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KuiBchKkuii HallioHATBHUN YHIBEPCUTET OYIIBHUIITBA 1 apXITEKTypHU

®OPMYBAHHS TPIAHTYJISINIAHOI CITKH NI AICIO
HOPMAJILHOT'O 30BHIIITHHLOT'O HABAHTAKEHHS

llane oOocniodcenHs: NpuceiIueHo po3eUMKY MemoooN02li NPUKIAOHOL
ceomempii ma il IHCMPYMEHmMAapito Y HANPAMKY CMEOPEHH 2e0MEempPUUHO20
anapama 01 opmysanus OUCKPEemHUX KapKacié N0GEpXoHb, W0 QopMyIomsbcs
nio 0i€l0 HOPMANbHO2O 00 NOBEPXHI 308HIUHLOCO HABAHMAIICEHHS. 3d OCHOBY
Popmy6aHHs MaAKUX NOBEPXOHb NPUUHAMO CIMAMUKO-2eomempuyHull memoo [1].
L]eti MmemoO € c80€PIOHOI0 HAOUHOIW THMEPNPEMAYIEI0 MEMOQY CKIHYEHUX PI3HUYb
HA OCHOBI ONUCYy CMAMU4HOi pieHOBA2U B8Y31I68 OUCKPEMHOI CImKU, WO
Gdopmyemwbcs nio 0i€ro 308HIUHLOCO HABAHMANCEHHS HA 8Y31U CIMKU. BHympiwHi
3YCUniae Y 8°A3AX CIMKU, SKI 6PIGHOBANCYIOMb 308HIUHE HABAHMANCEHMHA,
88ACAIOMBCS NPONOPUTUHUMU  O0BHCUHAM BIONOBIOHUX 8 ’s3ell, U0 00360J5€
ONUCYBAMU BPIBHOBANCEH) CIMKY CUCEMOIO TTHIUHUX PIBHAHD.

llpoexmyesanns KOHCMPYKYIli BENIUKONPO2OHHUX NOKpUMMmIs
apxXimeKmypHux cnopyo 8 Haui 4ac 3aIuuacmscs akmyaivhoro 3aoadero. Cepeo
MaKux NOKpummie ocoonuse micye 3aumaroms maxi, popma AKux e modxce obymu
3a0aHa  00BIIbHO, A YMBOPKEMbCS Ni0  O0I€l0  NEeBHO20  308HIUHbLO2O
HABAHMAMNCEHHS, 30KpeMa (hopma NHe8MAmudHUX O0OONOHOK HU3LKO2O MUCKY
YMBOPEMbCsL Ni0 i€l 30UMK08020 BHYMPIUIHL020 MuUckKy. Taki nosepxi
MOdHCYymb Oymu npedcmasiexi miibKu Y OUCKPEmHOMY 8U2TISIOL.

Y oanomy oOocnioscenni nanpam 3ycunii HOPMAIbHO20 308HIUHBO2O
HABAHMAMNCEHHS, W0 Oi€ HA O0BINbHULL 8Y30]1 OUCKPEMHO NPeOCMABleHOi NOBEePXHi
(II1I1), susnawaemocs K nepneHOUKyIsap 00 NIOWUHU, OOMUYHOT 00 OUCKPEMHO
npeocmasieHoi NOBEPXHI Y YboMY 8Y3Jli.

