a(l—cosu), u = (O + 2n), no-
JIY4YUM:
! : n 1 1
s'=2asin(u/2); s"=acos(u/2); k=———; k, ; k. ;
4asin(u/2) 2

2
E=(2asin(u/2)+%j +(dtv)2cosz(tu); G=1+(c+dsintu)2; F =—dtv(c+dsintu)sintu ;

2
¥ = (2asin(u/2)+ j +(d1v)2cos2(tu) [1+(c+dcostu)2:|—[dtv(c+dsintu)sintu]2;

o<

vjz c+dcostu

L=|adtvcos® (u/2)+| 2asin(sinu/2)+— —| 2asin(u/2 +X dt*v cos tu ;
2 2 2

M:% v(sintu—costu)—z4asin(u/2)costu 0 N=o. (17)

4. Pe3yabTaThl HCCIE10BAHUSA

Hccnenyemsrii B paboTe Kilacc TOBEPXHOCTEH Ha KPUBOJIMHEHHO-TPANICIIMEBUIHBIX TUTAHAX TPAKTHIC-
CKU 00pa3yeTcsi IBM)KEHHEM HEKOTOpOil 0Opa3syrolield KpuBOi B HOPMaJIbHOM IJIOCKOCTH 3aJJaHHOW Harpas-
nstromeit kpuBoid. OOpa3syromas KpuBast MOXKET MEHTH (OpPMY IIPU IBHKEHUH BIOJb HAIIPABIISAIOMIEH KpH-
BOM, HO OepeTcs OTPE30K MOCTOSTHHOM IIUPHHEI.

Ha ocnoBe 06mux ¢opmyn paccMaTpuBaeMoro Kjacca MOBEpXHOCTEH MOdydeHbl (OpMysbl MOBEpX-
HOCTEH C KOHKPETHBIMU HAIIPABIISIOIIMMHU KPUBBIMHU U (DYHKIIHSMH 00pa3yroluX KPUBBIX KaK i MOBEPX-
HOCTEH OOIIeTro THIa, TaK M JJIs TIOBEPXHOCTEH MOHXa ¥ TIOBEPXHOCTEH OJUHAKOBOTO CKata. M3 3THX BbBI-
BOJIOB BHJIHO, YTO MCHOJb30BaHHE 00muX (HopMyn Kod3(h(PUIUMEHTOB KBaIpaTUUHbIX (JOpM Kilacca MOBEpX-
HOCTEH 3HAYUTEIHHO YNPOIIAET MPOLIECC BbIBOJAA (POPMYI JIsi KOHKPETHON MOBEPXHOCTH.
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Jnst kaxmoi uccieryemMoi ToBEpXHOCTH MIPUBEJICHBI PUCYHKH TTOBEPXHOCTH.

PaccmoTrpen moakiacc BOJHOOOpa3HBIX MOBEPXHOCTEH, 00pasyeMbIx MpsSMON 00pasyromiel, coBep-
HIAIONIMX KojeOaTenbHbIe JBMKCHUS B HOPMaJbHOW TUIOCKOCTH HarpaBistoniedl kpuBoi. [lomydensr dop-
MyNbl KBaJpaTW4HbIX (hopm 3TOro moxkiacca. [IpuBeneHbl pUCYHKH BOJHOOOPA3HBIX MOBEPXHOCTEH Ha
KPUBOJIMHEHHO-TpaneMeBUIHbIX TUIAHAX C Pa3IMYHbIMUA HANPABIISIOIIMMUA KPUBBIMH.

Pucynku noBepxHocTelt BoimoiHeHBI B cuctemMe MathCad Ha 0CHOBE BEKTOPHBIX ypaBHEHHH MOBEPX-
HocTeit [8; 16].

[IpencraBneHHble TOBEPXHOCTH Ha KPUBOJIMHEWHO-TPANEMEBUIHBIX TUIAHAX HA JAHHBIH MOMEHT eIlle
HE HAITM PeabHOTO BOILIOMICHHUS B 00BEKTaX IPasKAaHCKOTO M MIPOMBIIIJICHHOTO Ha3HAYEHUS, HO MOYKHO C
YBEPEHHOCTBIO YTBEPXK/IaTh, YTO OHU BOWIYT B PE3€pB MOBEPXHOCTEU Ui OyAyILero MCIoIb30BaHUS, 10
aHAJIOTUU C TIOBEPXHOCTIMH, nepeurcieHHbiMU B [17; 18]. KpoMe 4ncTo TeopeTHuecKkoro UCroab30BaHUs
MOJTyYEHHBIX MaTepHaJiOB, TOBEPXHOCTH HA KPUBOJIMHEHHO-TPANECMEBUIHBIX TUIaHAX MOTYT TOMOYb OoJiee
YETKO OMPEICTUTh TPAHUIBI HOBEHUIIINX apXUTEKTYpPHBIX cTuieH, nosBuBimxcst B XXI B. [19; 20].

5. 3akiaouenue

IToka3aHo:

a) ecau (PyHKIMST BEPTHKAJIbHON KOOPAMHATHI MOBEPXHOCTH 3aBHCHUT OT KOOPAMHATHOTO MapaMeTpa
HaTpPaBJISIONICH KpUBOil moBepxHOCTH ((hopMa 00pa3yromie KpUBOM M3MEHSETCS B MPOIECCe ABMKECHUS B
HOPMAJIbHOW TJIOCKOCTH HANpaBIISIONIEH KPUBO), TO KOOPAWHATHAS CHCTEMa IMOBEPXHOCTEN HE SIBISETCA
HU OPTOTOHAJIbHOW, HU COIIPSIKEHHOM;

0) eciay B HOPMAJIbHOM TUIOCKOCTH HaNpaBIsIOIIeld KPUBOM JBUKETCS HEM3MEHHAsl KpUBasi, TO CUCTE-
Ma KOOpJMHAT NOBEPXHOCTH SIBISIETCS JIMHUAMM [NIABHBIX KPUBU3H. DTOT MOAKIACC UCCIELYEMOro Kiacca
MOBEPXHOCTEH OTHOCUTCS K Kiaccy noBepxHocTeil Monxka. Ha ocHoBe o0mux ¢gopmyin nomydens! Gopmy-
761 K03(h(PpULIMEHTOB KBaApaTUYHBIX (POpM MmoBepxHOCcTEe MoHXKa;

6) €ClIM B HOPMAJIBHOM IJIOCKOCTU HANpaBJIsAIOLIEH KPUBOM IBHXKETCS MpsMas JUHUSA C MOCTOSHHBIM
HAaKJIOHOM K IIJIOCKOCTH HAIpaBJISAIOLIENH KPUBOH, TO MOIY4aeM TOPCOBYIO OBEPXHOCTh OJUHAKOBOIO CKara.
DTOT BUJ MOBEPXHOCTEN ABIIAETCS MOAKIACCOM MTOBEpXHOCTEN MoOHXKa.

B pabote momyueHo:

1) BekTOpHOE ypaBHEHHE Kilacca MOBEPXHOCTEN Ha KPUBOJIIMHEHHO-TPANELUEBUIHBIX MIJIaHAX;

2) Ha OCHOBE BEKTOPHOTO YpaBHEHHS MOIY4YeHbI (POpMybl KOA((GUIIMEHTOB KBAJApaTHUHBIX (GopM U
KPUBU3H UCCIIEyEMOT0 KJIacca IOBEPXHOCTEM.

MHorue apXuTeKTOpsl 1 HHAKEHEPBI-CTPOUTENH YBEPEHHI, UTO B XXI BEKe MPOUCXOAUT BO3POKICHHE
MHTepeca K MPOCKTUPOBAHUIO U CTPOUTEILCTBY KPUBOJIMHEHHBIX CTPYKTYP U TOHKUX 00osiouek. B cBs3u ¢
9THM HEOOXOAMMO PACHIMPATH YHCIO HOBBIX AaHAIMTHYECKUX MOBEPXHOCTEH M MOKA3bIBAaTh MX MPEHMYILe-
CTBa [P MCIIOJIB30BAHUU B APXUTEKTYpE, MAIIMHOCTPOCHUN U T€OMETPHH.
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TPH pa3iiMuHble anreOpanyeckue MOBEPXHOCTH C OJHUM U TEM K€ JKECT-
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1. Introduction

The geometry and shaping of surfaces, design, calculation and application of thin-walled structures
based on different types of surfaces have been the subject of many scientific works. At the same time, there
are always questions to be considered and new results to be obtained. The purpose of this research is to
investigate the possibility of shaping surfaces with a framework of three plan curves in the superellipse type
and to investigate the stress-strain state of these shells.
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It was proved that taking the main frame of the surface, consisting of three plane curves placed in
three coordinate planes (Figure 1), it is possible to design three different algebraic surfaces with the same
rigid frame [1-3]. In Figure 1, the plane curve in section with yOz plane coincides with midsection, in
section with xOz plane coincides with main buttock section and in section with xOy plane the plane curve
coincides with waterline. These three plane curves lie in mutually perpendicular cross-sections of the ship’s
hull. The geometric parameters of the hull (see Figure 1) are defined as follows: 7"— hull draft, 2% — hull
width, 2L — hull length. The surfaces constructed in this way are used for forming hulls of river and sea
ships (Figure 2) and underwater vehicles [1; 3]. It was first offered in [4; 5] to use these surfaces as middle

surfaces of building shells (Figures 3, 4).

waterline

midsection

Figure 1. Hydrodynamic surface skeleton consisting of three plane curves [2]
S our ce: made by S.N. Krivoshapko

Figure 2. A surface of ship hull formed
by a family of midship sections [2]
S our c e: made by S.N. Krivoshapko

Figure 4. The surface with a main frame from three
superellipses formed by plane lines at vertical plane [5]
S ource: made by O.0. Aleshina
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Figure 3. The surface with a main frame from three
superellipses formed by plane lines at horizontal planes [4]
S ource: made by O.0. Aleshina
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Figure 5. Lame curves at different values of parameters
n=m=0,5;0,7;1; 1,5;2,5; 5 [6]
S o ur c e: https://mathworld.wolfram.com/Superellipse.html
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In [3] three plane curves (see Figure 1) were taken as Lamé curves, also known as superellipses [6]. In
[3] the waterline, the main buttock and the midsection were accepted in the form of superellipses.
Parameters 7, ¢, n, m, s, k are positive degrees of superellipse equations. The application of superellipses as
plane curves gave the opportunity to simplify the visualization process of studied surfaces.

Assume that plane curves of the main frame of studied surfaces represent superellipses [6] and are
given in the form:
the first curve is placed in the plane z = 0:

b = (1= ), 0
the second curve is placed in the plane x = 0:

" =7 (1= o™ ), @)
the third curve is placed in the plane y = 0:

2l =T (= |x [ /25), 3)
where r =t n = m, s = k, for convex curves r, t, n, m, s, k > 1; for concave curves r, t, n, m, s, k < 1.
Iftotake r =¢t=1,n = m =1 (see Figure 5), s = k = 1, then curves (1)—(3) degenerate into straight lines,
and superellipses degenerate into thombs. Arbitrary parameters n, m, 7, ¢, s, kK make it possible to obtain a
large number of different surface shapes.

Using the method set forth in [1; 2], we can derive explicit equations of three algebraic surfaces with

the same main frame (1)—(3):
» with generatrix family of the section x = const:

L s . . mir 1/n
el = (1=} 1 2*) [1—|y/W| (1=l 2f) } ; @)

» with generatrix family of the section y = const:

. Un . . kit /s
[=7(1-] /) [1—|x/L| /(1—|y/W|) } ; ()

» with generatrix family of the section z = const:

p o \Um , T
|y|:W(1—|z| /T ) [1—|x/L| /(1—|z/T|) } ; (6)

where L <x <L, -W<y<W,0<z<T.
The explicit equations of surfaces (4)—(6) can be transformed into parametrical equations:

; 1/r
x=x(u)=%ul, y=y(u,v)=vW[l—uJ ;

z:z(u,v):T[l—uk}l/S [1 —|V|m}lm; (4a)
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1/t
x=x(u,v)=vL[1—urJ , y=y(u)=iuW;

z=z(u,v)= T[l —u"™ T/n [1— v T/S ; (5a)
x=x(u,v) =vL[l —~ us}l/k;

" 1/m ; 1/r

y=yu,v)= J_rW[l—u } [1—|v|:| , z=x(u)=uT,

(6a)
where 0 <u <1, -1 <v <1, u, v are dimensionless parameters and are the curvilinear coordinates lines of
the surfaces.

I.A. Mamieva in [7] proposed to introduce ruled surfaces given by equations (4)—(6) or (4a)—(6a). It is
established that due to the equations presented above, it is possible to construct five groups of ruled
surfaces, and each group contains three surfaces.

The aim of the investigation is to study the geometry and carry out a static analysis of shells with two
types of new ruled middle surfaces, first presented in [7]. This research will help to choose the optimal
shapes of ruled shells and extend the opportunities of their form-building for architects within the modern
architectural styles [8].

2. Method

2.1. Geometry of ruled surfaces based on algebraic surfaces
with the main frame of three superellipses (1)—(3)

Let the superellipse placed in the xOy plane be given by formula (1), and let the other two
superellipses of the main frame degenerate in straight lines, i.e. n = m = s = k = 1, then we shall have three
surfaces on the oval plane:

z=T(1—|x|/L){l—|y/W|/(l—|x/L|I)W}; (7)

2=T (1= |y /W) 1—|x/L|/(1—|y/W|’) ]; (8)
r W

| y[EW(1-2/T) 1—|x/L|t/(l—z/T)} , 9)

where L <x<L,-W<y<W,0<z<T.

The explicit equations of the surfaces (7)—(9) can be transformed into parametric equations:
x=x(u) =tul, y= y(u,v) = VW[I —ut:| l/r;

Z:Z(M’V)ZT[l —u][l —|v|], (Figure 6, a); (7a)

x=x(u,v)= vL[l—urJ 1/[, yzy(u) =tul,

z=z(u,v)=T[1 —u][l —|v|], (Figure 6, b); (8a)
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1r
x=x(u,v)=vL[l-u], y=y(u,v)=2W]1 —u][l —|v|t} ;

z=x(u)=uT, (Figure 6,c). (%a)

Three surfaces with » = ¢ = 4, but with the same main frame are shown in Figure 6, where u, v are the
curvilinear coordinates lines of the surfaces.
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Figure 6. The ruled surfaces on a plane oval base with the same main frame
S ource: made by G.L. Gbaguidi Aisse, O.0O. Aleshina, I.A. Mamieva

It is obviously that the first two surfaces (7) and (8) are the cylindroids [9].
Rewrite equations (7)—(9) in the detailed form:

(== (1-fslr )] (1ol s 2 )= [Tl L) 1] (7b)
(== (1ol )] (1ol o7 =[] w) 2] (8b)
[ /W + 1/ -[1-z/T] =0. (9b)

So, the ruled surfaces (7), (8) are algebraic surfaces of the 27 order. The ruled surface (9) is the » order
algebraic surface.

Taking into account that only the shells shown in Figure 6, i.e. with » = 4, will be considered below,
let us determine the coefficients of the basic quadratic forms [9] (Gaussian quantities of the first and second
orders in theory of surfaces) for their middle surfaces. The coefficients of the first quadratic form E, G, F

characterize the internal geometry of the shell, the coefficients of the second quadratic form L, M, N
characterize the curvature of the surface in space.

Each surface defined by parametric equations can be given by the vector equation
r=r(u,v)=x(u,v)i+y(u,v)j+z(uv)k
In this case, the coefficients of the basic quadratic forms [9] of the surface (7a) are expressed as
2.2 _ 2.2 642 a2 2 2
E=d? =2 =12y w2/ (1] 7412 (1-v)%;
2202 "2 2 2_ 2
G=B2=r2 =W (1-u*) "+ T2 (1-u)= B2 (u);

F=rry = (14) 7 o1 (1)1 v): (10)
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SLTWwu?(1-u)
T 4\4"’
JA2B2_F (l—u )

3
LTW(l—u )
Asz—Fz(l—u4)

where A4 and B are the Lame parameters of the surface.

