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Abstract

Thin-walled spatial constructions in the form of slabs and shells are widely used in civil
construction. Increasing the efficiency of spatial constructions with thin-walled discrete
parameters, rectangular ribs is connected with the refinement of new calculation schemes
and calculation methods. It is known that the investigation of each construction is based on
certain simplifications, optimizations, which refer to both displacements and deformation,
bending values. including dependence, stress distribution law, stiffness, load action and
others. Considering the real working conditions of the construction requires a critical
assessment of the mentioned simplifications and in each specific case, if necessary, their
improvement.

Constructions with thin-walled rectangular beams are often subjected to such loads that the
displacements are proportional to the thickness and the linear calculation theory can no
longer meet the requirements for the constructions. The use of low-modulus materials calls
into question the theoretical requirement of infinite shear stiffness in mid-surface driving
planes. The further development of industry and construction leads to and makes relevant
the creation of new constructions, which are obtained by connecting individual panels of
tiles and shells to each other manually or rigidly at a certain angle. In such a construction,
we will have a mid-surface refraction. If separate panels are joined in a straight line, we will
get a break in the deboring process, and if they are joined at an angle, we will have
deformation. Such constructions introduce pair parameters and their calculation needs to
be done using discontinuous functions.

An algorithm has been developed that allows us to make the optimal planning of the poles
with simple operations, the algorithm is based on the finite element method, which in turn,
in addition to optimization, allows to calculate the strength.

To verify the results, the desired results are compared with a commercially available
software package, and a real experiment is also conducted.
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2.11 bsbirnyem gangdgb@oms gsdmygbgdoom Lbgrymols GHm3memyools m3GH0dobogos
G300l Mm33H0d0Bs30s 5MOL 3mbLEMWJ300L OBs0boL, LEBHGWIGMOOLS ©

3565993900l 93300l 3Mm3glo dmEgdvmeo Mm3E0ds)MHo  300GIO0Tolm30l
oo BMbJEoMmbo®mgdol dgbseBmbBgdol 56 gowmdx mdgligdols OMU.

AM3@ma00L  M3GH0d0BsE0s 9MOL FMMIOL  M3EGH0T0Bs300L  gho-ghHmo  Loby,
MOM39wo3 3mMMmdl  m3G0ToeE  Asbogrols  gobsfogdols  dqgdsl, Losbys®odm
dmgol  mEmodol, ©OAH306MHmM30L5 o LobobEzdm  306MH™dYdOL
30035¢0L{0bgd0m.  BHMIMEMYool M3EGH0T0DsEool Y439esDY 293MEIXIOVICNO
99%399BIO0 Bm®ss solid isotropic material with penalization (SIMP).

363960 99009y 65065 HoMr0doMmngds. begds Lol 9wgdnb@gdoom dmgerols
394965 3oLob LolsBPZOHM 30MHMBGOOL s 3M0EGHIO0MIGdOL QoBLIBWIMS.

19 (Mardaleishvili & Arkania, 2019)
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LoLoBOZOM 306MHMBYO0 29olbdmdl 9ergdgb@gdol ™ogolzEgdol boGolbl, dsom
B53536900L 03l 5 295 A0YdGO0L 45BLIBOIM.

3600@9M0mdom 30 39b3LsBW3M3m  M3EGH0T0DBOEoOl  3m9gR0E06AL,  M™IgEog
LodMEMm Lo, LYol oL MBIRIMPMBIL 30h3969d0.

3965 EH0Bo30s 4olbdmdl, 6Mwmsb dosbwmgdmmwo gsOEmdomo 1od3zzmogzol
LSOO 9e9d96GHJOOL AW YOIEYMRBIL S Fo0) 5MRYOL BSEOSb.

900900 3909306 3mImambmMmdolsmgol  LBoFo®mms, olbgmo  gegdgb@godols
396560696905 OHMIGEms BoMEOMOI0MO 1093360039 J0obMYdME0s GODMIB.

20

21

b9635000 30. 0553000090 d9¢rol 23080 o980 Feaogero 39b65¢rHobsgoob Ggomol
3500299698000.

* p(e) = 1 bosg BoMMdomo 109330039 JogJLoTsEOH05(8530)

* p(e) = 0 bosg BoMMd0MO 103330039 6)Mb FosbEMYdME0s (MYNEO)
95250005, bLYMINDBY BsB3g6gd0s oBHZ0MMM dgerdo sbverol Mm3EGH0doDYdMEo
39boggds. dgsMo 9egdgh@GHgdol LodzzmozolL ple) =1 sGOL o30, bmErm dsPOEO
999950700 ple) = 0.