YV pobomi nasedeno ancopumm gopmysanHs OUCKpPEmHO NpeocmasieHol
NOBepXHI Ni0 i€l HOPMAIbHO20 HasanmadicenHs. CKIad0si 0aH020 areopummy
8USTIAOAIOMb HACMYNHUM YUHOM. 3A0Al0OMbCsl 8UXIOHI napamempu OUCKPEMHO
npeocmaesieHoi N0BepPXHI; 3a0aA€EMbCS PO3ZNOOLT HOPMALLHUX 3YCUTL MIdHC 8)3NAMU
CIMKU; 3a0aromuvci ab0 U3HAUAIOMbCA KOOPOUHAMU 6CIX 8Y371i68 BUXIOHO20
HabaudiceHHs cimku, eusHavaromscs Koegiyienmu A, B, C 060x niowuH, wo
CNoyuaromov 8iONOBGIOHI 8Y31U 3IPKU CIMKU, Ol 8CIX GHYMPIWHIX 8Y3/1I8 CIMKU,
BU3HAYAIOMBCS NAPAMEMpPU 3YCUTL HOPMATbHO20 HABAHMAINCEHHS Y KOHNCHOMY
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BHYMPIWHLOMY 8Y3JIi CIMKU, BUHAUAIOMBCSA KOOPOUHAMHI CKIAO08I 8eKMOopda
3YCUNNA, NPUKIAOeH020 00 8Y31d CIMKU, CKIA0AEMbCS ma po38'si3yemubes
cucmema piBHAHb PIBHOBARU BY31i6 CIMKU Uepe08020 HAOIUNCEHHs, Oe
HeBI0OMUMU € KOOPOUHAMU BHYMPIWHIX V37118 CIMKU MA 3VCUNIS, BUSHAYEHI
KOOpOUHAmMu NOPIGHIOIOMbC 3 KOOPOUHAMAMU NONEPEOHbO2O HAOIUINCEHHSL.
Imepayitinuti npoyec 3aKiHYUYEMbCA, AKWO PISHUYSL MIKHC KOOPOUHAMAMU
NOMOYHO20 1 NONEPEOHbO20 HAOIUICEHHS HEe NePesUuUyE OONYCMUMOI NoXubKu. ¥
NPOMUNIEHCHOMY BUNAOKY IMepayitiHull npoyec npoooB’HCYEMbCs, NOUUHAIOYU 3
nynkmy 4.

Knrouosi crnosa: ouckpemna cimka;, OUCKpemHo npedcmasieHa no8epxHsi;
HOPMAJIbHe HABAHMANCEHHS;, OUCKPEMHUL KapKAC; MPIiaH2yIayiliHa cimka.

IHocranoBka npoodJiemu. [IpoekTyBaHHS KOHCTPYKIIM BETUKOIPOTOHHUX
NOKPUTTIB ApPXITEKTYPHUX CIOPYJI B HAll Yac 3aJIMIIAETHCS AKTYAJIbHOIO
3anayero. Cepen TakuxX NOKPUTTIB 0COOJIMBE MICIE 3ailMaloTh Takl, (popma IKUX
HE MOXe OyTH 3aJlaHa IOBUIBHO, & YTBOPIOETHCS MiJ] AIEI0 EBHOTO 30BHIITHBOTO
HAaBAHTAKEHHA, 30KpeMa (QopMa MHEBMATUYHHX OOOJIOHOK HHM3bKOIO THUCKY
YTBOPIOETHCS M1 J11€10 30MTKOBOTO BHYTPIIIHBOTO THCKY. Taki MOBEpXHI MOXKYTh
OyTH IIpeICTaBIICHI TUIbKH Y AUCKPETHOMY BUTJISIL.

AHaJi3 ocTaHHIX AoCaimxkeHb i myOJikaniii. [cHye OaraTo myO:miKarii,
NOB'SI3aHUX 3 (POPMYBAHHAM JHUCKPETHUX KapKaciB MOBEPXOHb BPIBHOBAKEHUX
CITOK, 1110 YTBOPIOIOTHCS ITiJ] II€F0 30BHINIHLOIO HaBaHTaxeHHs [1-7].

VY po6oti [3] 3ampomoOHOBAHO y3arajbHEHHS CTATHUKO-T€OMETPHUYHOTO
METOJly, 30KpeMa pO3IJIIHYTO (OPMYBAaHHSI JAUCKPETHUX KapKaciB IOBEPXOHb
MIJBOJHUX CIIOPY IijJ JIEI0 THUCKY BOAW y BUTJISII CITKH 3 YOTHPUKYTHUMU
KJIITUHaMHA. ABTOP MOJIEIIOE€ TOBEPXHIO 3 ypaxyBaHHSM TOrO, IO PO3MOILIT
30BHIITHBOTO HABAHTAXKEHHS MIXK BY3JaMU CITKA BIJMOBIIAE peATbHOMY
(G13UMYHOMY pO3MOALTY 30MTKOBOTO BHYTPIIIHBOTO ab0 30BHIIIHBOTO THCKY. Y
poOOTI MpeICTaBICHO AITOPUTMU NOOYI0BM 0€3MOMEHTHHUX O0OJIOHOK T J1€X0
HOPMAJIbHUX JI0 MOBEPXHI BEKTOPIB 30BHIMIHIX 3yCWJIb y BY3JaX JUCKPETHOI
citku. Y poborax [6, 7] posrisHyTO (DOpMyBaHHS AMCKPETHUX KapKaciB
OJTHOBUMIPDHUX Ta JABOBUMIPDHUX CTPYKTYp, SIKI MOJENIOIOTh TEKTOHIYHI
KOHCTpYKIi. Y poborax [4, 5] HaBeaeHO cmocoOM KepyBaHHS (HOPMOIO
JUCKPETHO BU3HAYEHMX MOBEPXOHb, 110 MalOTh 3alaHuil 00'eM. Y Oaratbox
JOCTIPKEHHSAX PO3IJISHYTO YTBOPEHHS AMCKPETHUX KapKaciB IMOBEPXOHb 3a
PI3HUMU 33JJaHUMH YMOBaMH.