The curvature coefficient N = 0 of the undeformed middle surface shows that the coordinate lines v
coincide with straight generatrixes of the surface (7a). The metric coefficient F # 0 shows that the
curvilinear coordinates u, v are non-orthogonal, and the curvature coefficient M # 0 of the undeformed
middle surface shows that the coordinate lattice u, v is non-conjugate.

The coefficients of the basic quadratic forms [9] of the surface (8a) are expressed as

M=t

374>

3/2
E=d? =2 =22 12/ (1-u*) 7+ 72 (1-v)%;
1/2
G=B2=r? =12(1-u*) "+ 72 (1-u) = B2 (u);
1/2
F:rurvz—vu3L2/(1—u4) +T2(1—u)(1—v); (12)
3 3LTWvu2(l—u) )
= 7/4 °
Ja?B?-F? (1-u*)
LTW(I—u3)
=+ 304
\/AZBZ—FZ(I—M4)
N =o0. (13)

The replacement of constant geometrical parameters W « L in formulas (12), (13) permits to obtain
formulas (10), (11). Comments to formulas (12), (13) will be analogous to comments to formulas (10) and
(11).

The two ruled surfaces shown in Figure 6, @ and Figure 6, b are surfaces of negative Gaussian
curvature because

K=(LN-m?)/ (4?82 =F?)=-m?/(47B?-F?)<0. (14)

The differentials of the corresponding arcs of coordinate lines # and v can be calculated using the
formulas ds, = Adu and ds,, = Bdv.

The coefficients of the basic quadratic forms [9] of the surface (9a) are expressed as

1/2
E=d? =52 =W2(1-v*) 70212472 = 42 (v);

3/2

F=r,r, = —v(l—u)[Lz +v2w? /(1 —v4)1/2} (15)
5
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w2 2
E=a?— 7(L2+T2v6)+L2T2 =(1-u)’ [ (V)]
(1-v)
N s 3TLWV? (1-u)
=F

VA2B? - F2 (1—\/4)7/4 ,
L=0,M = 0. (16)

The coefticients of the basic quadratic forms (15), (16) of the surfaces (9a) show that the coordinate
lines u are straight lines, and the surface in question is a surface of zero Gaussian curvature

1<=(yv—1\42)/(/1232 —F2) = 0. (17)

The curvilinear coordinate lines u are principal curvature lines of the surface (9a).

The curvature coefficient M =0 (16), therefore, curvilinear coordinate lines u, v are conjugate, and
this is naturally, as every family of lines intersecting a family of straight coordinate lines on surfaces forms
conjugate nets on them.

2.2. Preconditions for choosing a method for determining the parameters
of the stress-strain state of the ruled shells

The article [10] presents four stages of creation and development of the theory of plates and shells,
which gave rise to the mechanism of analysis of spatial roof structures of large-span buildings and
structures at the modern level. The beginning of the fourth stage in the development of the shell theory,
design and construction of large-span structures has been laid since the very beginning of the 21* century.

At present, there is a great variety of analytical, semi-analytical, and numerical methods for analyzing
shells and shell structures. In the previous part, it is shown that middle surfaces of the shell in question are
given in Cartesian coordinates using algebraic equations (4)—(6) or parametric equations (4a)—(6a). The
curvilinear coordinate lines u, v on these surfaces are non-orthogonal (F # 0) and non-conjugate (M # 0)
coordinate lines. One family of coordinate lines coincides with the rectilinear generatrixes of the surfaces
(L=00orN=0).

Taking these conditions into consideration, one can use the system of 20 governing equations of
Goldenveiser [11] of thin shell theory for arbitrary curvilinear coordinates containing internal “pseudo-
forces” and “pseudo-moments” or the system of governing equations suggested by Krivoshapko [12]
containing internal forces and moment recalculated per unit length of curvilinear coordinates or the
governing equations of Grigorenko and Timonin [13] written in tensor form. The governing equations
offered by these scientists contain the coefficients of the basic quadratic forms of surfaces, which for the
considered ruled shells are presented in this paper for the first time.

The analysis of published works has shown that these three groups of governing equations of the
linear theory of thin shells have been used only for simplified momentless theory of shells or for the
analysis of ruled shells with assumption of some simplifications in the geometry or in the governing
equations of the shell theory [14].

2.3. The momentless theory of analysis of the conical shell presented in Figure 6, ¢

The equilibrium equations of the approximate momentless thin shell theory for an arbitrary coordinate
system are obtained from the equilibrium equations of the moment theory. Eliminating the bending and
twisting moments and retaining the normal and tangent internal forces, we can write (Figure 7) [12]:
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Figure 7. Internal forces in a momentless shell [12]
S o urce: made by S.N. Krivoshapko

0 N,—-N,(0B 04 04 oS 0

— (A4S, )+ —4L—Y| ———¢ +—8, +B—%cosy + B—% siny + ABXsiny =0;

=, (45y) -~ [Gu = xj = Su+ B—t-cosy X X (18)

0 S +S,(0B 04 04 oS 0

— (AN, )+ H+—Y| — ——cosy |-—— N, + B—%siny — B— cosy =0;

o (AN siny, (614 oy Xj v T T ST Py O (19)
Y — Zsiny =0; 20

R, siny 20

(S, =S, )siny+(N, —N, )cosy = 0. (21)

Thus, equations (19), (20) contain the resultant forces N,, Ny and S,, # S, which are the forces per unit
length. X and Z represent the external forces per unit area applied to the surface.

The equations (18)—(21) were written with allowance for //R, =Y =0 for the problem in question.
The full version of the equations (18)—(21) is presented in [12].

In addition, cosy = F/(AB), siny, dB/du are functions of the dimensionless parameter v only.
From the equation (20) we get the normal force N,:

(A232 —F2)

A2N

Zsinz)(B2

=7 >0. (22)

N, = Zsinz)(]i‘V =

From the equation (21) we get the normal force N,:

N, =(8, -8y )tex - (23)
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The external surface load X, Z is defined as X = —gcos, Z = gsing, Y =0, where ¢ is the angle of the
external load direction ¢ with the direction opposite to the coordinate line direction u, there

1/2
cosp= T/ A4, sin(p=[A2—T2J / 4 (24)

are functions of the dimensionless parameter v only.

The coefficient of the first fundamental form 4 = 4(v) is equal to the length of the straight coordinate
line u from the vertex of the cone to the plane z = 0.

Taking into consideration that

A*B% - F?
F=—A(1—u)%4, a—B—a—Acosx:——( )

(25)
we substitute these expressions and the quantity of the normal force N,, given by a formula (23), into
equation (19). The result obtained is integrated into the following expression

S, = 4 j(l—u)(aNV +£6ijdu+(Vl(v) (26)

C(-uW 2B - F? ov A ou 1-u)®

where V1(v) is an arbitrary function of integration only over the parameter v.
Substituting expressions (25) and the difference (N,—Ny) defined by formulae (21) into equation (18)
and integrating the results, we can find

(4287-F%) 5
Su = o) SV — 3 .[_
A°B AB* OV

e () et}

A28 (1—u)aB?\ 2 AB? 27)

(A4S, )du -

where V>(v) is an arbitrary integration function. The unknown functions Vi1(v) and V>(v) are found from the
boundary conditions acceptable for the momentless shell theory.

Thus, the momentless shell theory makes it possible to obtain approximate values of internal normal
forces N, and N, using formulas (23) and (22), and values of membrane shearing forces S, and S, using
formulas (27) and (26). Formulas (25), (26) can be easily integrated and can be written in the detailed form.

The derived analytical formulas can be applied to the approximate calculation of only one type of
studied shells, shown in Figure 6, c¢. The other two ruled shells presented in Figure 6, a and Figure 6, b can
only be analyzed using numerical methods.

2.4. Geometry of ruled surfaces constructed on the basis of algebraic surfaces
with main frame of three degenerate superellipses

The simplest ruled surface is obtained if all three degenerated superellipses are rhombuses. In this
case, it is necessary to take » = ¢t =n =m = s = k=1 in formulas (1)—(3). Then the surfaces (4)—(6) become
identical:

z=T(1=|x|/ L=|y|/W). (28)
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The parametrical equations (4a)—(6a) become

x=x(u)= tul, y=y(u,v)=vW[1— u];
z=z(u,v)=T[l - u][l - |v|], (Figure 8, a); (29)

x=x(u)= tul, y=y(u,v)=vW[l - ul;
zzz(u,v)zT[l — u][l — |V|], (Figure 8, b); (30)

x=x(u,v)=VL[l - u];
y=y(u,v)=2W[1 - u][l - |v|}, z=x(u)= ul, (Figure 8,c). 31)

Three identical surfaces with different curvilinear coordinates u, v are presented in Figures 8.
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Figure 8. The polyhedrons with four triangular fragments of plane and on the rhombic base [12]
S o urce: made by S.N. Krivoshapko

It is obviously from Figures 8 that the derived identical surfaces (polyhedrons [15]) consist of the
same four fragments of planes with different position of surface coordinates.

3. Results and Discussion

In this paper the geometry of six new ruled surfaces belonging to two subgroups are studied. All of
them are constructed on the basis of general translation surfaces of the velaroidal types. For the first time,
the coefficients of the first and second fundamental forms in the theory of surfaces were obtained for these
new ruled surfaces. These geometric results will help architects and designers to widen the possibilities of
applications of the presented construction and engineering shells.

Analytical formulas for the determination of the force resultants using of the approximate momentless
theory of shells of zero Gaussian curvature, given by non-orthogonal conjugate curvilinear coordinates,
have been obtained. These formulas are presented for the first time.

The research in the article shows the complexity of studying the stress-strain state by an analytical
method using the general moment theory of shells. In this regard, one of the numerical calculation methods
can be used to further study the subclass of shells presented in the article. The finite element method [16]
has proven itself as an effective method for studying the stress-strain state of various shell shapes [17; 18].
Moreover, at present time, there is only one work [19] devoted to the determination of the stress-strain state
of super ellipsoidal shells of revolution.

The complexity of contemporary free-form architecture has been a driving force for the development
of new digital design process over the last years [20]. An interesting class of ruled surfaces, generated by a
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continuously moving straight line, opens a wide range of advantageous options for support structures,
mould production or facade elements [21]. Geometricians present many non-traditional methods for
defining ruled surfaces not only with the classical means, but first of all with the help of a computer [22].

4. Conclusion

The introduction into practice of new geometric shapes of shells and shell structures gives an
opportunity to expand the search for the most optimal forms that correspond to the selected criteria of
optimality. The distinguished Spanish engineer E. Torroja supposed that it is very prospective direction for
investigations carried out by experienced mechanical scientists, architects and young research. These
conclusions are confirmed by the appearance of new architectural styles, directions and style flows in the
21% century.

The main results:

1. The parametric equations of new ruled surfaces on a plane oval base with the same main frame are
obtained in the article (Figure 6). It is shown that, the ruled surfaces in Figure 6, a and Figure 6, b are
algebraic surfaces of the 2r order. The ruled surface Figure 6, ¢ is the r order algebraic surface.

2. The coefficients of the basic quadratic forms of the surfaces in Figure 6 are obtained in the article
for the first time. The two ruled surfaces shown in Figure 6, a and Figure 6, b are surfaces of negative
Gaussian curvature. The surface shown in Figure 6, c is a surface of zero Gaussian curvature.

3. The momentless shell theory makes it possible to obtain approximate values of internal normal
forces N, and N, using formulas (23) and (22), and values of membrane shearing forces S, and S, using
formulas (27) and (26).

4. The parametric equations of ruled algebraic surfaces with main frame of three degenerate
superellipses are obtained in the article for the first time (Figure 8). The simplest ruled surface is obtained if
all three degenerated superellipses are rhombuses. In this case, it is necessary to take r =t =n=m =5 =
= k=1 in formulas (1)—(3).
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Received: January 10, 2024 manufacture of shell structures of non-standard architectural forms made of materials with
Revised: March 15, 2024 complex mechanical properties requires using modern integrated computer-aided design
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conditions, as well as taking into account their subsequent behavior after accumulation
of residual strains during plastic deformation. The purpose of the study is to simulate the
process of plastic deformation of a thin-walled cylindrical shell made of 9X2 GOST
5950-2000 (Interstate Standard) steel under compression and torsion with theoretical
calculations based on the general theory of elastoplastic processes by A.A. Ilyushin. The
constitutive equations of the theory of elastoplastic processes by A.A. Ilyushin for complex
loading path and deformation of materials in the deviatoric strain space are presented.
Based on the presented solutions, according to the strain path of the 9X2 steel shell
implemented in the model, the graphs showing the relation of the vector and scalar
properties of the material to the arc length of the strain path are constructed. A conclusion
is made about the degree of hardening of the material in question and its dependence on
the magnitude of the angle of convergence at the kink point of the complex path. The
graphs of changes in the constitutive plasticity functions with respect to the increments of
the arc length of the strain path are presented.
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1. Beenenune

OcCHOBHOH 3ajladeil CTPOUTENBHOW MEXaHWKH, CBSI3aHHOW C PacdeToM OOOJIOUEUHBIX KOHCTPYKIIHM,
SBIISIETCS] TOCTPOCHHE MAaTeMAaTHIECKUX MOJIeJiel mpoieccoB ux aedopmuponanus. CrieayeT OTMETHTD, YTO
HE MaTeMaTHKa SBIISETCS TJIABHBIM B IMIOCTPOCHUH MaTeMaTHYECKHUX Mojeliei mpormeccoB. Onpenenstone
COOTHOIIICHHSI MOTYT OBITh MPABUJILHO BBIPAXKEHBI Ha S3bIKE MAaTeMAaTHKH JIMIIbL HA OCHOBE 0000IIEHHUS DKC-
MEePUMEHTAJIBHBIX HAOMIOACHUI U U3MEPEHHH, TIOATOMY JaHHAas 3ajjada perraeTcs myTeM MoCTPOeHus 060c-
HOBAHHBIX ONPEICIIONUX YPABHCHUI CBS3M MEXKIy HAINPsDKEHUSMHU U AePOpPMAIUSIMU TIPH MX MOCIEIY-
IOIIEM CPaBHEHHH C SKCIIEpUMEHTOM. [IpHu 3TOM MmosydyeHne MaTeMaTHYeCKH TOYHBIX YpaBHEHUH MPHOOpe-
TaeT Bce 0oJbllee 3HAYCHNE B CBSI3U C IIMPOKUM MPUMEHEHUEM CHUCTEM aBTOMAaTH3MPOBAHHOTO MPOEKTHUPO-
BaHUsA [1].

[Tpu MHXEHEPHBIX pacueTax, KakK MPaBUIIO, pa3pylICHUE IEMEHTOB KOHCTPYKIIUH MPOUCXOIUT B Me-
cTax KOHIIEHTparuu HampsbkeHui. [lpemmecTyromiee pa3pylmieHHI0 Harpy>KeHUE SBISETCS CIOKHBIM, a
nedopMar — MajbIMU. Borpoc o ¢pu3ndeckoit 10CTOBEPHOCTH ONPENESIISIONIMX COOTHOIICHUH, OMUCHI-
BaIOIIUX MPOIECCHl HATPYKCHUS, ISl OOJBINMHCTBA MAaTEMAaTHICCKUX MOJCIICH B CTPOUTEILHON MEXaHUKE
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SABJISIETCS MaNou3y4yeHHbIM. O/IHAKO MO Sy MPOLECCOB CIOKHOTO COBMECTHOIO HArpyK€HHsI TOHKOCTEH-
HBIX HWJIMHIPUYECKUX 000JI0UEK CHIIAMU PACTSKEHUs, CKAaTUsl, KPYUeHHUS M BHYTPEHHETO JaBJICHUS CyIle-
CTBYIOT TEOPHH, KOTOPBIE XOPOIIIO 3aPEKOMEHIOBAIIN CeOsl IPU MIPSIMOM TIPOBEPKE C IKCTIEPUMEHTOM [2—6].