20 (Cook, 1995) (Calister & Rethwisch, 2013) (Jiang, Ren, Liu, Zhang, & Wang, 2018)

1 (Giorgobiani G. K., 2022) (Gerofi, Ishikawa, Reisen, & Wisniewski, 2019) (Gurgenidze, Kipiani,
Badzgaradze, & Suramelashvili, on analysis of thin-walled spatial systems of complex structure with
discontinuous paramters by method of large blocks, 2020)
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96003690m35600 GMamO Lol Mm3GH0TowGo  gobsfoergdolomgzgol  sbigzg

9306m303MM0  M35wLsBOOLom, Jwsboze  Lsddgbgderm  1dgdgddo  SEGOIME0S
d9e900L 93350900 LESBbIME Mo Bgdgdo Mo3E Y3930l bgalisgMgaro s6ss.
G300l M3EH0T0Ds30s 335993l Bodwogdsl Mmd 893039dsmo  dgargdols
33035 MOH0 2563900l bdgds B39gMIgddo S 3MBLMEYG AsEsbMEM39ddo obg Mmd
5060360 m3EH0doBsEol 999 3MbLE®MWJ3o0l 3gdsbozm@mo dsbsliosmgdargdo
56 B350 9ds 3sbo3MEo Lsddgbgderm Bggdoo doEMAoLLL I3MHMYJE oM
30bLE®Mwd3090L.

A3 Q00L m33H080boE0s gdyscnds 9999y BMbIEosL

F = Fla(p).p) = [ fa(p),p)aV

Gol(p) _Lﬁ'dV—VH <0
G_?(u(p},p'} <0withj=1,...,m

AM3M™P00L M3E030DoE00l 3MmEgLo gdyscgds dobbmdMmogo F(u(p),p gmblzost.
ol Hotm3moagbl 9ergdgbEgdols Gomgbmdsl, Gmdgo d0b0dmdsdgs syzsbowo
35Jb0doE Mo LodEIoEOLIMZOL, SOLYdMO FMb300L Fglsdsdobmdol dobodoBsEos
00393L bLEAHONIEHMOOL LoboliEob FoJuLosEIE oDBOPL.

22

2.13dgemol m3E0doBsEos
™330d0Ds30ol 3MMm3EgLOL 9539dEIOMOOL LsB39BIdMO® 5©0gdME 0dbs oM G030 dgero

3903 B3sgM90905 300099030 bmem sEH30MmM3s Mol 396@®T0

22 (Calister & Rethwisch, 2013) (Baraldi & Cecchi, 2017) (Gerofi, Ishikawa, Reisen, & Wisniewski, 2019)
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dggdol  Mm3GH0doEo  3obEsgdol  oygbs.  33eg30Lom30lL  9MTobgml
390560930 0gbgds:
e 3ol03eO dgwo 53mFMHgdol s LoMEY9dOL 4909
e B93L Bog® 89999539000 GHM3MEMR00L Mm3EGH0T0oDo300l 3OMYMmsds(MatLab)
o 3MmIgOH 30w bgwdolsfzomdo @GHm3memmaool Mm3GH0dobsgool 3GMAEMmsTs
ParetoCloud
( SCIART, LLC)
99056905 dmbgds Moo gdudgeodgb@ol Logwdlzgwby.
3D 36M0bGHgmby  ©odgFowo  0dbgds  dgwo  godsMo@Gmmwo  bmdoom
100x20x7[mm]396@&®d0 dmgdwgero doews 450 [6]. 2

2.14 MatLab_ols 36mg 585 ¢m3memyool m3@odobsgoolismgols
50b0dbMEo  3m@ol  go8mygbgds Fgbodegdgeos FoMGH030 dgEol  GHm3mEmool

™330d0Ds30olsm30l, d0gdwo 999aJ00L 350EsE0s begds sligzg dgwagbowo
3MO0M 5 M3EGH030H0MGOM0o ol 3D 3MmyMs9g00Lbmz0L Jobomgd Bm™mIs@Edo
(STL) 39009396s.

oo 9egd9b3gdol  39bserBHoBs3os, bgds FJomnBg  ImEgdvIemo  dsd30L
RBMHEMd0m 103336003966, BoEHMOL LoRWIZESE 50YJOYW0s OBMIMBYGHOIXO
LolBMEo 9E9dgbBHYOOL 2osbasM0T9d0L IgMmEO. OLZMYEODsEool d90gy bgds

B (dgMmsdz0eo, 2021 )
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3m0mygbobogos o3 9mMomaAL 5dwg3l 3mdmgbmo LBEHMMIGHOOL LMol
Los3  9w9gdgb@gdol  FsMmdomo 103330039 FoobrmgdEos  BodlodoErME
360383690Md5L05b - 9P sb.