B ocHOBI nepeniueHnx T0CiiIKEHb JISKHTh CTATHKO-TEOMETPHIHHN METO.]
dbopMyBaHHS TUCKPETHUX KapKaciB MOBEpXOHb [1].

Hias crarri. 3anponoHyBaTH TreoMeTpUYHUM amapatr (opmMyBaHHS
JUCKPETHUX KapKaciB MOBEPXOHb, 3 KIITHHAMHU TPUKYTHOI (popMmu, Mmia Ai€r0
HOPMAJIBHOTO JI0 MOBEPXHI HABAaHTAKEHHS.

OcHoBHa w4actuHa. Hanpsm 3ycuuisi HOPMaJbHOTO 30BHIIIHBOTO
HaBaHTaXEHHs, 110 Ji€ Ha JoBUIbHUM By3oa [IIII, Bu3HayaeThca SK
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NEePHeHIUKYJISIp 10 TuiomuHau, notuuHoi o JIII y mpomy By3mi. JloTuuna
IUIONIMHA TIOBMHHA OYyTH TapayiebHOIO IUIOMIMHI, IO MPOXOAWTH Yepe3
HaBkosmmHi By3nmu E, F, G, H, J 1 K (puc. 1) 3ipku ciTkn, ane 111 HaBKOJHUIITHI
BYy3JIM HE JIGKaThb B OAHIM IUomuHi. TOMy HOpMaihb N BHU3HAYAETHCH SK
OicexTpuca KyTa, 0 YTBOPIOETHCSI HOPMAISIMH 72" 1 n”” BIIMOBITHO /10 TUTOIIHH
KFH 1 EGJ. Ina noGynoBu OiceKTpUCcH N Ha HOpMAJSX #' 1 1" BIAKIAAaI0ThCA
Big Touku M oxnakosi Bimpizku ML=MN=a. Cepeauna R Biapizka NL pazom 3
BY3JIOM M BH3HAYaIOTh IIyKaHy HOpMaJIb N.

Puc. 1

[Tmomuua KFH Mae piBHSHHS:

A1X+Bly+ C12+D1 == 0,

Ie:
Yk Yr YH Zg Zp Zy Xk Xp Xy
Ay =|Zx Zr Zy|; B, = |xxk Xr Xpy|; Ci =Yk Yr Yl
1 1 1 1 1 1 1 1 1

[Mepnenaukymsip n”° o wiomuan KFH Mae piBHSHHS:

x_xsz_yM:Z_ZM
Aq By Ci
PiBasanns mrommaun EGJ:

A2x+B2y+ CzZ‘I‘DZ - 0,
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A€

YE Y Y Zg Zg 4 Xg X X
A, =|Zg Z¢ Zj|; B, =|xg X¢ X; C, =Yg Yo Yyl (5)
1 1 1 1 1 1 1 1 1

PiBusHHS nepnieHaukysapa n”” n1o miomuan EGJ:
X—=Xm _Y—YVm Z—Zy (6)
A, B, Cy
PiBHsHHS OicekTpucu N KyTa MK TMepHeHAUKysipaMu n' 1 n”
BU3HAYAETHCS SK MPsAMa, 110 MIPOXOIUTh uepe3 Touku M i R:

x_xM _
Ai\JA2 + BZ + C2? + Ay\JA% + B2 + C}?
Y —Yu

B,\JA% + BZ + 62; + 52\/,45 + B2 + C?
—4M

CiJAZ + B2 + CZ+ Cp\ /A2 + B2 + C2

(7)