OnHON U3 TakuX TEOPUH SIBISAETCS TEOPHs YHPYrollacTHUecKux npouecco A.A. Mnprommna, KoTo-
pas BecbMa 3((HEKTUBHO JACT F€OMETPUUYECKOE MPEACTABICHUE MPOLECCOB HArpyKEHUS B CIEIUAIbHBIX
MATUMEPHBIX TPOCTPAHCTBAX HANPSHKEHUH U iehopmartuii [2].

[Ipy HarpyXeHUH Tella ero HampsHKEeHHOE M 1e(OPMHUPOBAHHOE COCTOSIHHE B PA3IUYHBIX YaCTUIAX
SIBJIICTCS PA3IIUYHBIM U U3MEHSIOUIMMCS BO BpEMEHH, TO €CTh HEOJHOPOAHBIM M HeCTallMOHApHBIM. OHAKO
B KaXI0M OTIENbHON YacTHUIE MaJoro o0beMa BCIEACTBHE HENPEPHIBHOCTH (CIUIONIHOCTH) CPEAbl Hamps-
xeHHo-aedopmupoBannoe coctosHue (HJIC) MOXHO cuuTarth OJHOPOIHBIM. DTO MO3BOJISET MOCTABUTH B
COOTBETCTBHE PAcCCMATPUBAEMON YACTHUIIE Tesla MaKpooOpasell, WK TeJI0 KOHEYHBIX pa3MEpoB M OIpeje-
JIeHHON (POPMBI, HAXOJAIIEECs TaKkKe B OJHOPOIHOM HAMpsKEHHOM cocTosiHMU. McmbiTanue ke oOpasiua
(HampuMmep, Ha pacTsHKEHHE-C)KaTHe) TO3BOJSECT BBISIBUTH MEXaHWYECKHE CBOWCTBA MaTepHalia B paMKax
TUIIOTE3bl CIUIOUIHON Cpefbl, HE BAaBasCh B MOJPOOHOCTH €€ BHYTpeHHeH cTpykTypsbl. [Ipu aToMm mponecc
n3menenust HIIC Bo BpeMeHHU B YacTHlle Tejla U B MaKpooOpasle MO)KHO CUUTATh COBMAJAIONIMMH. DTO MO-
JoxeHue ObII0 Ha3BaHO A.A. VNbIOMIMHBIM THIIOTE301 Makpodundeckoit onpenenumoctu. OHa, 1O CyIie-
CTBY, J1a€T TPaHUIIBI BO3MOXHOTO 3(P(PEKTUBHOIO MCHOIB30BAHUS MEXAHUKH CIUIOIIHOW cpenbl. JlaHHbII
METOJ] UCCIIEIOBAHUS MEXaHMUYECKHX CBOWCTB MAaTE€PHUAJIOB YACTO MCIONB3YyeTCS B (PU3NYECKUX HCCIIE0BA-
HUSX U HE BBI3bIBAET COMHEHHS TOIZA, KOIZIA YACTHUIIA CPEAbl, B KOTOPOH COCTOSTHHE MPEANOIAracTcsl OJHO-
POIHBIM, HACTOJIBLKO BEJIMKA, YTO B CPEIHEM 00JalaeT TaKUMH K€ MAKPOCKOIIMYECKUMH CBOMCTBAMH, KaK
MakpoobOpasen. [Ipu 3ToM MexaHu3Msbl AedopMmalu B MUKPOOObEMax MOTYT ObITh Pa3HOOOpPA3HBIMH B 3a-
BUCHUMOCTH OT BHYTPEHHEH CTPYKTyphl MarepuasioB. [IpumMepoM Takux MaTepuanoB MOTYT CIyKUThb I1OJIH-
KpUCTAJUTMIECKue Tema (4yryH, cTaib, rpadur) [2].

Hapsiny ¢ maremMaTHuecKMMH CIOXKHOCTSAMHU U3YyYEHHBIX METOI0B, MHOTOIPAaHHOCTBIO M OCOOEHHO-
CTSAMH MEXaHMYECKOTO TOBEJEHHS CTAIHM U CIUIAaBOB MX JAe(pOpMUpOBaHME NMPU BO3JIEHCTBUU HArpy30K /0
KOHIIa HE M3YYEHO Ja)ke B JIAOOPaTOpHBIX ycioBHuAxX. Kak mpaBmio, Bce CBOIUTCS K OJHOOCHBIM ITPOCTHIM
Harpy3Kam, CaMbIMHU PaclpOCTPAHEHHBIMH U3 KOTOPBIX SIBIISIOTCS PACTSIKEHUE U C)KaTHe MaTepuaia, 4yTh
pexxe — KpydeHue. Mexy TeM, Kak MOKa3bIBaeT MPAaKTHKa, CTPOUTENIbHbIE 000JI0UeUHbIE€ KOHCTPYKLIUU
MOABEP>KEHbl KOMOMHUPOBAHHBIM HArpy3kam, I7i€ OJHUM W3 BapHaHTOB BO3JEHCTBUS MOTYT OBITh, HAIlpH-
Mep, OTHOBPEMEHHO JICUCTBYIONIME HA MaTepHall CUIIbI CXKAaTusl, KPYUCHHUS U BHYTPEHHETO JaBlIEeHUsA. AKTY-
aJbHBIM TaKXke SIBJIIETCS BOIPOC CAMHX HCCIIEAYEMBIX MaTepHalioB, MX MHorooOpasus. Tak, Hanmpumep, B
HacTosmIee Bpems cymectByet 6osee 1000 Mapok craiei.

HNMeHHO MOATOMY BBICTpaWBaHUE MOJENEH MOBEICHUS CTaJel MPH CIOKHOM HArpyXeHHH 000J04eK
COIIaCHO Pa3IMYHBIM TEOPUSM MO3BOJISIET 3HAYUTENIHLHO PACHIMPUTh HAYYHYIO U MPaKTHYECKyto 0asy, co-
KpaTHB 10 MUHMMYMa 3KCIIEPUMEHTAJIbHbIE UCCIICIOBAHUS BBUY UX CIOKHOCTH, CBA3aHHOI C OrpaHuye-
HUSIMHU IAPAMETPOB UCTIBITATEIBHBIX MAILIUH.

2. MeToanl

B nanHO# cTraThe B KauecTBe MaKpooOpasla pacCMOTpeHa MUIMHIpHYEcKass 00010uka u3 cramu 9X2
I'OCT 5950-2000" TommmHo# 1 MM, pagiycoM CpeMHHOM TTOBEPXHOCTH 15,5 MM M IIHHOM pabodeii 30HbI
110 MM mipu BO3ZCMCTBHM Ha HEe B MPOLIECCE MOJCIMPOBAHUS TPACKTOPUU Ae(HOPMUPOBAHUS O0OIOUKH B
JIEBUATOPHOM MJIOCKOCTH J; — I3 CIOKHBIM HarpyXeHHUEM, I71e Jj, — MPOEKIMH BEKTOpa AeopMaluii.

IKcnepumenmanvHaa 4acmes. JKCIEPUMEHT BBIIOJHSICA HA SKCIEPUMEHTAIBHOM KOMILIEKCE
CH-32BM, pa3paboranHoM Ha Kadeape CONpOTUBICHUS MaTepUaIOB, TEOPHHU YIPYTOCTU U MIACTUYHOCTH
TBepcKoro rocyapCTBEHHOTO TEXHHMUYECKOTO YHHMBEpcUTeTa. /IaHHBIN KOMIUIEKC CIOCOOCH peain30BHIBATH
CJIOKHOE TpeXmapaMeTpUUecKOe HarpyKeHWe TOHKOCTEHHBIX 000JI0Y4eK OCEBOW CHJION, KPYTSIIUM MOMEH-

'TOCT 5950-2000. IIpyTKH, IOIOCH K MOTKH U3 MHCTPYMEHTAILHOI JerupoBaHHoi cranu. OOIIMe TEXHUIECKUE YCIOBHSL.
Mumnck, 2004. 35 c.
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TOM M BHYTpEHHHUM AaBiieHueM. [1ogpoOHo koMILieke u ero paboTa onuchIBaOTCs B [7]. DKCHepuMeHTalb-
Hasi quarpamma jaeopMupoBaHus Ul Ipolecca MPOCTOro HarpyKeHUs MpHU CKATUU O0OJIOUKU U3 CTANU
9X2 na CH-2BM mpexcrasnena Ha puc. 1.

400

200

100

Moayns BekTopa HanpsokeHns O, Mlla /
Stress vector modulus G , MPa

0 25 ] 1.5 10

Monyis BekTopa aepopmaimn 3, % /
Deformation vector modulus 9, %

Puc. 1. DxcriepuMeHTanbHast fuarpamma 1eopMUpOBaHust 000JI0UKH B IIOCKOCTH 0(3)
U c 1o uHnuk: BemmonseHo C.B. Yepemnbix

Figure 1. Experimental curve of shell deformation in the 6(3) plane
S ource: compiled by S.V. Cheremnykh

Obpabomka sKCnepuUMEeHmMAanbHOU ouazpammel deopmuposarnus. IKCICPUMEHTATBHYIO THArpaMMy
o = ®(3) (cMm. puc. 1) anmpokcuMUpyeM TpeMsl ydacTKaMH, KaK IMOKa3aHO Ha pHC. 2. YYAaCTKH BKIIOYAOT
30Hy ympyroro aedopmupoBanus (OA4), 30Hy HenuHeHOro nedopmupoBaHus (AB) U 30HY JTUHEHHOTO
ynpounenus (BC). CrenoBaTelbHO, HadalbHBIH M KOHEYHBIM YYACTKH AamMPOKCHMHPYEM JIMHEHHBIMH
yHkumsamu, cpennnii — Qynkuueit Buga o = ad® + b32 + ¢d + d. [locne anmpoKCUMHUPOBaHUS (yHKIIH-
SIMU JKCIIEPUMEHTANIbHASI Auarpamma jaedopmupoBanusi 0007104kd B wiockoctu 6(3) (em. puc. 1) mpumer
BU/JI, IOKa3aHHBIN Ha puc. 3.
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Monyns BexTopa gedopmarmu 3, % / Monyns BexTopa aedopmamus 3, % /

162

Strain vector modulus 2, %

Puc. 2. Mojens quarpaMmel 1e(OpMHUPOBAHHS
000J109KH B IJI0CKOCTH 0(3)

W ctouHnuk: BemonaeHo C.B. YepemubIx
Figure 2. The model of the shell deformation
curve in the 6(3) plane
S ource: compiled by S.V. Cheremnykh

Deformation vector modulus 3, %

Puc. 3. AnnpokcuMupoBaHHas Juarpamma
neopMUpOBaHMs 000JIOYKH B IUIOCKOCTH 0(3)
W ctouHnuk: BemonaeHo C.B. YepemubIx
Figure 3. Approximated shell deformation
curve in the 6(3) plane
S ource: compiled by S.V. Cheremnykh
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Teopemuueckan yacmp. CMonenupoBaHHAsI TPACKTOPHS Ae(POPMHUPOBAHUS 000JI0UKH U3 cTaiu 9X2 B
BU/JIE ABY3BEHHOM TPAEKTOPUH B JEBUATOPHOM INIOCKOCTH J1 — J3 NPEACTABIEHA HAa PUC. 4, I1Ie HA y4acTKe
OA (1) mpoucxoauT Harpy>keHUe 00OJOYKH OCEBOM CIKUMAFOIICH CHIION, TTOCIIE YeTo Ha BTOPOM ydacTke AB
(IT) mporcxoaUT 3aMKHYTBIM BUTOK TPACKTOPUH MOCTOSHHOTO paauyca IMpy BO3ACUCTBUU HA LWIMHIpUYE-
CKYyI0 000JI0UKY CHJIaMU CoKaTus ¥ KpyueHus [8—19].

Ypasenenua ceazu manpasicenuii u doeghopmayuii, HauanvHvle YCAOBUA PEATUIYEMO20 COHCHO20
npouecca |2]. Vicionb3yem onpeaensonme COOTHOIECHUS TUIIOTE3bl KOMILJIAHAPHOCTH B (hopme [2]

611 =M1 (2é11 +ézz)'i‘(d(?/dS—MlCOSSl)SGH /G;
622 =M1(2é22 +é11)+(d0/dS—M1C0891)S(322/G; (1)
612 =M1é12 +(d6/dS—M1 COSSI)S(Flz /G,

e 6;; — KOMIIOHEHT T€H30pa HANPSUKEHU; €;; — KOM-
MOHEHT TEeH30pa JedopManmii; 9; — yrox CONMKEHUS;
do/dS, M; — onpenenstonye GyHKIMH Tpolecca Je-
hopmupoBaHUs; S — CKOPOCTb U3MEHEHUs NJIMHBI IyTU
TpaekTopuu nedopmanuu. CUMBOJI C TOYKOM HaBepxy
o3HayaeT nuddepeHnupoBanre Mo 0000IeHHOMY Mapa-
METpPYy BPEeMEHHU.

YuureiBaeM YCJIOBHUE HEC)KMMACMOCTH MaTc€purajia
€;j = J;j, Torna Juis peanusyemoro (puc.4) mpouecca

Strain vector projection 3,, %

J, = 0 mpuMeHsieTcs MNPOEKLUUs BEKTOpa HaNpsHKEHUH
S, = 0y, = 0, A€ S, — MPOEKIIMS BEKTOpa HANPSKEHUI

IMpoexuus Bexropa aedopmaunu 3, % /

[2(),22] o HpoeKqu BEKTOpa IIGFI)OPMaHHH 3, %/
Vyactox OA (I) (pI/IC 4) Strain vector projection 3, %
B kauecTBe 00001I€HHOTO TapaMeTpa BpPEeMEHHU Puc. 4. MozgenupoBaHHas TPaeKTOPUs
OpUHAMAeM [JIMHY Jyrd TpaeKkTopuu aedopManuu AehpopMUpOBaHHs 000MOUKH 13 cTatn 9X2

t =S Torma S =1 Fcii KOMIOHEHTEI e(bo - HcTounuk: BeimonHeHo C.B. Uepemubix
’ a : Aehopmall Figure 4. Simulated strain path

3; =0;3; = 3% = 0,01, To OCHOBHBIE YpaBHEHHS CBA3U of the shell made of 9X2 steel
HanpsDKeHUN U fedopmarmii npuoOperarot Buj [2] Source: compiled by S.V. Cheremnykh

2 2.0
&1 =911 =\E31 =\E31§
911 \/5 o 1 \/T 0
22 2 3 1 2 6 1 ( )

o= 57+ 57 + 530" =57 = [Zatiiof = Fotiety =0

e J;j — KOMIIOHEHTBI TEH30pa-IeBUaTopa Je(hopManui.

Yron conmmxenns 9, B TOYKe M3JI0Ma MPUHUMAIOT paBHBIM 9; = 0 (cMm. puc. 2).

VYuactok AB (II) (puc. 4):

B kauectBe 00001IEHHOTO MapaMeTpa BpeMeHH (mapameTpa MpocieXuBaHus mpouecca aehopMupo-
BaHus) npuHuMaeM t = ¢, Torma S = GR. B touxe uznoma ¢° = 0, ¢; = ¢° + Ad,

D=0 +92, A3)
rne 3; = 3% + Rsin; 33 = R — R cos ¢.
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Jia ckopocTeit nedopmariuii mosyqyum

&11=~2/33; =+/2/3Rcos¢;

. 1 /2
€99 =——,|—Rcos¢;
2 2\/; ¢

1
€15 = —= Rsin¢.
12 \/E
OxonuarenbHO ypaBHeHUs (1) npuHuMaroT Buf [2]

611 =M, .\/choschr(dc/dS—Ml cos 9y )Royy / o;

(.722 = 0, (4)

G1p =M, LRsin(I)+(afcr /dS —M;cos9)Roy, /6.