900900 8909208  350Eo30s bgds 93539 SamGomdol dgmeg bsfowdo,
Lol 99d9bEGHMS FgNMEOL godmygbgdoo.

3505300l 89999, s 356599GHMEo dmgeol 2960000Mgds STL gmmds@do.

functiontop (nelx,nely,volfrac,penal, rmin);
$INITIALIZE

X (l:nely,l:nelx)

=volfrac; loop=

0;
change=1.;
$STARTITERATION
while

chang

e >

0.011

oop=1

oop+l

;xold

SFE-ANALYSIS

[U]=FE (nelx,nely,x,penal) ;
SOBJECTIVEFUNCTIONANDSENSITIVITYAN
ALYSIS[KE]= 1k;

c=0.;
forely=l:nely
forelx=1:nelx
nl =
(nely+l) * (elx-
1)+ely;n2=(nely

+1) *elx tely;

Ue = U([2*nl-1;2*nl; 2*n2-1;2*n2;
2*n2+1;2*n2+2;2*nl+1;2*nl+21,1);
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000000000000

o o o 2 0000000000000000000000000000
%%%%%%%%5%%%%%%%%%%%%%%%%PenalizedMATLABReam%%$%%%%%%%%%%%%%%%%%%%%%%%%%%

figure (4)
set (figure(4), 'Position', [200 250 1000
500])plot (P1Stroke,PlForce, P2Stroke, P2Force, P3Stroke, P3Force, P4St

roke, P4Force)gridon

xlabel ('Deflection(in) ', "Fon
tSize',12)ylabel ('Load(lbs)'

, 'FontSize',12)

title('PenalizedMATLABBeamLoadvs.Deflection', 'FontSize',18)legend('P1"','P2"'

,"P3','P4', "Location', '"northeastoutside')

5 Flexural Resilience
Calculation[strain,num]=min (abs (Pf-
65)) ;Penalized Resilience=trapz (Pd(l:nu

m),Pf(l:num));

$FlexuralModulusCal
culation[val, loc]=m

in (abs (Pd-.04)) ;

k=polyfit (Pd(l:1loc),Pf(l:1loc),1l);PFM
=(k(1)*L"3)/ (4*b*d"3) ;r=refline (k(
1),k(2));

set (r, 'Color','r")
x1im([0,0.257)
ylim([0,2007)
%FlexuralToughnessCal

culationPf2=Pf;

Pf2 (isna
n(Pf2))=
[1;

Pd2=Pd;

Pd2 (isnan (Pd2))=[];Penaliz
ed Toughness=trapz (Pd2,Pf2
);
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% Energy
CalculationPenalizedPW=Penalized Re

silience*PV;PenalizedFW=Penalized T

oughness*PV;
% Present

Datadl=[num2str
(PV), 'in”3"]1;

d2=[num2str (PFM), !
psi'];d3=[num2str (Penalized Resilience), 'in*1
b/in”3'];d4=[num2str (PenalizedPW), !
in*1b'];d5=[num2str (Penalized Toughness), !

in*1lb/in”3'];d6=[num2str (PenalizedFW),

'in*1lb'];
$%%%%%%%%5%%5%5%5%%%%%%5%%5%5%5%5Non-PenalizedMATLABBEAMS%$%%%%%%%%%%%%%%%%%%%%%%%
figure (5)

set (figure(5), 'Position', [200 250 1000

500])plot (NP1Stroke,NP1lForce,NP2Stroke,NP2Force,NP3Stroke,NP3Force, N
P4Stroke,NP4Force)

gridon

xlabel ('Deflection(in) ', "Fon
tSize',12)ylabel ('Load(lbs)'
, 'FontSize',12)

title ('Non-
PenalizedMATLABBEAMLoadvs.Deflection', 'FontSize',18)legend('NP1', '"NP2"', "NP3

', '"NP4', '"Location', 'northeastoutside')

% Flexural Resilience
Calculation[strain,num]=min (abs (NPf-
110) ) ;nonpen Resilience=trapz (NPd(l:nu
m) ,NPf (1:num));

$FlexuralModulusCal
culation[val,loc]=m

in (abs (NPd-.1));
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NPFM= (1 (1) *L"3)/ (4*b*d"3);

r=refline(1(1),1(2));

set(r, 'Color','r")
x1im([0,0.257)
ylim([0,200])
$FlexuralToughnessCal

culationNPf2=NPf;

NPf2 (isnan
(NP£2) ) =[]

NPd2=NPd;