JloBkrHa BeKTOpa P 3yCHJIIs 30BHINIHBOTO HAaBaHTaXEHHS y By3ni M
JIOPIBHIOE:

p = \/sz + P2+ P2, (8)

KoopaunatHi cknafoBl 3ycujuisi P BHU3HA4yalOThCsl TPU  CyMICHOMY
po3B’szanui (7) 1(8), BBaxaroun B (7) x —xy = P,y —yy =P, z—2zy = F;:
U-pP

VU VI WE
V-P

X

P, = ; 9
YU VI W )
B w-PpP
CNUErvErwE’
ne: P —3amana qoBKHHA BEKTOPA HOPMAIBHOTO 3yCHILIS y BY3Ii M,
U= AyJAS + B + C} + Ay JAZ + BE + CF; (10)
V = B;\JA2 + B? + C? + B,\JA%? + B2 + CZ;
W = C;\JA% + B2 + C? + C,\/A? + B2 + C? — napamerpu, 1m0

BPaXOBYIOTh HAXUJI BEKTOPA 3yCHILIS Y JIOBLIBHOMY By31i M; j 10 KOOpIMHATHUX
IIJIOIIIHH.

}IKI_HO Pxi,j = kxi,j;Pyi’j = kYi,j ; PZi,j = kZi,j ,
TO
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U By v w
e ; y.’. el ; Z.’. frd
Voz+vz+wz’ Y NuTrvEIew? Y Uz vz + w2

(11)

kxi‘j

HoBi xoopanHaTH By3IiB CITKH y YeproBOMY HaONMKEHHI BU3HAYAIOTHCS
U PO3B'SI3aHHI CUCTEMH PIBHSAHD PIBHOBAru BY3JiB:

Xi—1,j ¥ Xi—qje1 + X jer + Xigrj + Xigqjo1 + X -1 —6x;; + ki jPx;; =0

Yi—1j t Yi-vje1 F Vijer t Vivrj + Vierj-1 + Vij-1 — 6¥i; + ki jPy;; =0 (12)
Zi g+t Ziqje1t Zijer + Ziga,j t Zigq,jo1 + Zijo1 — 62+ k; jPz;; =0

Anroputm ¢opmyBanns Il mig gi€0 HOpManbHOTO HaBaHTAXKEHHS
BUTJISIIA€ HACTYITHUM YHHOM:

1. 3anarothest BuxigHi mapamerpu JIIII (TomosoriuHa cxema CITKH, BY3JIH
OTIOPHOTO KOHTYpa Ta KOOPAUHATH OJTHOTO 3 BHYTPIIIHIX BY3JIiB);
2. 3amaeTbest poO3NOALT HOPMAIbHUX 3yCHIIb MK By3J1aMU CITKH (HOpMaJibHE

HABAHTAKEHHA MOXXe OyTH OJHAKOBUM B YCIX By3jJaxX a00 (YyHKIIIOHAJIBHO
3aJIEKHUM BIJl KOOPJMHAT BY3JIiB CITKH);

3. 3amaroThcsi a00 BHU3HAYAIOTHCS KOOPAMHATH BCIX BY3JIIB BHUXIAHOTO
HaONMMKCHHS CITKH,

4, 3a ¢popmynamu (2) 1 (5) BuzHavaroThes koedimientu A4, By, C1, A,, B,, G,
wiomuH KFH 1 EGJ niist Bcix BHYTpIIIHIX BY3J1iB CITKH;

5. 3a dopmynamu (10) BuzHawaroThes mapamerpu U, V, W 3ycuib
HOPMAJIbHOTO HABAHTAXKEHHS Y KOKHOMY BHYTPIIIHBOMY BY3JI1 CITKH;

6. 3a popmynamu (11) BusnavaroThes kKoedirientn Kx;j, Kyj;, kz;;;

7. Cknanaetbes Ta po3B'sizyerbes cuctema (12) piBHsAHb pIBHOBaru BY3JiB

CITKH Y€proBOTO HAOJIMKEHHS, 1€ HEBITOMUMU € KOOPAUHATH BHYTPIIIHIX BY3J1B
CITKHU Ta 3ycuus P j;

8. BusznadyeHi koopAuMHATH MOPIBHIOIOTHCS 3 KOOPAMHATAMH TOMEPEIHBOTO
HaOmDKeHH. [TepamiiHUil mporec 3aKiHUYEThCS, SKIO PIZHUIST MK
KOOpAMHATAMU TOTOYHOTO 1 TIONEPEIHbOrO HAOJIMKEHHS HE MEpEeBUILYE
nomyctumoi nmoxubku o < 0,001. V npoTuiIeXKHOMY BHITQAKYy I1TepaliiHUiA
MIPOIIEC TPOIOBKYETHCS, MOYMHAIOYH 3 MTyHKTY 4.