V2

Jlis cKOpoCTH M3MEHEHHUsl yIia COMMKEHUS UMEEeM YpaBHEHHE, KOTOpPOEe C YYeTOM TOoro (axra, 4to
KPHBU3HA PACCMATPUBAEMON TpaeKTopuu aedopmupoBanus X; = 1/R, npunumaet Bun [2]

912—(Mlsin91/0—X1)S. (5)

Pewenue 3a0auu nocmpoenus odopasza npouecca Hazpyrcenusa mamepuana [23—27]. YpaBHenus
(4) u (5) nmerot B ypaBHeHuH 3amaun Komm. B pemennn 3amaun Ko ncnons3oBaH MeTox Diinepa —
Ko, peanu3oBaHHbIH 110 CXeMe «IPOTHO3 — KOppeKLus». BHyTpu O6510Kka perieHns OCHOBHBIX YpaBHEHUH
(pemenus 3aaaun Komm) peanusyeTcsi HTEpallMOHHBIN MPOLECC MOCIEA0BATENbHBIX MPUOIMKEHUH (CX01u-
MOCTH PEIICHUs) K KBa3UTOYHOMY 3HAYEHHUIO.

CxeMy «IpoTHO3 — KOPPEKIHS» MOXKHO TIPEJICTABUTh KakK MPOrHo3 (6) u koppekuuto (7):

do;
Si(k+1) = Oik) T g k'AS; (6)
_ 1 dGl' dGl'
Si(k+1) = Si(k) +5'£ as |, T kHJ‘AS- (7)

Jlnst penieHus 3a/1a4 pacueTa MpoIecCOB CIOKHOTO YIPYTOIIaCTUYECKOTO HArPYKEHUSI MAaTePHAJIOB,
B PaMKax OIPEEIAIONINX COOTHOUICHNH THIOTE3bl KOMIUIAHAPHOCTH, HEOOXOUMO TaKXke 3HaTh CTPYKTYPY
onpeensomux pyHkuui miactuunoctd My u do/dS. B namewm ciyyae 9, = 0; M; = 2G,; do/dS = Gy,
e G, — MIaCTUYCCKUI MO C/IBUTA, Gy — KacaTeIbHbId MOJYIIb C/IBHTA.

[nacTuueckuii U KacarTenbHbId MOLyH caBHra Gy, Gy, ONMpeneNnsieM No auarpamMmme J1ehopMUpoBaHus
npu npoctoMm HarpyxkeHuu 6 = ®(3) (cm. puc. 1). Ha yuactke ynpyroro aegopmupoBanus 6/3 = 2G, rie
G — ynpyruii MOAyJb CIBUTA MaTepuania.

3. Pe3yabTaTsl U 00CyxKAeHHE

PesynbraTel pemeHus 3a1aun MOCTPOCHUST 00pasa Mmpoliecca Harpy)KeHUsl MaTeprasia BBITOJTHEHBI HA
ocHoBanuu Gopmyn (1)—(7) u npeacrasnensl Ha puc. 5—10. [Ipudem npu cloKHOM HArPY>KEHUH 000JIOUKH
Ha BTOPOM 3BEHE OBLIO BBIMOIHEHO 2 BUTKA C IIIAroM IO TpaekTopuu 1 rpamyc.

Peanuzyemas B Mozieni TpaeKTopus 1epOPMHUPOBAHUS MaTepraia MpuBeIeHa Ha PHC. S.
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Ha puc. 6. nzo0paxkeHa TpaeKTOpHUsI Harpy>KeHHS,
COOTBETCTBYIOIIAs 33JaHHON TPAaeKTOpUU AePOPMHUPOBA-
Hus. ['padux u3mMeHenus yria cONMKEHHUS OT Mpuparie-
HUSl JJIMHBL JIyTU TPaeKTOpuu AedOpMUpOBaHUS TpPE.-
CTaBJICH Ha pHUC. 7.

I'paduku wu3MeHeHUs onpeneNnsromux GyHKIUH
IJIACTUYHOCTH B 3aBUCHUMOCTH OT NPUPAIICHMS JIMHBI
Iyru Tpaekropuu nedopmupoBanuss AS mpuBEIEHbI Ha
puc. 8.

I'paduixy m3MeHeHHs CKaISIPHBIX CBOMCTB MarepH-
ajia mpuUBEJEHBI Ha pHC. 9 B BUIE AJIEMEHTOB JAHArpaMMm
neopMUpOBaHHs, TOCTPOCHHBIX B OCAX 0 — J U 0 — AS.

JIOTIOJIHUTENBHO TOCTPOEHBI T'paUKH 3aBUCUMO-
CTH ONpeneNsonux (yHKIUH MIACTUYHOCTH OT 3Haue-
HUs yria cOmmkeHus matepuana (puc. 10). Ananu3 mo-
JyYEHHBIX 3aBUCUMOCTEH IO3BOJIAET CIENIaTh BBIBOA O
3aKOHOMEPHOCTSIX m3MeHeHus pyukiwit M; u do/dS mis
paccMaTpuBaeMoi TPaeKTOPUH.

Stress vector projection S;, MPa

U ctouHuk: BeimoiaeHo C.B. Uepemubix
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IMpoexuus BexkTopa aedopmamuu 3, % /
Deformation vector projection 3,, %

0
0 0.5 1 L5

IIpoexis BexTopa aedopmaru 3,, % /
Deformation vector projection 3,, %

Puc. 5. Peanuzyemas Tpaexkropust
nedopmMupoBaHUs 000JIOUKH U3 cTad 9X2
M crtounuk: BemonneHo C.B. UepemHbIX

Figure 5. The implemented strain path
of the shell made of steel 9X2
Source:compiled by S.V. Cheremnykh
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W ctouHnuk: BemonreHo C.B. YepemubIx

Figure 6. The path of stress vector projection S; — S3 Figure 7. Graph of the change in the angle of convergence 9;
from the increment of the arc length of the strain path dS

S ource: compiled by S.V. Cheremnykh
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Source: compiled by S.V. Cheremnykh
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Puc. 8. I'paduk usmenenus pyuxuuu: a — M;; 6 — do/dS
U ¢ 1o uHnuk: BemmonseHo C.B. Yepemnbix
Figure 8. Graphs of changes in function: « — M;; 6 — do/dS
S ource: compiled by S.V. Cheremnykh
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Source:compiled by S.V. Cheremnykh
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Puc. 10. I'paduk 3aBHCUMOCTH ONPEACIAIOMNX QYHKINHN IACTUIHOCTH
OT 3HAa4YCHUs yriia cOMMKEeHNs MaTepuaa;

a— Ml —81; 60— %—31

U cTounuk:BemonaeHo C.B. UepemHbIx

Figure 10. Relationship between the constitutive plasticity functions
and the value of the material convergence angle:

anl —81;6f %—81

Source:compiled by S.V. Cheremnykh

4. 3akJoueHune

1. IIpousBeneHbl UCTIBITAHUS TOHKOCTEHHOW IMIIMHApUYecKor 00omouku u3 cramm 9X2 'OCT 5950-
2000 na skcniepuMenTaigbHoOM Komiuiekce CH-OBM ans nmporecca mpocToro cxarus, KOTOpbIE MO3BOIMIN
JaTh HOBBIC MPEJCTABICHUS O 3aKOHOMEPHOCTSIX YIPYrOIUIACTHYECKOTO MOBEACHUS JaHHOW CTalu NpU
MIPOCTOM Harpy>KeHHUH.

2. C yyeToM auarpaMMbl IIPOCTOTO HATPYXKCHUSI M pacyeTa, OCHOBAHHOTO Ha TEOPUU YIPYrOILIACTH-
yeckux mnpoueccoB A.A. UnplomuHa, 6€3 MpoBeAeHHs SKCIepUMEHTa CMOAEINPOBaHa Auarpamma aedop-
MHUPOBaHUs 000JI0YKH M3 cTaiau 9X2, COOTBETCTBYIOIIAS 33aHHONW TPAEKTOPHH Ie(OPMHUPOBAHHS B BHJIE
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JIBY3BEHHOH TPAaeKTOPUU NPHU CIO0KHOM HArpy>KeHHU 000JIOUKH OCEBOM CKMMAIONIEH CUJION HA MEPBOM 3Ta-
1€ 1 OJHOBPEMEHHO JEHUCTBYIOIIMMH CUJIAMH CKaTHsl M KPYUEHUS! HA BTOPOM dTalle.

3. Jlyia mpeacTaBieHHON NUJIMHIPHYECKOW O0O0OJOYKHM pellleHa 3ajiada MmocTpoeHus oOpas3a mporiecca
Harpy»XeHHsl MaTepualla, cieJlaH BbIBOJ O CTEIIEHH YIIPOYHEHHUS pacCMaTpuBaEMOro MaTepuasia U ero 3aBH-
CHUMOCTHU OT BEJIMYUHBI yTila COMMKEHUS B TOUKE U3JI0MA CIIOKHOM TPACKTOPHHU.
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Article history Abstract. The purpose of the study is to examine the physical and mechanical
Received: November 30, 2023 characteristics of steel fiber-reinforced concrete under compression, including: modulus
Revised: February 25, 2024 of elasticity, Poisson ratio, values of ultimate strains under compression, values of
Accepted: March 14, 2024 compressive strength with different percentages of dispersed reinforcement. An

experimental investigation program, which included the production of cube samples
measuring 100x100x100 mm, as well as a compression test under static loading, taking

Contflicts of interest into account unloading from the region of inelastic deformations, was developed and
The authors declare that there carried out. Two types of steel fiber were chosen as dispersed reinforcement: hooked
is no conflict of interest. end and wave shape. The volume content of steel fiber in the cube samples was 0.5, 1.0,

1.5 and 2.0%. As a result of the investigation, the strength and deformation
characteristics of steel fiber reinforced concrete under compression were obtained.
Authors’ contribution Based on the experimental data, actual strain diagrams of steel fiber reinforced concrete
were constructed, taking into account the type of reinforcing fibers and the percentage of
reinforcing fiber. Based on the obtained diagrams, a law of deformation of steel fiber
reinforced concrete is proposed, which can be described by a polynomial function of the
fourth order with constant coefficients that determine the shape of the stress-strain curve.
The presented research results can be used in developing a methodology for physically
nonlinear analysis of steel fiber reinforced concrete elements with a percentage of
dispersed reinforcement from 0.5 to 2.0 %.

Undivided co-authorship.

Keywords: steel fiber-reinforced concrete, steel fiber, modulus of elasticity, ultimate
strain, compressive strength

For citation

Agapov V.P., Markovich A.S., Dkhar P., Golishevskaia D.A. Stress-strain state of steel fiber-reinforced concrete under
compression taking into account unloading from inelastic region. Structural Mechanics of Engineering Constructions and
Buildings. 2024;20(2):170-181. (In Russ.) http://doi.org/10.22363/1815-5235-2024-20-2-170-181

Vladimir P. Agapov, Doctor of Technical Sciences, Professor of the Department of Civil Engineering, Engineering Academy, RUDN University, Moscow,
Russian Federation; eLIBRARY SPIN-code: 2422-0104; ORCID: 0000-0002-1749-5797; E-mail: agapovpb@mail.ru

Alexey S. Markovich, Candidate of Technical Sciences, Associate Professor of the Department of Civil Engineering, Academy of Engineering, RUDN
University, Moscow, Russia; eLIBRARY SPIN-code: 9203-1434; ORCID: 0000-0003-3967-2114; E-mail: markovich-as@rudn.ru

Prashanta Dkhar, Candidate of Technical Sciences, Senior Lecturer of the Department of Civil Engineering, Academy of Engineering, RUDN University,
Moscow, Russia; eLIBRARY SPIN-code: 5670-7662; ORCID: 0000-0002-7888-5350; E-mail: dkhar-p@rudn.ru

Darya A. Golishevskaia, Assistant of the Department of Civil Engineering, Academy of Engineering, RUDN University, Moscow, Russia; eLIBRARY
SPIN-code: 1276-6516; ORCID: 0000-0003-0835-528X; miloserdova-da@rudn.ru

OKCNEPUMEHTANBHBIE UCCNELOBAHMA 171


https://orcid.org/0000-0002-1749-5797
https://orcid.org/0000-0003-3967-2114
https://orcid.org/0000-0002-7888-5350
https://orcid.org/0000-0003-0835-528X

Agapov V.P., Markovich A.S., Dkhar P., Golishevskaia D.A. Structural Mechanics of Engineering Constructions and Buildings. 2024;20(2):170-181

1. Beenenue

JlucriepcHO-apMHUPOBAaHHBIN OSTOH TPEACTABISET COOON CIIOKHBIM KOMITO3UITMOHHBIN Matepuan. J{is
YBEIHUYCHHS (PU3HKO-MEXaHUUECKUX XaPaKTEPUCTHK OCTOHOB HCIIOJB3YIOTCS PAa3JIMYHbIC BOJIOKHA (CTab-
HbIE, 0a3aJbTOBBIC, CTEKISIHHBIE, YITICPOIHBIC, MoMunponmwieHoBbie U T.1.) [1-3]. Cnemxyer oTMETHTB, 4TO
CYIIECTBEHHBIH MpaKTHYSCKUH HHTEpec it d((EKTUBHOIO HCIOIB30BaHUS B CTPOMTENBHOW 001acTh
NPEACTaBISIET UCCIIEIOBAHNE CBOMCTB 00Pa3IOB, MOJYYSHHBIX HA OCHOBE CTAJIBHOTO BOJIOKHA, YTO OTPaXe-
HO B [3-6].

B [6-9] ycTaHOBIEeHO, 4yTO pabo4mii AWana3oH OOBLEMHOTO COAEP)KAHUS CTAIBHOTO BOJIOKHA B JIHIC-
MePCHO-apMUPOBAHHOM OE€TOHE MpUHUMaeTcs He 6onee 2,5...3,0 %. bonee BbICOKUH TIPOIIEHT apMUPOBAHUS
HE BCer/a ABJsieTcs 000CHOBAHHBIM M MOYKET MIPUBECTH K CHIKEHHIO MTPOYHOCTH [7].

B paborax 3apyOeHbIX U OTEUECTBEHHBIX HCCIIeI0BaTeNeii OTMEUYEHO, YTO 100aBIEHUE CTAJIbHBIX BO-
JIOKOH B COCTaB OCTOHA 3HAYMTEIBHO YBEIMYMBAET €ro MPOYHOCTHBIC MOKazaTenu. [IpouHocTh craie-
¢ubpoberona Ha cxatue mosbimaercss Ha 10...15 % oTHOocHTENbHO OOBIYHOTO OETOHA TAKOTO XKE Kiacca
P COJEP’)KaHUU CTAIBLHOTO BOJOKHA 110 2,5 % [10—18]. OnHako, mpoBens aHaIM3 CYIIECTBYIOIIUX padoT
[4-21], MO)XHO OTMETHUTb, YTO B HACTOSIIIEE BpeMs (PU3NKO-MEXaHUICCKHE XapaKTePUCTHKHU cTasepuopoode-
TOHA el HEeAOCTATOYHO MOJKPEIICHbI SKCIIEPUMEHTAIBHBIMU TaHHBIMH, B YaCTHOCTH, UMEETCSl HEJ0CTa-
TOK HCCJICIOBAHHWI HANpsHKeHHO-e(hOPMUPOBAHHOTO COCTOSIHUS CcTale(hnOpoOEeTOHa C y4eToM ero pas-
rpy3Kd U3 001acTu Heynpyrux aedopmanuii.

B crathe 0coboe BHUMaHHE YICIICHO SKCIIEPUMEHTAILHOMY HCCIEIOBaHUIO cTanepuOpodbeToHa Ha
C)KaTUe C YYETOM Pa3rpy3Ku U3 001acTu HEYyNpyrux AepopMaluii ¢ palMoHaIbHBIM colep:kanuemM pudpo-
BOr'0 BOJIOKHA B nipezenax ot 0,5 1o 2 %.

