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Abstract

Plate and shell type multilayer thin-walled structures are increasingly used in
various fields of engineering. In construction, all this is caused by the necessity of high
strength of constructions and significant reduction of weight. This is due to thermal, sound
and vibration insulation requirements.

The combination of these necessary features is ensured by the use of different types
of fillers for individual layers of multi-layer constructions. Not only metals and their alloys,
but also composite materials are used for bearing layers.

As a rule, fillers and composite materials are characterized by low shear stiffness,
which is their negative feature. This circumstance should be taken into account in the
calculation theory of multilayer shells and plates. Characteristic factors such as the
influence of normal shear stresses and shear strains are neglected in many theories. But the
latter is known to increase with the relative thickness of the shell and may be important
when using fillers that are resistant to shear and shear stress.

In this regard, the creation of a theory of multilayer shells and plates, which fully
takes into account higher-order factors and at the same time will be relatively simple, is a
very urgent problem.

In my research, a stiffness matrix for multi-layered plates was studied and
constructed, which is the best means of analysis for both the mentioned and different classes
of problems. I limited my research to thin-walled spatial systems. I have used rectangular
and triangular elements in numerical methods.

The project mainly uses a mixed-type finite element model, the use of which was
determined by the simplicity of the model and its high accuracy.

The methodology for calculating the strength of layered flat elements with holes is
still insufficiently developed. In this regard, using layered thin-walled spatial constructions
with holes is quite difficult, relevant and requires the development of a special calculation
method.

The method of compiling the matrix of laminate stiffness in the case of different
material layers and orientations, the method of its simplification in special cases, for the
calculation of layered thin-walled constructions with holes was discussed.

The problem of determining the critical compressive load for three-layer plates
made with a hole was solved using the theory of thin plates and the theory of generalized
functions.

A special method of numerical investigation of problems of strength of hollow thin-
walled spatial constructions in the case of normal and lateral forces acting on the contour,
as well as local impact of bending forces, was developed.

A package of application programs compiled on the basis of the developed method
can be used in design organizations and construction companies.
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An experiment was carried out on the tension of the plate where the fibers are
ribbons of basaltoplastic laminate. Analysis of theoretical studies, calculations and
experimental results was presented.
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1. wo@ghs@eols Jodmboggs

59 mo3do 9m(39990s 3MmbLEHMWJ300L SBsoBOL MsbsdgEMmzg doymas,
MH™IgeoE dmo3o3L 9BsEroBlL bbgoolibgs dsldEsddo, s1939 dm3gdmeos bgsolbgs
533™6M0oL 3096 9egdgbEgdol 99960l 0gmM0gd0 s 500 2563005M9d0L §Eo3900.
3900003999905 MOMMEHOMINWOo Fsbogrol FobslinsmgdEgdo s sBsobBobsmzgols

S)BOWIVILO 3OMEFIQOIVO.

1.1 8mqgEotgds

3033mBoGHMO0  30b6LEGHOWJ30900L  sbserobolsmzol 3 doMomso Fgomo
5OLgdMBL: 5) 0360 MI9J56032960; B) 3MmIMYgbm0o Foloerol 83905 s @) BIws MO
99000l 3M3d0bs309. MHMYMOE ILILYEGd0L BIBL Lodogg Fomysbl goshbos Mogols
Q©OIOOMO S WOMOYMBOMO FbsMggdo (Muzel, Bonhin, Guimaraes, & Guidi, 2020).

39%gwol s Lbggdol (Muzel, Bonhin, Guimaraes, & Guidi, 2020) dodmbogrgsdo
56939008  ©s Tobol bsdMmdos gobbowrmmo  Lssyg  3300bmEmde ™I
9036003945603 M0  Fgom@o  FsLoesll  SEHIOL Mo Ms©. o3  TJDMPOM
d9L5dgd9E0s 0O IRIJBHJOOL 250M33Eg35 OMYMMOESS SMTSEWIM-T5BHMOEOL
3933060L H3935 S 333 qJbIHO EIRMOT530900L 89dsboBTgd0, QobLsIMMMYdOM
olgo 3oL gddo BoOE F0MOMSEO doe)M 9egdgbBHL 8™ F3Mqd0 [ocmBmoygbgb. 5
9900mL 9OHDO MOMYMBoN0 dBMY 255BB0, 58 ML HMIgEoE LsFoMms 58 IgmMmEOc
365¢00B0oLsmM30L, Lo FoMHMGdL doe0sb 3B 9e9d9bEH 0L 29BgM0MGBSL, M55 og0l
05390 3530983 9d0L HsGMOLLOL MoMmEYbMdSL by 385Mm HBOHPOU.