Ilpuknao. 3agaHo TOMOJOTIYHY CXEMY CITKHU (pHUC. 2), OOPHUN KOHTYD y

BUIJIAAI Kosla x2 + y2 = 16, anutikara LEeHTPaIbHOTO BY3/a Zg, = 4 1 JomycTuMa
noxuOka npu o04KcieHH1 koopauHat By3iiB o < 0,001.
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Puc. 2. Tomosnoriuna cxema CiTK!

3a HaBENEHUM AJIFTOPUTMOM IMiJIPAXOBAHO KOOPJIWHATH BY3JIB CITKH. Y
: 1 .
TaOJIUIl HABEJEHO KOOPAUHATH , JACTHHH CHMETPHYHOT CITKH, AKY MOKa3aHO Ha

puc. 3.
Tabnuys
Koopaunatu By3:1iB CiTKH
X y A X y A X y Z
=2 -2 3.464 0 0 4 0 2 3.464 0
j=1 | -1.757 | 3.043 | 2.495 | 1.757 | 3.043 | 2.497 | 3.464 2 0
=0 0 0 4 3.514 0 2.495 4 0 0
=0 i=1 =
/|
J /o Pz
— \ S !
/ | \\ > < \
\ / —— = \
\\ ///// \\\\ \
/
/

Puc. 3. 3MonenroBaHa MOBEPXHS
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BuCHOBKM Ta nepcrneKTUBH. Pe3ynbTaTom J0CHiHKEHHS € po3po0ieHuit
reOMeTpUYHUIN amapaT st (popMyBaHHSA AMCKPETHUX KapKaciB MOBEPXOHb 3
TPUKYTHUMU KIIITUHAMH i1 A1€10 HOPMAJIBHOTO JI0 MTOBEPXH1 HABAHTAKCHHS.
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FORMATION OF A TRIANGULATE MESH UNDER THE ACTION OF
A NORMAL EXTERNAL LOAD

This study is devoted to the development of the methodology of applied
geometry and its tools in the direction of creating a geometric apparatus for
forming discrete frames of surfaces formed under the action of an external load
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normal to the surface. The basis for the formation of such surfaces is the static-
geometric method [1]. This method is a kind of visual interpretation of the finite
difference method based on the description of the static equilibrium of the nodes
of a discrete mesh formed under the action of an external load on the mesh nodes.
The internal forces in the mesh links that balance the external load are considered
proportional to the lengths of the corresponding links, which allows describing
the balanced mesh by a system of linear equations.

Designing structures of long-span coverings of architectural structures
remains an urgent task in our time. Among such coverings, a special place is
occupied by those whose shape cannot be set arbitrarily, but is formed under the
action of a certain external load, in particular, the shape of low-pressure
pneumatic shells is formed under the action of negative internal pressure. Such
surfaces can be represented only in a discrete form.

In this study, the direction of the force of the normal external load acting
on an arbitrary node of a discretely represented surface (DSP) is defined as
perpendicular to the plane tangent to the discretely represented surface at this
node.

The work presents an algorithm for forming a discretely represented
surface under the action of a normal load. The components of this algorithm look
as follows: the initial parameters of the discretely represented surface are given;
the distribution of normal forces between the nodes of the grid is given; the
coordinates of all nodes of the initial approximation of the grid are given or
determined; the coefficients A, B, C of two planes connecting the corresponding
nodes of the grid star are determined for all internal nodes of the grid; the
parameters of the normal load forces at each internal grid node are determined;
the coordinate components of the force vector applied to the grid node are
determined; a system of equilibrium equations of the grid nodes of the next
approximation is constructed and solved, where the coordinates of the internal
grid nodes and the forces are unknown; the determined coordinates are compared
with the coordinates of the previous approximation. The iterative process ends if
the difference between the coordinates of the current and previous
approximations does not exceed the permissible error. Otherwise, the iterative
process continues, starting from point 4.

Keywords: discrete grid; discretely represented surface; normal load; discrete
frame; triangulation.
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