2. Meton

Ji1g uccnenoBaHus MPOYHOCTHBIX U 1e(DOPMAaTHUBHBIX XapaKTEPUCTHK cTasiehuOpoObeToHa MpH CKaTHH
ObUIN MTPOBE/IEHBI SKCIIEPUMEHTHI, BHITIOJIHEHHBIE aBTOPaMH B J1a00OPaTOPHH CTPOUTEIBHBIX KOHCTPYKLUI U
MaTepHuasoB JierapTaMeHTa CTPOUTENbCTBA HHKeHepHoU akanemun PYIH. OObexToM uccnenoBanus siBisi-
uch 00pa3iel-kyosl pazmepom 100x100%100 mm. Jliis skcriepuMenTa ObLTO U3TOTOBJICHO 4 mapTuu 00pas-
LIOB C IPUMEHEHUEM CTAJILHOTO BOJIOKHA aHkepHoro tuna (auametrp 0,3 MM u munaa 30 MM) 1 4 naptum —
C NPUMEHEHHEM CTaJIbHOTO BOJIOKHA BOJMHOBOro tuma (amametrp 0,3 MM u anuna 22 mm). KommuectBo
CTaJIbHOTO BOJIOKHA B 0Opasuax yBennuuBanoch oT 0,5 10 2 % no o0bemy. Bee 0Opasibl nuMenn ofuHaKo-
BbIi cocTaB OeronHoM marpumbl: 1[:TT:11=1:1,2:1,6 mpu B:11=0,45 u pacxone mnactudummpyromeii 100as-
ku 1,5 % ot maccel nuemenra. KonnyectBo 00pas3ioB-ky0O0oB B OHON mapTuu coctaBuiio 6 mt. Mroro Opu1o
M3TOTOBJICHO 48 MHCIIEPCHO-apMUPOBAHHBIX 00Pa3IOB-KyOOB.

[Honmyuenue nEeWCTBUTENBHBIX AUarpaMM Ae(OPMUPOBAHUS MPU CTAHJAPTHBIX MCHBITAHUSIX C IpUMe-
HEHUEM HMHJIMKAaTOPOB YacOBOI'O THIIA CONPOBOXKIACTCS PAJOM TEXHUYECKUX TPYIHOCTEH U CIOXKHOCTEH
peructpauuu aedopmalyii BO BpeMEHU OJHOBPEMEHHO B HECKOJIBbKO Touek. Takum oOpa3zoMm, JaHHBIE, IO-
Jy4eHHbIE MPU TAKOM THUIIE U3MEPEHHsI, MOTYT UMETh Cepbe3Hble norpemHoctu [22-23]. B namewm ciyuae
MIPUMEHAJIACh METOJUKA, COMIACHO KOTOPOW B IPOLIECCE UCIBITAHUI B PEaJbHOM BPEMEHHM CHUHXPOHHO C
Harpy3Koi perucTpupoOBaIKCh MPOJOJbHBIE U MONepedHble Aedopmanuu oodpasua. Mcnbitanue oOpas3non
MPOU3BOJMUIIOCH, HAa HUCIBITATEIbHON ycTaHoBKke Matest mo MexrocynapctsenHomy cranaapty ['OCT
10180-2012'. Jlna wu3mepenus nedopManuii Ha CMEKHbIE TDAHH KOHTPOJBHBIX OOPa3sLOB-KYOOB ObLIH
HakJIeeHbI 110 7 TeH3ope3uctopoB BX 120-5AA Tak, 94To0bI HampaBieHHe WX 0a3bl COBIAANO C HAIpaBIe-
HueM usMepsiemoit nedopmarun (puc. 1). Tenzope3ucTopbl ObLIM TOAKIIOYEHBI K 32-KaHAIBHON TEH30MET-
pudeckoit crannmu ZETLAB 1o moimHOM MOCTOBO# cxeme (puc. 2).

'TOCT 10180-2012. Beronbl. MeTozibI ONpeieNieHns: IPOYHOCTH [0 KOHTPOIbHBIM 00pasuam. M.: Crannaprundopm, 2018.
32 c. URL: http://www.nppskmost.ru/files/gost-10180-2012.pdf (nara obpamenus: 15.07.2023).
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Puc. 1. Cxema pacronoXeHHsi TCH30pE3HCTOPOB Ha TPaHsIx 00pa3IoB-KyOoB
N cTounuk: Bemonneno B.I1. Aranoseim, A.C. Mapkosuuem, J{.A. TonumeBckoit
Figure 1. Arrangement of strain gauges on the faces of sample cubes
Source:compiled by V.P. Agapov, A.S. Markovich, D.A. Golishevskaia

Puc. 2. [logxmroueHre TeH30pe3UCTOPOB K MHOTOKaHATBHON TEH30METPUYECKON CTaHIIUU:
1 — ten3omerpuueckas cranims Zetlab ZET 017-T32; 2 — runpasnnveckuii npecc Matest;
3 — oOpasen-ky0 ¢ Tenzopesucropamu BX 120-5AA; 4 — niepcoHanbHbBIA KOMIIBIOTEP
Uctounuk: doro A.C. Mapxosmuem, [[.A. ['onumeBckoi
Figure 2. Connecting strain gauges to a multichannel strain gauge station:

1 — Zetlab ZET 017-T32 strain gauge station; 2 — Matest hydraulic press;

3 — sample cube with BX 120-5AA strain gauges; 4 — personal computer
S ource:photo by A.S. Markovich, D.A. Golishevskaia

i mocTpoeHus nuarpaMmbl 1e()OPMUPOBAHUS C YUETOM Pa3Tpy3KH M3 O0JACTH HEYNPYrux aedop-
MaIiil ¥ ONpeNIelICHHsT OCTATOYHBIX Jedopmaliuii cranednopodeTona 0Opa3ibl HArpyKaauch 10 3aJJaHHOTO
YPOBHS HanpsbkeHu, coctaBisromux 60 % ot paspymaromux. [locine 3Toro npousBoauaace noaHas pas-
rpy3Ka.

3. Pe3yabTaThl H 00CyXKIeHUE

Xapakrep paspymeHus o0pasloB MPeACTaBIeH Ha puc. 3. B xone sKCiepuMeHTOB OBIIIN OTpeeNeHbI
cienyromye (GU3NKO-MEXaHUYECKHUE XapaKTEPUCTUKU cTajeuOpoOeToHa: MPOYHOCTh HA CHKATUE, HAYallb-

HBI MOAYJb YNPYrocTH, HpeaenbHas aedopmarus u kodpduiuent [lyaccona. PesynbraTsl ucnbITaHUM
MpHUBEICHBI B TA0M. 1.
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Puc. 3. Pazpymiennsie 00pa3sI-KyObI
Hctounuk: dporo A.C. Mapxosudem, [[.A. ['omumeBckoit
Figure 3. Destroyed sample cubes
Source:photo by A.S. Markovich, D.A. Golishevskaia

Tabauya 1
Pe3yabTaThbl HCHIBITAHUI 110 ONIPe/ie/IeHHIO IPOYHOCTH HA C:KaTHe cTa1e(puOpodeTOHHBIX 00pPa3L0B-Ky00B
K KyoOukoBas IIpusmennas HavanbHbiit
0/1M4€eCTBO Ipenensnasn
Tun crajabHoOro NMPOYHOCTh NMPOYHOCTh MOIYJIb
CTAJILHOI'O Aedopmanus
BOJIOKHA BostoKna ir, % Ha ciKaTue HA ciKaTHe Euh YIOPYIrocTH
> Ry, MIla Ry’, MIIa e Ey,MIIax103
Beron 6e3 pubdpsI 0 55,00 39,5 0,00200 39,00
0,5 59,65 42,37 0,00172 4498
®ubpa npoBoIOYHAS 1,0 62,13 43,98 0,00160 49,41
ankepHas 0,3/30 1,5 64,33 45,40 0,00156 49,88
2,0 66,55 46,81 0,00154 51,71
0,5 57,75 41,13 0,00194 41,81
®ubpa npoBoIOUHASL 1,0 59,21 42,09 0,00191 43,43
BonHOBast 0,3/22 1,5 60,47 4291 0,00186 45,32
2,0 62,20 44,03 0,00182 48,16
UcTtounuk: cocraBieno B.I1. Aranoseim, A.C. MapkoBuuem, J[.A. TonuiieBckoi
Table 1
The results of compression tests of steel fiber-reinforced concrete
Cube Prism Tangent
Content . . .
compressive compressive Ultimate modulus
Type of steel fiber of steel fiber . . .
% strength strength strain gume of elasticity
m Rm, MPa Ru’, MPa Em, MPax103
Concrete without fiber 0 55.00 39.5 0.00200 39.00
0.5 59.65 42.37 0.00172 44.98
1.0 62.13 43.98 0.00160 49.41
Hooked end wire fiber 0.3/30
1.5 64.33 45.40 0.00156 49.88
2.0 66.55 46.81 0.00154 51.71
0.5 57.75 41.13 0.00194 41.81
. 1.0 59.21 42.09 0.00191 43.43
Wave wire fiber 0.3/22
L.5 60.47 4291 0.00186 4532
2.0 62.20 44.03 0.00182 48.16

S o ur c e: made by V.P. Agapov, A.S. Markovich, D.A. Golishevskaia
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Pe3ynbrarel mpoBeaCHHBIX 3KCIIEPUMEHTOB CBUAETEILCTBYIOT O TOM, YTO MPHU yBEIUYECHUU IUCIEpC-
HOTO apMHUPOBAHUS MPOYHOCTH CTasepuOpoOETOHA PU CIKATHUH PACTET C YBEIMYEHUEM OOBEMHOTO COfep-
KAHUS CTAJTBHOTO BOJIOKHA. YBEIMYECHHE MPOIEHTAa apMHUPOBAHUA /10 2 % TO3BOJSET MOBBICUTH MTPOYHOCTH
cranepudbpoderona Ha cxxarue Ha 21 % npu UCTIONB30BaHNU aHKepHOH GuOpsI 1 Ha 13 % mpu ucnoab30Ba-
Huu BonHOBOH. [Ipenenbhas nedopmarus oOpas3oB NpU CKATUM YMEHBIIACTCS C yBETUUYEHHUEM 00BEMHOTO
COZIEpKaHMsI CTAIBHOTO BOJIOKHA: TaK, MpH 2 % apMUpPOBaHWU TpenenbHas nedopMmanns yMEHbIIAeTCs Ha
23 % nna ankepHod GuOpb U Ha 9 % nnsg BonHOBOM. 1o MONydeHHBIM pe3ynbTaraM YCTaHOBIEHO, YTO
HayaJbHBIA MOMY/Ib YNPYrocTu crajepudpodeTona yBennuuBaeTcs Ha 33% npu UCIONb30BaHUM aHKEPHOM
¢ubps! 1 Ha 23,5 % npu MPUMEHEHWH BOJHOBOM MPH MaKCHMAaJIbHOM HpolueHTe apmupoBanus B 2 %. Ilo-
JTydeHHbIE JJAHHBIE COTIIACYIOTCS C pe3ylibTaraMu padoT apyrux ucciemosarenei [S5; 7; 10-18; 23].

Ha puc. 4 u 5 npencrasneHbl OCpeTHEHHBIE JUarpaMMbl AeGopMupoBaHus 00pasioB u3 cranepudpode-
TOHA C BETBSIMH HArpPy3KH M Pa3rpy3KH, OTPAKAIOIIMMU JCHCTBUTEIBHBIA XapakTep padOThl Marepuania ¢
YYETOM TUIIa aPMUPYIOIIUX BOJIOKOH U NMPOLEHTHOTO CO/IEPKAaHMS APMUPYIOIIETO BOJIOKHA.
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Puc. 4. luarpamma 1eopMUpPOBaHHUS TUCTIEPCHO-apMHPOBAHHOTO OETOHA
C BETBBIO Harpy3KU M pa3rpy3ku 00pasioB-kyOoB ¢ GHOPOH MPOBOIIOYHON aHKEPHOMA:
a—w=05%6—w=1%;6—w=15%c—w=2%
W ¢ 1 04 Huk: BeinonHeHo B.I1. Aranoseim, A.C. MapkoBuuem, J[.A. TonumieBckoit
Figure 4. Diagram of deformation of fiber-reinforced concrete
with a branch of loading and unloading of sample cubes with hooked end wire fiber:
a—w=05%;6—w=1%;6—w=15%;e—w=2%
S ource: compiled by V.P. Agapov, A.S. Markovich, D.A. Golishevskaia
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Puc. 5. luarpamma 1eopMUpOBaHUS TUCTIEPCHO-apMHPOBAHHOTO OETOHA
C BETBBIO HArpy3KH U pasrpy3ku 00pas3inoB-kyooB ¢ (puOpoH MPOBOIOYHON BOJTHOBOM:
a—pe=0,5%;0—pr=1%;6—w=1,5%;c—w=2%
W ¢ 1 04 nuk: BemonueHo B.I1. Aramossim, A.C. MapkoBuuem, [I.A. [onumieBckoit

Figure 5. Diagram of deformation of fiber-reinforced concrete
with a branch of loading and unloading of sample cubes with wave wire fiber
a—w=05%;6—w=1%6—pw=1.5%;e—w=2%
S ource: compiled by V.P. Agapov, A.S. Markovich, D.A. Golishevskaia

Ha npencraBnenHsix Bbllie AuarpaMmax (cM. puc. 4, 5) BeTBb OA COOTBETCTBYET MEPBOHAYATIHLHOMY
Harpy»XeHHIo 710 Harpysku, cocrtasisitomeii 60 % ot pazpymatomeit (350 kH). BetBp OA' cooTBeTCTBYET
pasrpy3ke obpasna-kyoa. Orpe3ok OO’ yka3wsiBaeT Ha ocTaTouHbie nedopmarun. BetBs O-4-O' onuceiBaet
co00if HEemoJHyI0 MeTIo rucrepesuca. Touka B, HaxXoAgIIascs Ha BEPIIMHE AMATPAMMBI, COOTBETCTBYET
paspyuiamoieid Harpyske Rp M MpeneabHor AepopMannu eure. KpuBas BC xapakTepu3yeT HHUCIAIAIONIYIO
BETBb JMArPAMMBI.

AHanu3upys MojyuyeHHbIe AUarpaMMsbl 1eopMupoBaHus (CM. puc. 4, 5), MOXKHO OTMETHUTb, YTO BEp-
[IMHA IUarpaMMbl CMEIIAETCsl BBEPX U BJIEBO, @ Yrojl KacaTelbHOW K HAKJIOHY KPUBOW B Hayajie KOOPAHHAT
YBEIUUNBACTCS C YBEJIMYCHUEM MTPOIIEHTHOTO CO/IEpKaHHs BOJIOKHA B COCTaBe OETOHA.

Ha ocHoBanun 00paOOTKM MOITYYEHHBIX SKCHEPUMEHTAIbHBIX JAHHBIX MOJTY4YeHA aHAJUTHYECKas 3a-
BUCUMOCTb MEXJy HamnpsHKCHUSIMH U AedopMalusiMu ctaieuépobeToHa mpu cxKaThu, KOTOpas anrpoKCh-
MUPYETCsI TOJIMHOMUATTLHOU (DYHKIIMEH YeTBEpTOM cTereHu [25]:

176 EXPERIMENTAL RESEARCHES



Aeanog B.I1., Mapkosuy A.C., [xap 1., Nonuwesckas [J.A. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLMIA 1 coopykeHui. 2024, T. 20. Ne 2. C. 170-181

Cq =0,Ep +a28§b+a3efb +(148?b , (1)
e G, — HOpPMalbHbIC HANPSDKEHHS CKATHA; €, — MPOJOIbHBIE AedopManuu; o, O,, O, O, — MO-

CTOSHHBIC KO3(1)(i)I/ILII/ICHTLI, KOTOPBIC 3aBUCAT OT MNPOLCHTHOI'O0 COACPKaHUA CTAJIbHOI'O BOJIOKHA W THUIIA

npous.