NPd2 (isnan (NPd2) )=[];nonp
en_Toughness=trapz (NPd2,N
Pf2);

% Energy
CalculationnonpenPW=
nonpen Resilience*NP

Vi;nonpenFW=nonpen To

ughness*NPV;

% Present
Datael=[num2str (

NPV), 'in*3'];

e2=[num2str (NPFM) , !
psi'];e3=[num2str (nonpen Resilience)
,'in*1b/in"3"'];ed=[num2str (nonpenPW)
,"in*1b'];e5=[num2str (nonpen Toughne
ss), !
in*1b/in”3'];e6=[num2str (nonpenkFw) , '

in*1lb'];
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figure (6)

set (figure(6), 'Position', [200 250 1000
500])plot (PWlStroke, PWlForce, PW2Stroke, PW2Force, PW3Stroke, PW3Force, P
W4Stroke, PWdForce)

gridon

xlabel ('Deflection(in) ', "Fon
tSize',12)ylabel ('Load(lbs)'
, 'FontSize',12)

title ('ParetoCloud Beam Load vS.
Deflection', 'FontSize',18)legend('PWl', 'PW2','PW3"', 'PW4"', 'Location', "'northeas

toutside')

% Flexural Resilience
Calculation[strain,num]=min (abs (PWf-
100) ) ;Pareto Resilience=trapz (PWd(l:nu
m) , PWf (1:num)) ;

$FlexuralModulusCal
culation[val, loc]=m

in (abs (PWd-.06)) ;

m=polyfit (PWd(l:loc),PWf(l:1loc),1);P
WFM= (m (1) *L"3)/ (4*b*d"3) ;r=refline
(m(1),m(2));

set (r, 'Color','r")
x1im([0,0.257)
ylim([0,2007)
$FlexuralToughnessCal

culationPWf2=PWf;

PWf2 (isnan
(PWE2)) =[]

’

PWd2=PWd;
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end

%Getfaces,vertices,anduser-

definedoptionsforwriting[faces, vertices,
options] =
parselnputs (varargin{:});asciiMode=strcmp (options

.mode, 'ascii');

%Createthefacets
facets=single (vertices');

facets=reshape (facets(:,faces"'),3,3,1[1);

%Computetheirnormals

Vl=squeeze (facets(:,2,:)-facets(:,1,:));
V2=squeeze (facets (:,3,:)-facets(:,1,:));

normals=V1 ([231],:).*V2([312],:)-V2([231],:).*V1([312],:);

clearV1v2

normals=bsxfun (@times,normals,l./sqrt (sum(normals.*normals,1l)));f
acets=cat (2, reshape (normals, 3, 1,[1),facets);

clearnormals

%Openthefileforw

ritingpermission

S={lw|’lwb+l};

fid=fopen (filename,permissions{asciiMo

de+1});if (fid == -1)
error ('stlwrite:cannotWriteFile', 'Unabletowriteto%s', filename);

end

$Writethefilec
ontentsifascii

Mode

$WriteHEADER

fprintf (fid, 'solid%s\r\n',options.title);



% Write
DATAfprintf (fid,
[...

'facetnormal%.7E%.7E%.7E\r\n'...

'outerloop\r\n'...
'vertex $.7E $.7E
%.7E\r\n' ...'vertex

7TE %.7E  %.7E\r\n'

o

o°

.'vertex $.7E .TE

o°

.7EA\r\n'
.'endloop\r\n'
.'endfacet\r\n'], f

acets) ;
FWriteFOOTER

fprintf (fid, 'endsolid%s\r\n',options.title);

else%BINARY

end

SWriteHEADER
fprintf (fid, '$-80s',options.title); %
Titlefwrite (fid, size (facets,3), 'uint32");

SNumber

offacets

$WriteDATA
%Addoneuintl6 (0) totheendofeachfacetusingatypecastingtrickface

ts=reshape (typecast (facets (:), 'uintle"),12*2,[1);

%Setthelastbittol (default)orsuppliedRG

Bfacets (end+1, :)=options.facecolor;

fwrite (fid, facets, 'uintloe'");

fprintf ('"Wrote%dfacets\n',size (facets,2));
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$%Inputhandlingsubfunctions
function[faces,vertices,options]=parselnputs (varargin)

$Determineinputtype

ifisstruct (varargin{l})%stlwrite('file', FVstruct

.)if~all(isfield(varargin{l}, {'vertices',

7o .