30mygb9m0 dobogrol ©sdz9dol dgdmbggzsdo sbs5Er0Bolmzgol LsFoMm O™
09365 65309005 300069 30360:MmIgd5b039M0 3300g30LM30L LsFoMM MM, BoaEsad 50
99000mEL 56 JgAE0s MO0 M393900L 250M33¢93s (Liu, Zhang, Wang, Wang, &
Gou, 2022). 3190 @5 bbggdo (Muzel, Bonhin, Guimaraes, & Guidi, 2020) go3mmg35996
SBEOL HMA Jglodegdgos MO39 900MPOL M30MSEHILMBS 0YmU 49mygbgdmo, MM
35Jb035E MO FOIBEIMIIOD 9355650 BM™ F5ITFMG0O doegdo s SBY39 BIOIIL
dmMob OH0393900.
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39647 29350000, B353bogoMdd o Fo35x960s gl FgMEMEMA0S Fodmoygbgls
05305600 65d0MFT0. Fom 2590033009l 9HPO F0T>OHMEgdoL 3Jmbg 6sbIOOMdM F3ML
3033mBoGMOH0  Asbogrol  d94obozmeo  ©sdds3gdol MMl dMHdMIggdol
0o68mgdbols d94oboBdo. sdobomzgols dson Fgddbgls dsboerols Fbmerm 08 Lgjgool
dmgmo OHMIgeoa 393006030s BMGHMB. oLl MY oMmgdolsls dmF3mb ©s
95¢®o3ol  8mEgmgdo  Bg3sm0MmgdMEos  gOHmIsbgmolgsdh  (803MMIgdsbozmeo
9900M0), bem ob bgdgos Ldssg BOIBL 3938000 56 543l FMEIEOMGOLIE0S
OMamO3 3m3m96mo Lo (bGsmo 1) (Muzel, Bonhin, Guimaraes, & Guidi, 2020)
(Feito, Diaz Alvarez, Lopez Puente, & Miguelez, 2018).

~—— Cutting direction Trim plane

/ TDepth of cut

bp3s000 1 82,3300-05¢9GH050L 05 302002896950 Gsb5¢nol Uiglgdsheno demqogero®gds bsbiereyen
929996905 565¢70B0bs090L 45° -0560 BeaF302l 2H09bHSGO0LIDZ0L

Bg0mm  boblgbgd  d93b0gMgdoLsm3z0ol  3600369wm3sb0  Lszzargzo  Lgdzoos
MM B3 ds3909w0 1gd30gd0 0gm sdo@Md gl Bgd30gdo WHTMT390IC0S
30360™d945603M0 Igmmom, bmwm ©sbs®Bgbo - dgmMg bsdolbmgsbo Lgdsogdo
DoM0mp9bowos HMam® 3 30mdmygbemo dsboews (Xu, Mkaddem, & Mansori, 2016) (Patel
& Buch, 2018).

dmB9wol s bb3zgdol (Muzel, Bonhin, Guimaraes, & Guidi, 2020) dodmbongsdo
09605 H™A 55900 3H030L F0obBW ™GOS FoBLEBOZMSZL 3OMg]EOLMZ0L SMBgME Jobogols
LobobBLs s LOIEZOEIL. 30I3MBOEGHWMO Foboegdol J3g3s LA YdIG0s S0YMU
3036M o 353600 Aol BHodgdO:
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9036mm 35B9BHOd0L EOML sbogrsdo F9dogseo gzgams 9ergdgb@ol dmgeo
0gdbgds  dglodsdolbo  FobolosmMgdgdom s  JOMOMIPIE  bYds  (39¢3JO
999963H900LS S gargdgb@gdl ImEmolo 353806 9d0L 33¢935. F530MM oLdEHS00L MM

Loy IMmEYomEI0s  OMYMOE3  3mdmaabmmo - 3o 3zgmwo  9ergdgb@gools
0300909B0L FILIBILYMBO).