Kosdpdumuentsr o, a,, 0, 0,, ONPENeIAOIIUE BUJ JUarpaMMbl Je(OpMHUPOBaHUs, [IPUBEIEHbI B

Tabm. 2.
Tabauya 2
Kos¢punuenrsl annpoxkcuMupyomei (pyHKINU 6-¢ IUCIEPCHO-aPMUPOBAHHOIO 6€TOHA
HA C’KaTHe B 32aBHCHMOCTH OT THINA NPOQHIA H KOJTHIECTBA CTATHHOTO BOJIOKHA
ITocTosinHbIE
Tun crajbHOro KonuyecTBO cTaIbHOI0 BOJIOKHA My, %o
KO3 (ppUIHEHTBI
BOJIOKHA o
ypaBHeHus, X10 05 1.0 15 2.0
o 0,0794 0,0855 0,0833 0,0860
®ubpa MPOBONOYHAS o2 —37.1 —37.8 —29,1 —29,1
ankepras 0,3/30 o 9590 7630 2280 1860
o4 —1810000 —1400000 -625000 —-671000
o 0,0742 0,0775 0,0809 0,0862
@dubpa NPOBOIOYHAS o —33.4 —36,1 —38,6 —42,6
BonHoBas 0,3/22 o 7030 8110 8840 10000
o4 -83100 —1010000 —1130000 —1260000
Nctounuk: cocrarieno B.I1. Aranoseim, A.C. MapkoBuueMm, J[.A. TomumieBckoit
Table 2

o-¢ approximation function coefficients of fiber-reinforced concrete
under compression, depending on the shape and the content of steel fiber

Content of steel fiber pys %

Type of steel fiber Constant function coefficients, x10°
0.5 1.0 1.5 2.0
a 0.0794 0.0855 0.0833 0.0860
a2 -37.1 -37.8 -29.1 -29.1
Hooked end wire fiber 0.3/30
a3 9590 7630 2280 1860
04 —1810000 | —1400000 | —625000 | —671000
o 0.0742 0.0775 0.0809 0.0862
a2 -334 -36.1 -38.6 —42.6
Wave wire fiber 0.3/22
a3 7030 8110 8840 10000
04 —83100 | —1010000 | —1130000 | —1260000

S ource: made by V.P. Agapov, A.S. Markovich, D.A. Golishevskaia
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3Ha4yeHUs1 OCTAaTOYHBIX Jaedopmanuii crtanedudpoOeTOHa ¢ pa3IMYHBIM MPOILEHTOM COACPKAHUS aH-
KEepHOU  BOJHOW (uOpHI, npeAcTaBieHsl B Ta0u. 3. 3naueHus kodpduuuenrta [lyaccona ucnbityemMbix 00-
pa3IoB MPUBEICHEI B Ta0II. 4.

Tabnuya 3
OTHocuTEIbHBbIE OCTATOUHBIE AedopManuu cTaaedudpodeToHa HA CIKATHE

OTHocuTe/ILHASI 0CTATOYHAA AedopManust
JAHCIIEPCHO-APMHPOBAHHOIO 0eToHAa &y X103

Twun cTadbHOroO BOJIOKHA o
KoanyecTBo cTaabHOro BOJIOKHA iy, %o

0,5 1,0 1,5 2,0
®ubpa npoonovHas ankepHas 0,3/30 0,190 0,150 0,143 0,138
®ubpa npoBonovHas BomHOBas 0,3/22 0,236 0,193 0,186 0,175
Uctounuk: cocraBieno B.I1. Aranoseim, A.C. MapkoBuuem, J{.A. TonuiieBckoit
Table 3
Relative residual deformation of fiber-reinforced concrete under compression
Relative residual deformation
of fiber-reinforced concrete gpm x10°
Type of steel fiber Content of steel fiber py, %
0.5 1.0 1.5 2.0
Hooked end wire fiber 0.3/30 0.190 0.150 0.143 0.138
Wave wire fiber 0.3/22 0.236 0.193 0.186 0.175
S ource: made by V.P. Agapov, A.S. Markovich, D.A. Golishevskaia
Tabauya 4
3naveHus ko3¢ unnenTa nonepeuHoi fegpopmanun (v) Ha IMArax HATPYKEHUS
o/ R 0,24 0,44 0,61 0,74 0,84 0,92 0,97 1,00
®ubpa nposonovHas ankepHas 0,3/30 0,26 0,26 0,28 0,33 0,37 0,48 0,51 0,70
®ubpa npoBonovHas BomHOBas 0,3/22 0,24 0,24 0,26 0,29 0,34 0,45 0,62 0,68
W cTouHuk: cocrapneHo B.I1. Aranoseim, A.C. MapkoBuuem, JI.A. TonuieBckoi
Table 4
Values of the coefficient of transverse deformation (v) at loading steps
o/ Ry 0.24 0.44 0.61 0.74 0.84 0.92 0.97 1.00
Hooked end wire fiber 0.3/30 0.26 0.26 0.28 0.33 0.37 0.48 0.51 0.70
Wave wire fiber 0.3/22 0.24 0.24 0.26 0.29 0.34 0.45 0.62 0.68

S ource: made by V.P. Agapov, A.S. Markovich, D.A. Golishevskaia

4. 3akirouenune

1. Ha ocHOBaHMU OPOBEJCHHBIX UCCIEIOBAHUNA MOKHO CHIEJIaTh BBIBOJA O XapaKTepe CACPKUBAHUA
CTaJbHBIMH BOJIOKHAMH TIPOJIOJIBHBIX U MOIEPEUHBIX nedopmaruii OetoHa. SIBHO BbIpakeH 3 dexT mepe-
pacrpeneneHus yCWIH B Marepuaie, a IMEHHO: ¢ yBeJIHMUeHHEM jaedopMannii cTaabHbIe BOJIOKHA CHU-
MalOT 4acTh HAarpy3ku ¢ OETOHHOW MaTpHUIIbl, TEM CaMbIM MOBBIIIACTCS BEPXHSS IPAHMIIA TPEIIMHOOOpa-
30BaHHS.
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Aeanog B.I1., Mapkosuy A.C., [xap 1., Nonuwesckas [J.A. CTpouTenbHas MexaHuka MHXEHEPHbIX KOHCTPYKLMIA 1 coopykeHui. 2024, T. 20. Ne 2. C. 170-181

2. IIpoBeneHHbIEC OMBITHI MOKAa3ajJH, YTO HCIOJb30BaHUE aHKEPHOM (PUOpPHI B KauyecTBE TUCHEPCHOTO
apMupoBaHusi 6eTOHA OKa3bIBaeTcs 0ojee 3(h(HEeKTUBHBIM, YEM BOJTHOBOM.

3. Ha ocHOBaHMHM MONTy4eHHBIX IEHCTBUTENBFHBIX AMarpamm jae(opMupoBaHusi oOpas3loB Ha C)KaTue
NPEJIOKEHA 3aBUCUMOCTh MEXIy HaNpsDKeHUAMHU U aedopManusMu B BUE MOJTUHOMHAIBHON (DyHKIUU
YEeTBEPTON CTENEHH C MOCTOSHHBIMU KOA(PPUIIMEHTAMH, ONPEACIISAIOIIUMHU BU]I TUarpaMMbl B 3aBUCUMOCTH
OT THIIA APMUPYIOIINX BOJIOKOH U MX IMPOLEHTHOTO COAEPIKAHUS.
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NpHU 00CIe0BAHNHU 3JaAHUI CeliCMUYECKHM MeTOI0M
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Hcropus cTaThu AnHOTanus1. M3ydenue Ipupoasl BOSHUKHOBEHUS M PACIIPOCTPAHEHHS MHK-
TMocTynuia B pexakuuio: 21 HosOpst 2023 . POCEHCMHUUECKUX KoieOaHui HE TEpseT CBOCH aKTyalbHOCTH TOCIEHHE
Jlopa6orana: 12 mapra 2024 . HECKOJIBKO JIECATHJICTUH. AHanus MI/IKPOCGP’ICE/I ABJISIETCS OCHOBOW HEKOTO-
Tpunsra k my6mukauuu: 26 Mapra 2024 r. PBIX HEKCHEPHO-TE€0JIOTHYECKHMX HCCIIEI0BAHMH, HAIIPABJICHHBIX B TOM YHUCIIE

Ha 00CIe0OBaHNE CTPOUTENBHBIX KOHCTPYKIMH 3MaHUI W COOPYKECHUH pas-
JIMYHOI'O HAa3HA4YCHUsI. HOpﬂI[OK IMOATOTOBKKU W TNPOBCIACHUA O6CHCZ[0B3,HI/II‘/‘I
3asiBiieHue 0 KOH(QIUKTE HHTEPECOB pEerIaMEHTUPYETCS CUCTEMOW HOpPMAaTHBHBIX JIOKyMEHTOB. JleicTByroias
HOPMATHBHO-TEXHIYECCKAS JTOKYMCHTAIHS SIBIIICTCS OOIIUM PYKOBOACTBOM
JUTSL OLEHKH IKCILTyaTallHOHHBIX CBOWCTB CTPOUTENBHBIX KOHCTpYKIMM. Kon-
KPETHBIC METOJIMKH 00CIICIOBaHUS HYKAIOTCS B YTOYHCHHUHU U JICTATH3AIINH.
ABTOpaMU OITUCAH OMBIT OOCICIOBAaHUS 3JaHUS Ha TMPEIMET TUHAMHUKHU Ya-
CTOTHBIX XapaKTepUCTUK B TeueHue 24 dacoB. CructeMa HaOIIONEeHIH peai-
Bkaaj aBToOpoB 30BaHa B BUJC 16 TOYEK, paBHOMEPHO PacCIpeleiICHHBIX B 00beMe 3IMaHus.
IIpoBenen aHanu3 CHEKTPAIbHBIX XaPaKTEPUCTHUK ISl BBISBICHHUS BPEMEH-
HBIX IPOMEKYTKOB B CYTOYHOM HHTEpBaj€ C SIPKO BBIPAKEHHBIM MAaKCH-
MaJbHbIM U MMHUMAaJIbHBIM YPOBHEM TEXHOT€HHOI'O BO3JEHMCTBUS Ha U3yda-
eMbIil 00BeKT. B Yachl MakCHMAJIbHOTO BO3JCUCTBHS CIIEKTPHI COOTHOCSTCS
II0 3aIllucCsIM pa3H0171 JJIUTCIIBHOCTU HAa NPEAMET COOTBCTCTBHA YaCTOTHBIX
COCTaB/IONMX. BhIBeIcHa HEOOX0AMMAas M JOCTATOYHAS JJIMTEILHOCTD pe-
THCTPAllIM MHKPOCEHCMHYCCKUX KOJNCOAHUH ISl OMpPEACICHUS YacTOTHI
COOCTBEHHBIX KOJICOaHHUI CTPOUTEIHHOTO 00BEKTA P PACIIONOKEHUH TOYCK
HAOJFOZICHUS HA HYKHUX U BEPXHUX 3TaXKax 3IaHUs.

ABTOpBI 3a4BIISIOT 00 OTCYTCTBUU
KOH(JIMKTa HHTEPECOB.

HepasnenbHoe coaBTOpCTBO.

KiroueBble cjIoBa: CrieKTporpaMmma, MUKPOCEHCMBI, THHAMUYECKUE XapaK-
TEPUCTUKH, 3/1aHHE, COOPY)KEHHE, 4acToTa, KOJIeOaHWs, JKCIIePUMEHTab-
HBIE UCCIIEJOBaHMUs, COOCTBEHHBIE KOJIeOaHMUs 3/IaHMUsl, CKOPOCTh CMEILECHHUS
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Article history Abstract. Studying the nature of the occurrence and propagation of microseismic
Received: November 21, 2023 tremors has not lost its relevance over the past few decades. Currently, the analysis of
Revised: March 12, 2024 microseisms is the basis of some engineering and geological studies, including those
Accepted: March 26, 2024 aimed at the inspection of structures of various purposes. The procedure for preparing
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1. BBenenue

MuxkpoceiicMuyeckre BOJIHBI BCET/Ia MPUCYTCTBYIOT HA MOBEPXHOCTH 3eMJIM B KaXKIOW ee TOuKe, MO-
CTOSIHHO BOBJIEKAIOT B KoJleOaHMs Kak BEpXHUe, Tak U Oosee rirybokue yactu 3eMHO# Kopsl [1]. Mukpoceii-
CMBI (MHKpOCEHCMHUYECKHE KOJIeOaHUs) MPEJCTABISIIOT COOOW OTHOCHUTENIFHO Ciia0ble KoilebaHust 3emun,
BBI3BaHHBIE CYMMAapHBIM BO3JIEHCTBUEM MHOKECTBA CEHCMUYECKUX UCTOYHUKOB, XapaKTEPUCTUKN KOTOPBIX
SIBJISIFOTCSL CIIy4ailHbIMM BeTMurMHamu [2]. B Hacrosiiiee BpeMsi HEKOTOpble HHOCTPAaHHbBIE aBTOPBI UCCIIEY-
10T TEMY CTAaIlMOHAPHOCTH MHKPOCEUCMUYECKUX KojieOanui [3]. AKTHBHOE M3yUeHUE MEXaHHM3Ma H3ITyde-
HUSI MUKPOCEHCMHMUYECKHUX BOJIH Hayanoch ¢ cepeaunbl XX B. [4—7]. Ha cerogHsmHuii 1eHb METON peru-
CTpalMi MHKPOCEHCM BXOJUT B IMEPEUYCHb HOPMATHUBHBIX JOKYMEHTOB U IIMPOKO PACIPOCTPAHEH B CUIY
cBoeit noctymHocTH [8—13]. OmHako 3TOT (hakT HE OTMEHSET TOTO, UTO Jpyrue MeTos [ 14—20] MoryT nipu-
MEHSATBCS JUIsl 00CIeI0BaHUsl CTPOUTENBHBIX KOHCTPYKUMUA. HampoTuB, KOMIJIEKCHBIA MOAXOA MO3BOJSET
MOBBICUTH KQYECTBO PEILICHUS 3a0a4H.
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OO0cnenoBanue 3MaHUA M COOPYKEHUH CEHCMHUYECKHMM METOIOM, 2 UMEHHO IMOCPEICTBOM PETHUCTpa-
MU MUKPOCEHCMHUYECKHUX KoieOaHuil MmpeanojaraeT OpraHu3aluio CUCTEMbl TOUEK HaOJI0IeHUs B 00beMe
3JIaHUS C TEIbIO BBISBICHUS HApYIICHUS IEJIOCTHOCTH M paboToCnocoOHOCTH KOHCTpyKInu [21]. Mukpo-
ceficmbl cpeaHeyacToTHoro nuanasona 0,5...20 I'u npeacTaBisatoT co00i JOCTATOYHO CIIOKHBIM KOMITO3UT
Y3 BOJIH PA3JIMYHOTO MPOUCXOxAeHU [S]. M3yueHne MUKpocencM pa3inyHON MPUPOJIBI TO3BOJISIET PENIATh
00JIBIIIOE YUCIIO MHKEHEPHO-CEUCMOIOTMYECKUX 3a/1a4, B TOM YHCIIE U Te, LIEIbI0 KOTOPBIX SBISETCS IMPo-
EKTUPOBaHHE WM 00CIIeIOBAaHUE CYIIESCTBYIOIINX 3IaHUH B COOpYKeHuH [7].

MeTtoauka obcneoBaHMi 31aHUI U COOPYKEHUI C UCTIOIb30BAHHMEM MUKPOCEHCMHUUYECKHUX KOIeOaHUi
JIOCTaTOYHO YHHUBEpCAJIbHA, OIHAKO HEKOTOPbIE KPUTEPHUH OLEHKH TEXHUYECKOTO COCTOSHHS OObEKTOB
HYXKJAIOTCS B IOMOJIHUTEIHHOM YTOYHEHHUH, B TOM YUCJE U JUIUTEIBHOCTh PETUCTPALIMK KOJIeOaHHH B TOUKE
HaOoeHn. YCTaHOBIEHNE KOHKPETHOTO JIMana3oHa BPeMEHU HaOMIOCHUI TO3BOJIUT MCCIIE0BATENSIM U
pabOTHUKAM CTPOMTENIFHOW OTpPAcid ONTUMH3HPOBATH MPOIECC MOHUTOPHHIA M O0ECIEYUTh MaKCHMAallb-
HYI0 HH()OPMAaTUBHOCTh U3MEPEHHI 32 MUHUMAJIbHO BO3MOKHBIN BPEMEHHOU MTPOMEXKYTOK.