'faces'}))

error ('Variablepmustbeafaces/verticesstructure');

end

faces =
varargin{l}.faces;ver
tices=varargin{l}.ver

tices;

options=parseOptions (varargin{2:end});

elseifisnumeric(varargin{l})

firstNumInput
cellfun(@isnumeric,varargin); firstNumInput (find (~firstNumInput,1)

0;%0Onlyconsidernumerical

input PRIOR to the first non-
numericnumericInputCnt=nnz

(firstNumInput) ;

options=parseOptions (varargin{numericInputCnt+l:en

d});switch numericInputCnt

case3%stlwrite('file',X,Y,Z,...)
$Extractthe
matrixzz=va

rargin{3};

%$ConvertscalarXYtov
ectorsZsizeXY=flipl

r(size(Z2));

fori=1:2
ifisscalar (varargin{i})
varargin{i}=(0:ZsizeXY¥ (i) -1) *varargin{i};

end

rend) =
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elseifnumel (varargin{l})==
ZsizeXY (1) &&numel (varargin{2})==ZsizeX

Y (2)

$ConvertvectorXYtomeshgrid
[X,Y]=meshgrid(varargin{l},va

rargin{2});else
error ('stlwrite:badinput', 'UnabletoresolveXandY

iables'); . . .
variables?’) cO=bitshift (ones (size (faces,1),1, 'uint16'),15);

end

%Converttofaces/vertices

ifstrcmp (options.triangulatio
n, 'delaunay') faces=delaun

ay (X,Y);

vertices=[X(:)

Y(:)Z(:)];else

if~exist ('mesh2tri', 'file'")
error ('stlwrite:missing', '"mesh2tri"is
requiredtoconvertX, Y, ZmatricestoSTL.Itcanbedownloadedfrom:

\n%s\n', ...

'http://www.mathworks.com/matlabcentral/fileexch

ange/28327")end

[faces,vertices]=mesh2tri(X,Y,Z,options.triangulation);

end

case2%stlwrite('file', FACES, VERTI

CES, ...)faces= varargin{l};

vertices=varargin{2};
$Redcolor (10:15),Bluecolor (5:9),Greencolor (0:4)
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cO=bitor (bitshift (bitand (2”6~

1, facecolor(:,1)),10),c0);cO=bitor(bitshift (bita
nd(2711-1, facecolor(:,2)),5),c0);c0 =
bitor (bitand(276-1,

facecolor(:,3)),c0);options.facecolor= c0;

else
options.facecolor=0;

end

functionoptions=parseOptions (v

arargin) IP= inputParser;

IP.addParamValue ('mode', 'binary', @ischar)

IP.addParamValue ('title',sprintf ('Createdbystlwrite.m%s',datestr (

now) ), @ischar);

IP.addParamValue ('triangulation', '"delaunay',@ischar) ;I
P.addParamValue ('facecolor', [],
@isnumeric) IP.addParamValue ('facecolour', [],

@isnumeric) IP.parse (varargin{:});

options=IP.Results;

if
~isempty (options.facecolour)
options.facecolor=options.fa
cecolour;

end

function[F,V]=mesh2tri (X,Y,Z,tri type)

[J,I]l=meshgrid(l:1l:size(X,2)-1,1:1:size(X,1)-1);

switchtri type

case'f'%Forwardslash

TRI I=[I(:),I(:)+1,I(:)+1;I(:z),I(:),I(:)+1]1;
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F=subZind(size(X),TRI I,TRI

_J);case 'b'%Back slash

TRI I=[I(:),I(:)+1,I(:);I(:)+1,I(:)+1,I(:)];
TRI J=[J(:)+1,J(:),Jd(:); J(:)+1,3(:),J(:)+1];
F=sub2ind(size(X), TRI

I,TRI J);case 'x'%Cross

TRI I=[I(:)+1,I(:);I(:)+1,I(:)+1;I(:),I(:)+1; I(:),I(:)1;
TRI J=[J(:),J(:); J(:)+1,J(:); J(:)+1,J(:)+1;T(:),d(:)+1];

IND=( (numel (X)+1) :numel (X) +prod(si

ze (X)-1))'";F =
sub2ind(size(X),TRI I, TRI J);F(:,
3)=repmat (IND, [4,1]);

Fe T=[TI(:),I(:)+1,I(:)+1,I(:)];Fe J=[J(:),T(:),T(:)+1,d(:)+1];
Fe=sub2ind(size (X),Fe I,Fe J);

Xe=mean (X (Fe),2);Ye=mean (Y (Fe), 2) ;Ze=mean (Z (Fe) ,2) ; X=[X(:
)iXe(:)1;Y=[Y(:);Ye(:)];2=[2(:);:Ze(:)];
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Non-Penalized MATLAB BEAM Load vs. Deflection
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ParetoCloud Beam Load vs. Deflection
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