Hacrosmast cTaresi mpencTasisieT co0oil uccieoBaHnue CHEKTPOrpaMM, MOJTy4YEeHHBIX HpPU MPOBee-
HUU CEHCMOMETPHUYECKOr0O MOHUTOPHHIrA 3JIaHUS MYTE€M PErucTpaly MUKPOCEHCMHMUYECKHUX KoJeOaHuM.
[Ton cnekTporpaMMaMy MOHUMAETCSI U3MEHEHHUE CIEKTPAJIbHBIX XapaKTePUCTUK BO BPEMEHH (Ha MpPOTSHKE-
HUU 24 4acoB, pacueTsl MPOBEACHBI 3a KaKabli yac). MccnenoBanue nposeaeHo B 31aHuu MHCTUTYTA Teo-
¢uzuku (UT'P) ocennro 2022 1.

HNudopmanus o 31annu mHcTuTyTa. OOBEKT MccnenoBanus — 3nanue UI'® Ypambckoro otaeneHus
Poccwiickoii akanemun Hayk um. FO.I1. Bynamesuya. 3manne UI'® pacronaraercs B r. EkarepunOypre mo
aapecy yin. Amynjacena, 100. 3To yeTblpexdTaxkHOE KUpNUYHOE 3/1aHue pasmepom 107 na 20 mMeTpos, BBe-
JeHHOE B 3KcIuTyaTauuio B 1981 . 3maHue pacnonokeHo Ha nepecevyeHnu yi. AkajeMruka BoHCOBCKOro u yii.
AMyHJCeHa, IBW)KEHHUE TPAHCIIOPTA, HA KOTOPBIX SABIISETCSA PETYISPHBIM M OxUBIEHHBIM. Ha puc. 1 npen-
CTaBJIEHO pacrnojoxenue MHcTuTyTa reopusuku, noaydeHHOe Npyu MoMoIu cepauca «SAunekc. Kapto».

&
#
o
&

MMETYpO PAH

Puc. 1. Pacnonoxenue 3nanus UI'® YpO PAH na kapte
Uctounuk: https://yandex.ru/maps/-/CDRrzGyk (nata obpamenus: 23.07.2023 r.)
Figure 1. Location of the building of the Institute of Geophysics (Ural Branch of the Russian Academy of Sciences) on the map
Source: https://yandex.ru/maps/-/CDRrzGyk (accessed: 23.07.2023)

2. Mertox

B centa6pe 2022 r. nposeneHo obcnenoBanue 3nanus UI'® celicmuueckum metonoM. BeimonHena pe-
THCTpaIs MUKpOCeHcMIYecKkoro poHa B TeueHUe 24 4 B KaKJ0W TOUKe HaOmoaeHuid. /i 9acoBbIX 3amm-
ceil ¢ moMompio ObicTporo mpeoOpasoBanus @ypbe ObLIM pacCUNTaHBI AMIUIUTYIHBIE CIEKTPHI MO TPEM
KOMIIOHEHTaM 3apeTUCTPUPOBAHHOIO curHajga. Ha ocHOBaHMHM cHCTEMBI aMIUIMTYJHBIX CIEKTPOB CKOPOCTH
cMmelleHus: copMupoBaHbl criekKTporpaMmsbl. [loa crnekTporpaMmaMy MOHUMAETCS U3MEHEHHUE CHEeKTpPajib-
HBIX XapaKTEePUCTHK BO BpeMeHH. Pe3ynbraTel 00cae10BaHus TO3BOJISIOT BBLACIUTH BPEMEHHBIE HHTEPBAJIbI
MaKCHUMAaJIbHOTO BO3/ICHCTBHS Ha 37JaHUE U ONPENEIUTh ONTUMAJIbHYIO JUIMTEIHHOCTh HAOIIOIEHUS.
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W3mepenust mpoBeZieHbl ¢ TOMOILbIO MOOMIIBHOTO peructparopa ceiicmuueckux curHainoB REFTEK
DAS 130-1/6 B xomruiekTe ¢ kopotkornepuoaubiM Benocumerpom LE-3Dlite Mk III (puc. 2). Kanansr pe-
THCTPAaTOpa OPUEHTUPOBAHBI MO TPEM B3aUMHO MEPHEHAUKYISIPHBIM HANpaBJICHUSM, e HanpabiaeHUs X
(ceBep —ror) M Y (3amaj — BOCTOK) — 3TO TOPU3OHTAJIbHBIC COCTABISIONINE, a Z — BEpTUKaJIbHas [22].
Bpems peructpanuu B Touke HaOMIOAEHUS COCTABISET NPUOIU3UTENBHO 24 yaca, 4acToTa AUCKPETU3AIMHI
curana — 125 ', 910 MO3BOJIsIeT 0OecneynTh MaKCUMaJIbHYIO YacTOTY CHTHaia B mpenenax 62,5 T
HanpHeiimas o0paboTka BETOCUTPaMM M BBIYUCICHHS PEATU30BaHbl PA3EIbHO MO U3MEPUTEIBHBIM OCSM
B I1O MicroSeisTool [24]. [Ing pacuéra cieKTpoB MPUMEHEHBI CIEIYIOIINE MPOrpaMMHbIE HACTPOUKH: TI0-
JI0OCOBOHM (MIIBTP C HIDKHEH 9aCTOTOM fmin = 1 ['11, BEpXHEH 4aCTOTOU fmax = 20 I'1I.

Puc. 2. Kommiiekr 000pyaoBaHUs B TOYKE PETHCTPALIUH:
1 — Benocumetp LE-3Dlite Mk I11;
2 — peructparop ceficmudeckux curHanoB REFTEK DAS 130-1/6 u akkymymstop TITAN;
3 — IyJbT YOPaBIEHUS PETHCTPATOPOM
UcTounuk: poro M.H. Bockpecernckoro, A.A. Kypnanooi

Figure 2. A set of equipment at the observation site:
1 — LE-3Dlite Mk III velocimete;
2 — REFTEK DAS 130-1/6 seismic signal recorder, TITAN battery;
3 — control panel of the recorder
S o urc e: photo by M.N. Voskresenskiy, A.A. Kurdanova

HlecTHaanare ToueK HAOMIOAEHUS PAaBHOMEPHO PACIIONOXKEHBI HA KaXKJOM 3Taxe 3MaHus, GOpMHUPYs
(YCITIOBHO) 4eThIpe BEPTUKAIBHBIX M YETHIPE TOPU3OHTAIBHBIX Mpoduis. OTKIIOHEHHE TpoduIiell 0T HopMa-
JIM K TIOBEPXHOCTH HE MpeBbIiiano 30 cM, 4TO MO3BOJISIO HAOIOAATh M3MEHEHHE XapaKTepa CEHCMUYECKOTO
CHTHaJIa B TEYCHHE CYTOK IO JIBYM B3aMMHO NEpPHEHIUKYISPHBIM HarpasieHusM. Ha puc. 3 npencrasieHo
CXeMaTHYHOE N300paKEHNE 3AaHUSI OTHOCUTENIFHO aBTOMOOMIIBHBIX JOPOT. I[yHKTHPHBIMU JIMHUSIMU HA PU-
CYHKE 0003HAYEHbI MECTa PACIOJIOKECHUS JIECTHUYHBIX MPOJIETOB U IAXTHI JIU(TA, KPACHBIE TPEYTOIbHUKU
COOTBETCTBYIOT PACIIOJIOKEHHIO TOYEK HAOIIOICHHUS.

B rocymapcTBeHHBIX CTaHIApTax, PEIAMEHTUPYIOIIUX MOPSAI0K ACHCTBUN MPY MOHUTOPHUHTE 30aHHI
U COOPY)XCHMH, yAeNseTcss BHUMAHHE TOPU30HTAIBHBIM KOMIIOHEHTaM, MMOATOMY B HAcTOsIIeH paboTe He
ObUIM PacCMOTPEHBbI 3HAUYEHHUsS, COOTBETCTBYIOIUME BEpTUKAJIbHOM KoMmoHeHTe. Ha rpadukax Hike mpen-
CTaBJICHBI CIIEKTPOTrPAMMBI, MOJTYYCHHbIE HA OCHOBAaHMM aMIUINTYIHO-4aCTOTHBIX XapaKTEPUCTUK B TOpPU-
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30HTANBLHOMU TWIOCKOCTH (X, Y) B BepxHel Touke 3aaHus. CiaeyeT OTMETHTb, YTO MPH PETUCTPALUU MUKPO-
CEHCM OpHMEHTAallUs PEerucTpaTopa B TOPU30HTAIBHOM TIOCKOCTH OCYLIECTBIISIACh HE IO CTOPOHAM CBETa,
a B COOTBETCTBUHU C peOpaMu JKECTKOCTH KOHCTPYKIMU. HarpasieHrne ropu30HTaIbHOW COCTABISIOMICH X
(puc. 4) O6bUIO MapaJIJIeIbHBIM KOPOTKOW CTOpOHE 37aHus, a HanpasieHue Y (puc. 5) — mmuaHON. COOT-
BETCTBYIOIIUE CIEKTPOrPaMMbl JEMOHCTPUPYIOT AUHAMHKY CIEKTPAJIbHBIX XapaKTEPUCTUK 3/1aHUSI B OJI-
HOW TOYKe HAONIONEHUS B TEUYEHHE CYTOK. AHAJIOTWYHBIC OINEPaldd MPOBENEHBI JUISl KaKIOW TOUYKH
HaOMIONCHUH, pe3yIbTUPYIOMINE TPaQUKH MMEIOT OJAMHAKOBBIN XapakKTep paclpelesieHus] CIEeKTPOB, MO-
3TOMY Tpaduieckue N300paKeHUS Il OCTATBHBIX TOUYCK B MyOIUKAIIMK HE TIPUBOASTCS.

e :
_______ A R V.
,,,,,,, Ao
N 1 <ef RO A A ,,,,,,, .
M@*’ A Lo x ,,,,,,,,,,,, /.
3 N

yi. Akagemuka Boncosckoro

Puc. 3. CxeMa 31aHUSI OTHOCHTEJILHO OJM3JICKALIMX YIIUI] C PACHIOIO0KEHUEM TOYCK HAOIIOICHUIH
U ¢ 1 04 uk: BeimonaeHo M.H. Bockpecenckum, A.A. Kypranosoit
Figure 3. Diagram of the building relative to nearby streets with the location of the monitoring points
S ource: compiled by M.N. Voskresenskiy, A.A. Kurdanova
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Puc. 4. CriekrporpamMmma Ha OCHOBaHUH CHCTEMBI aMILTHTYJHBIX CIEKTPOB CKOPOCTEH,
MOJTyYeHHAs JUISl TOYKHM Ha BEPXHEM dTa)ke 3/IaHHUS B HaIIpaBIeHHH X
W c T o4 Huk: BeinoianeHo M.H. Bockpecenckum, A.A. Kypaanosoit
Figure 4. Spectrogram based on a system of velocity-amplitude spectra,
obtained for the point on the top floor of the building in the direction of X
S ource: compiled by M.N. Voskresenskiy, A.A. Kurdanova
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Puc. 5. CriextporpamMma Ha OCHOBaHMU CHCTEMbI aMIUIUTYAHBIX CIIEKTPOB CKOPOCTEH,
TIOJTyYEeHHAs JUIA TOYKH HA BEPXHEM 3Ta)ke 3/1aHHsI B HANpaBJIeHUH Y
U ¢ 1 o unuk: BeimonaeHo M.H. Bockpecenckum, A.A. Kypranosoit

Figure 5. Spectrogram based on a system of velocity-amplitude spectra,
obtained for the point on the top floor of the building in the direction of ¥
S ource: compiled by M.N. Voskresenskiy, A.A. Kurdanova

3. Pe3yabTaTthl H 00Ccy:KIeHUe

Ha Bcex rpadukax ormeuyaercs Xopomasi HIOBTOPSIEMOCTh YaCTOTHBIX IIMKOB BHE 3aBUCUMOCTH OT Bpe-
MEHH CYTOK, HO 3HAaYMTEIbHBIN pa3der mo ammuutyne (10 9 pa3). B nerenne BpeMeHHbIE TPOMEKYTKH TIPU-
BeZIeHbI TI0 MecTHOMY Jutst EkatepunOypra Bpemenu (UTC +5:00).

151 X~-KOMIIOHEHTBI MIEPBBIE SIBHbIE MAKCUMYMBbI CIIEKTPaJIbHbIX KPUBBIX BBIACIAIOTCS Ha 4acToTax 2,9
u 3,6 I'n, st Y-KOMIOHEHTHI MUKW BhIpa)keHbl Ha yactoTrax 2,5 u 4,1 'u. OueBUHO, YTO OCHOBHBIE JKC-
TPEMYMBI, @ COOTBETCTBEHHO, M 4acTOTa COOCTBEHHBIX KOJI€OaHWI 3aHUA, HAXOIATCA B JAMANA30HE 0
10 'y, mosTOMY JanbHelee pacCMOTPEHNE PE3YIbTaTOB HCCIIEI0BaHMsI IPeIaraeTcs B AMana3oHe ot 1 1o
10 I'u. Takoe pemieHue MO3BOIUT 0OECTIEUNTH OoJiee HAMNISAAHOE BOCHPUATHE TpadUueCKUX MaTepHAIOB.

Ha rpadwukax 4epHOii MyHKTUPHOW JIMHUEH OTMEUEH MEIMAHHBIN CIIEKTP, PACCUUTAHHBIA KaK CpeHee
apupMeTHYeCKoe 3HAYCHUH aMIUTUTYAbI 32 KaXIblid 4ac n3MepeHus. Takum oOpa3oM, ONMupasch Ha CIIEK-
TPOrpaMMbl, MO’KHO BBIJCJIUTH JBE TPYMIbl aMIUIUTYIHO-4YACTOTHBIX XapaKTepUCTHK. B mepByio rpymnmy
MOYXHO OTHECTH KPHBBIE C YCIOBHO MaKCHUMAJIbHOM aMIUIUTYOH, TO €CTh Te, KOTOpbIe Ha rpaduke pacnona-
raroTCs BBIIIE CPEIHETO CreKTpa. Bo BTOpyI0 — C yCJIOBHO MUHHUMAJIbHOM, KOTOPBIE PACIIONAraloTcs HIKE
CpeaHEN OTMETKH.

[Ipoananu3upoBaB BbIIEICHHbIE TPYMIbI, MOXKHO YTBEPKIaTh, YTO KO BTOPO IpymIe, C MaKCUMalb-
HBIMHM aMIUIMTYIaMH, OTHOCSATCS CHEKTPHI, ITOJyYEHHBIE IO 3alUCAM MHKPOCEHCMHUYECKOIO IIyMa, 3alu-
canHoro B pabouee Bpems (¢ 9:00 1o 16:00). CriekTpbl BTOpO#A IpyMIibl ObUTH pACCUUTAHBI IS YaCOB, COOT-
BETCTBYIOIIMX HOYHOMY, BEUYEpHEMY U yTpeHHeMy BpeMeHH. [y 06enx TOpU30HTaIbHBIX KOMIIOHEHT Bpe-
MsI MAaKCUMaJIbHOM M MUHUMAJbHON MUKpPOCEHCMHYECKON akTUBHOCTH oauHakoBo, 11:00 u 4:00 coorseT-
CTBEHHO, ITO3TOMY JalibHeHIHe rpadudeckie n300pakeHus! MPUBEACHBI JIs1 OJHON X-KOMITOHEHTHI, HoMa-
ras, 4ro Y-coCTaBisiolIasl BeJAEeT ceds aHaJIOTWYHBIM oOpa3oMm. Huke mpuBeaeHbl MakcMMalbHAs, MHUHU-
MasbHas u MeauanHas AUX (puc. 6).
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Puc. 6. AMIunTyIHBIE CIEKTPHI CKOPOCTH, C MAKCUMAJIbHBIM
¥ MUHUMAaJIbHBIM 3HaY€HHEM aMIUTUTYABI 32 cyTkH, Bpemsa UTC +5:00
U ¢ 1 0 unuk: BeimonaeHo M.H. Bockpecenckum, A.A. Kypranosoit

Figure 6. Velocity-amplitude spectra, with maximum and minimum
amplitude values within 24 hours, UTC +5:00
S ource: compiled by M.N. Voskresenskiy, A.A. Kurdanova

CornacHo Mexrocynapctsennomy craaaapry TOCT 34081-2017', kone6anus 30aHus TIpeICTaBISIOT
co00# Cynepro3unuio cOOCTBEHHBIX U BBIHY)KICHHBIX KOJ€OaHWH, BEI3BAHHBIX PAa3IMYHBIMUA BHYTPECHHUMH
(paboToii OBITOBOM TEXHUKU M PA3NMYHBIX TEXHUYECKUX CHUCTEM 3JIaHUS) U BHEITHUMH (TOPOJCKUM TpPaHC-
MIOPTOM, CTPOMKAaMH U T.II.) Bo3AecTBUAMHU. Clie10BaTeabHO, CTOUT 10J1araTh, YT0 B MOMEHT MaKCUMaJIbHO-
rO BO3JICHCTBUS HA 3[aHUE WM COOPYKEHHE, €r0 OTKJIMK KaK CHCTEMBbI Takke Oy/eT MakcuMmaibHbIM. [lo-
9TOMY JUISl TIONMy4eHHsI OOBEKTUBHBIX PE3YyJIbTaTOB PEKOMEH/IYETCS MPOBOIUTH OOCIEOBAaHUE B JTHEBHOE
Bpems ¢ 11:00 mo 13:00.

B peanbHBIX yCIOBUAX ATUTEIbHAS PETUCTPALMS MUKpOCeiicMuieckoro oHa B OJHOM TOUKe HaOIIO-
JICHUSI HE SIBJIIETCS HEOOXOJUMBIM YCJIOBHEM M 3a4acTyl0 HE MPEACTaBISeTCS BO3MOXKHBIM. Cremyromuit
3Tar HACTOAIIETO MCCIEOBAHUSI — OMpPEEICHHE ONTUMAILHON JIMTEIBHOCTH 3allCH MHUKpoceicM [23].
J11s 3TOTO M3 YacoBoro (haiiya JHEBHOM TPYIIIbI, COOTBETCTBYIOIIEI0 MAaKCUMAIbHOMY 3HAYEHUIO aMILTUTY-
ae1 (11:00), ObITH BBIACIICHBI YYACTKH JTUTENBHOCTRIO 1, 2, 3, 5, 7, 10, 15, 30 u 45 MunyT. J{ns sTux y4act-
KOB aHAJOTMYHBIM 00pa3oM OBLIN PACCUUTAHBI AMIUIUTYIHBIE CIIEKTPbI, KOTOPbIE OBLIIM COOTHECEHbI Ha Ofi-
HOM TpaduKe C YaCOBBIMH 3aMUCAMU MUHMMAJIbHOW M MAaKCHUMaJbHOW aMIUTUTY/bI, @ TAKKE C MEAMAHHBIM
3HaueHueM ucxonubix AYX (puc. 7).

[To rpaduky BUAHO, YTO CHEKTP AJISL OMHOMUHYTHOM 3allMCH 3HAYUTEIBHO OTIAMYAETCS OT O0IIel Kap-
THUHBI, UMEET BBIPAXXEHHBINA MUK B pailoHe 2 ['11, KOTOPBIM HE BBIPAKEH Ha APYrux KpuBbix. GopMa criekTpa
JUIS y4acTKa 3alKCH JJIMHHOW B 2 MUHYTBI TaK)Ke UMEET HAIVISAHbIC OTIUYHUS, YTO MOXKET CBUICTEIHCTBO-
BaTh O HAJIMYWHU CIIYYaWHOW aHTPONOTE€HHOW MOMEXH B MOMEHT perucrpanuv. HaunmHas ¢ TpEeXMUHYTHOH

'TOCT 34081-2017. 3nauus u coopyxenus. Onpeaenenre napaMeTpoB OCHOBHOTO TOHA COOCTBEHHBIX KoueGaHui. M.:
Cranpaptuadopm, 2017. 15 c¢. URL: https://internet-law.ru/gosts/gost/65412/ (nara oopamenus: 21.04.2023).
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3ammcH, (hopMa CrieKTpa MepecTaeT CyIeCTBEHHO MEHSTHLCS, U HAOIOMAI0TCS TOJIBKO aMIUTHTY/IHbIE Pa3iin-
9usi. AHAJOTHYHBIA BBIBOJ 00 SKCIIEPUMEHTAILHOM HCCIIEAOBAaHUN (DOPMBI TIOTy4aeMbIX CIIEKTPOB MPHUBE-
neH u B pabote B.A. JlaBbinoBa [25]. [locne yBennueHus: ATUTENIBHOCTH 3allUCH 0 5 MUHYT opMa CIEeK-
Tpa CTAHOBHUTCS TPAKTUYCCKH HUICHTHYHOW (OPME YacOBOTO CIIEKTPA, OJHAKO COXPAHSETCS pa3lIndHe IO
aMIuTyze. B HacTosIeM uccae0BaHUY BHUMaHUE yAeseTcsl He TOJIbKO YaCTOTHOW cocTaBistomein AUX,
HO ¥ aMIUTATYIHOM, TIOATOMY OBUTH BBIJICIICHBI MUHHUMAaJIbHBIC BpeMEHHBIC POMEXYTKH — 10 1 15 MuHYT,
KOTOpBIC HanboJiee CX0KHU C UCXOHOW YaCOBOU 3aMUChIO 110 000MM NapameTpaM (puc. 8).

AUX, monydeHHas 1O ECATUMHHYTHOW 3allMCH, UMEET MEHBIIYI0 aMIUTUTYIY, YeM IISITHAIIaTHMH-
HyTHasl 3amuch. M3 BcexX MCCIIEIOBAHHBIX YYaCTKOB 3alMCH PA3HOHN UIUTEIHHOCTH MATHAIIATHMHHYTHAS
3aIUCh SIBIIETCS MaKCUMAJIBHO MPUOIMKEHHON K 9aCOBOM M TIO3BOJISIET ONTHUMAJIEHO OIICHUTH CIICKTPAIIb-
HBIC XapaKTePUCTHKH B Touke HaOmromeHus. KpoMe TOro, yMEeHbIIIEHUE JITUTEIBHOCTH 3allUCH TIO3BOJISET
COKpAaTUTh BpPeMsl, 3aTpadeHHOE Ha 00cIe0BaHue 3aHui 0e3 yiiepoa Juis moae3Hoi HHpOopMaIIiHa.

st OOBEKTUBHOCTH PACCYXICHHH O HEOOXOAMMOW M OCTATOYHOW JIITUTCIILHOCTH 3aIMCH TEM Ke
MOPSIIKOM OBLT OPTaHMW30BaH PacdéT aMIUTUTYIHBIX CIIEKTPOB ISl TOUKH, HaxoAsmiecs Ha 1 aTaxe 3ma-
HUs (MaKCUMaJIbHO MPUOIMKEHHOW K TPYHTY). Pe3ynbraT cpaBHEHHUS CIEKTPAIBHBIX XapaKTEPUCTHK II0
X-KOMITOHEHTE TIpe/ICTaBJICH Ha puc. 9.

Ha puc. 10 BbIACIEHBI CIIEKTpAIbHBIE KPHUBBIE, IO (hopMe Hanboiee COOTBETCTBYIOIINE YaCOBOH 3aITu-
cu. OnHako Ha |5-MUHYTHOW 3amMCH MPUCYTCTBYIOT HEKOTOPHIE OTKIIOHCHHS B BHJIE BBICTYMAIONINX HITU
OTCYTCTBYIOIIUX NMHUKOB. Takum 00pa3om, Ipu MPOBEACHUHA 00CIICIOBAHUS, KOTOPOE BKITIOYAET B ce0s M3y-
JeHne o0Imero oobemMa 371aHus, MHHUMAIbHYIO JUTUTEILHOCTh 3aIIMCH Ha HIDKHUX 3TaKaX 00ObEKTa peKo-
MEHAYETCS YBeIHUUTh 10 20 MUHYT. DTO IMO3BOJIUT MUCKITFOYUTH BIUSHHUE CIYyYalHBIX TPYHTOBBIX U TEXHO-
TeHHBIX KOJIeOaHWH, CIIOCOOHBIX BIHMATH HA YaCTOTY COOCTBEHHBIX KOJICOaHMIA 0OBEKTA.

A, oTH. ef. /
A, relative unit

250

— — = Menmnana / Median
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ﬂ 2 MuHYTHI / 2 minutes

3 muHyTHI / 3 minutes
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10 muayT / 10 minutes

15 munyT / 15 minutes

30 munyT / 30 minutes

45 munyt / 45 minutes

s 60 muayT / 60 minutes

= fTu/fHz

Puc. 7. AMIUTyiHBIE CIIEKTPBI CKOPOCTH, paCCYUTAHHbIE JJIS1 Y4aCTKOB 3aIIUCH
C pa3HOM JAJMTENBHOCTHIO, [UIs BEPXHEH TOUKH 3JJaHUs
U ctounuck: Bemonaeno M.H. Bockpecenckum, A.A. Kypnanosoit

Figure 7. Velocity-amplitude spectra calculated for recording sections
with different durations, obtained for the upper point of the building
Source:compiled by M.N. Voskresenskiy, A.A. Kurdanova
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Puc. 8. AMIUTUTY/IHBIE CIIEKTPBI CKOPOCTH, PACCUNTAHHBIC JUIS YYAaCTKOB 3aITHCH
C Pa3HOH JIUTEIBHOCTBHIO, UMEIOLINE HauboJee HASHTHYHYIO (opMy
U ¢ 1 o unuk: BeimonHeHo M.H. Bockpecenckum, A.A. Kypranosoit
Figure 8. Velocity-amplitude spectra calculated for recording sections
with different durations, having the most identical shape
S ource: compiled by M.N. Voskresenskiy, A.A. Kurdanova
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Puc. 9. AMIIUTYIHBIE CIIEKTPBI CKOPOCTH, pACCYUTAHHbIE ISl Y4aCTKOB 3aITUCH
C pasHON ATUTENBHOCTHIO, IS HIDKHEN TOYKHU 3aHUs
U ¢ 1 04 nuk: BeimonHeHo M.H. Bockpecenckum, A.A. Kypranosoit

Figure 9. Velocity-amplitude spectra calculated for recording sections
with different durations, obtained for the lower point of the building
S ource: compiled by M.N. Voskresenskiy, A.A. Kurdanova
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Puc. 10. AMIUIMTYAHBIE CIIEKTPBI CKOPOCTH, PACCUUTAHHBIE [T YYaCTKOB 3aIUCH
C Pa3HOM AINTETBHOCTHIO, UMEIOLIHE Hanbosee HASHTHIHYIO hopMy
U c T o4 Huk: BeinoiaaeHo M.H. Bockpecenckum, A.A. Kypnanosoii

Figure 10. Velocity-amplitude spectra calculated for recording sections
with different durations, having the most identical shape
S ource: compiled by M.N. Voskresenskiy, A.A. Kurdanova

4. 3akJoueHue

Pe3ynbraTel vcciieJoBaHMs ONKUCHIBAOT HECKOIBKO BBIBOJIOB:

1. Ha ocHOBaHMM CHUCTEMBI aMIUTUTYAHBIX CIIEKTPOB YaCOBBIX BEJIOCUIPAMM IOJIYyUYEHbI CIIEKTPOrpaM-
MBI, IPEACTABISIONINE CO00M U3MEHEHHE CIIEKTPAIbHBIX XapAKTEPUCTHK MUKPOCEHCM B TeueHue 24 4acos.
[Tpu ananuse crekTporpaMM ObUIH BBIIEJICHBI JIB€ YCIOBHBIE BPEMEHHBIC TPYIIIbI CIIEKTPOB: «IHEBHAs» U
«HOYHas». MakcuMajibHOE BO3IEHCTBHE HA 3[aHHE MPUXOAMTCA HAa JHEBHBIE yackl, a uMenno 11%-13%.
O4eBHIHO, YTO B 3/IaHUSX MOXOKEro HA3HAUYEHHUS Yachl MAKCUMAaJIbHOW aKTUBHOCTU OyIyT aHAJIOTUYHBIMH,
MO3TOMY 00CJIe/JOBaHNE PEKOMEHIYeTCSl IPOBOAMUTDH B THEBHBIC YACHI.

2. AHam3 «THEBHBIX» 3amuceil pasnuuHou piutenbHoctH (1, 2, 3, 5, 7, 10, 15, 30, 45 u 60 MuHyT)
HaAIVISITHO J€MOHCTPHUPYET MOBTOPSIEMOCTh pe3yibrarta. JIMTeNbHOCTh 3aiCH MUKPOCEHCMUYECKOro (poHa
15 MuHYT siBAsieTCSl JOCTATOYHOM JUIsl TIOJYYEeHHs pe3yJbTara Mpu 0OCIIEeIOBAaHUHM YacTOThI COOCTBEHHBIX
koyiebanuii oobekTa. Ilpu BO3HUKHOBEHHH HE0OX0IMMOCTH OoJiee IeTalbHOTO 00CIIeIOBaHUS 3/IaHUs, C UC-
MOJIb30BaHMEM TOYEK Ha (PyHIAMEHTE WM HWXKHUX dTa)kaX, JJIMTEIbHOCTD 3allUCH PEKOMEHAYETCS YBEJIH-
yuTh 20 MUHYT.

3. B COOTBETCTBHM C HOPMATHBHO-TEXHMYECKOW JOKYMEHTAIMEW MpH HU3y4YeHUU KojeOaHuil cTpou-
TEJIbHBIX O0BEKTOB paccMaTpuBaroT auana3oH oT 1 g0 32 ['u. PaGoume 4acToThl YETBHIPEXITAKHOTO KHUP-
MUYHOTO 37[aHKS B TOPU30OHTAIBHOM MJIOCKOCTU HaXoAsTcsa B nuana3one 2,8...4,5 I'u. B Tekymiem uccieno-
BaHUU PETUCTPUPYEMBIN YAaCTOTHBIN Auana3oH orpanuyeH 60 ['u, mpu 06paboTke CrIEKTPOB HCIOIb30BAJICS
uaTepBai or 1 go 20 1'u, a 1 HADISIAHOCTH PE3yJbTaTOB JIEMOHCTpUpyeTcss auana3oH or 1 mo 101'n
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(cm. puc. 6-8). OgHaKo Py BO3SHUKHOBEHUH HEOOXOTUMOCTH 0oJiee IeTaIhbHOTO UCCIIEIOBaHUS KOHKPETHO-
rO COOPY)KEHHS B PACHIMPEHHOM JAMana3oHe 4acToT (Hampumep, 10 50 ') pekomeHyeTcs: moMUMO JTHEB-
HOW CHEMKH NMPOBOJUTH HOYHYIO. DTO IMO3BOJIHUT CBECTH K MUHUMYMY BKJIa/I TEXHOTEHHBIX TIOMEX Ha o0Iiei
KapTuHe MuKpoceiicM. 1o puc. 6 MOXKHO OIIEHUTh TEXHOT€HHBIN BKJIAJ TIOMEX, KOTOPBIE SIBHO OTOOPaKeHbI
Ha JTHEBHBIX 3aMHUCAX U MPAKTUYECKU OTCYTCTBYIOT HAa HOUHBIX AUX.
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