396930 @o sGoMolbo MBMM FnOl (o300bab ©s 053056 b5dI™MITo ™G
005350 31bTGBGHMO 3OMIYIsDY 0bIMdMGL. glgbos: MMyME Asb3LIBLIOM™M
53960L  »30L99900 FozM®  doLFEHSd0L  JMbs3E)IJOOL  OYMEPBMBO @S  OMYME
39005339 800900 dMbs(399900 F530m FoBTBHIOOL 3MBLAEHOYJ300L FEPMdIMEOO
5b5erobolomgols (Muzel, Bonhin, Guimaraes, & Guidi, 2020).

dsLognol dogemm slidEHeddo gobborgolisl 893m0 LoOmmMEggdo 0BgbL ™MH3L
MOMI9wms3  BEGHMPLEGHMOO b LAHIGOLEHO3IMMO FMIWGdo  gLsFOMMYds.  Y39Ed
990000l 30Bb0s Fsloerol MY gdols 4obLIBOZMS BsbdErol BoBYdOL Jobggz0m.
3063950 565e0BoLOL go8m0ygbgds Lofgolo Joobermgds Mg FMosBEOYOL Tobiogrols
905LGH03MOMBOL MYMO05DY IYMHPBMBOM (300930l BoEHMYOSL. 53 9BO3BY dMF3M-
95GHM03oL  ImO0L 3030060  gobobogds MHMMOE Mbogwm, GMI dsom  dmGol
09BHIE053900 96 SOLYGOMBOL. M3 ™530LmMegz5 bdot F9dmbggzsdo LoTsGMEg 56
560b. bdoGs d030Mm-09d5603160 gme0qd0 833030905 9Ju3gM0dgbEgd0m (Ma, Gao,
Wriggers, & Xue, 2018) (Zhu, 2018) (Wong, 2020).

bmGomo 2-Bg 6583969300 3083mbo@GmMo 3mbLEOIz00l Bdgds ©sfygdmo
9036 3589390000 8300 F530MMDO.
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DM330/B58M03/ 3938060l ®36700L ;m3z0Ld 00 Q‘))U()(;\JO!)U z3oLydPo
BmE-EmdOmo @EIIE0S ma8063@nb gbgdo 3mB3mBBBNL aaMBIGHOS
6. B1960900 LsBIIOO

b03M39mo gomsbafformads

v v

33IMAszamo A3dmdazamo yadmdazaemo
3260b ;m30ldR0 maB0Bs@nl 3mBmagbnbagos 3mBLEEMIa0nl
(3m3mp060bagns) Bab3L0sYRDMYDO
80360 Lzaems 87%m L3sems 8336m Lgagns

>

begt35070 2 8036502 Bsbid§3B80sb 8336502 BsbdHs8539

30330B0o GO0 Lol 5B oDolLL, Gglsdergdgwros oo Jobslinsmgdegdol
503965 BbM 13500EIB Fo3MM 135¢5dEY. 53oLIMZOL LoFoMmms Asldeol IM35w0
1035305 Lbgoalbgs BmAol JoldEHodolm3ol (Muzel, Bonhin, Guimaraes, & Guidi, 2020).
9 9900Mm©Yd0  JOMOMHEIE  F0FIMMME0s oLl FoMM  3elGOOLIMZOL
doM0mMo©o©  Fomo  303Mm  LEAOWJGHMOOL s  F9JobogmEmo  Bsbolosmgdergdols
390mb533w935¢ (Muzel, Bonhin, Guimaraes, & Guidi, 2020).

doMH0mMO©O© F03MMm @O 8530m FsLFES00L 9Bs0DBYI0IB HMMOE MmMH039
9005 51939 (39390 FoMRS60 odM0Ygbgds 3:33MBOEMO Bsloeol B33 935,
052650 gL EEOIMO0M b MBROM 5B OO bEgds Bobm3zmI3Zmbo@gdol
06393606905 06506960580, LHimGg 5doE™a 33¢03930L sboeo AslidBHodo 30056MYdY,
Mm3gog dsbogrol bsbm  obdEs00L (39358 0035coL0BYdSL. obogols 33930
59300093905 565 oMM oo FobOLOIMYIGOOL EOIBEYIBI® 56539 WIB0DbgdOL
d90mbg935d0 H3930L 2930390900l gdoboBIgdoL ILHYIBI, LosE Tgbm bJows
439wsBHg m3GH0doMo dolEHodos (Lmesmo 3).
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Nanoscale Microscale Mesoscale Macroscale
(Constituents)  (Unidirectional RVE) (Laminates and woven RVE) (Sub-component)

~10"m ~10"%m ~1073m ~107%m

br95000 3 00b Jsbdhsdosbo bsglimz0 833093560 38302 BoBol bdgdsd oo bgoo 3e2¢rodgteiemo

I5¢h0300: UAGLIFHLIH0b 359009300000 I er0980bsl, Y39¢0 069985300l [9®Hoaro
6980b309m0 FsbHs800, 5oL bABXIAIG0L (595¢0 D305 993G sb3gP0er0 FsbidBHs800d. Asbsemgdol

©I035HIH00b 3592 3850 sbFHs89800 RVE-980 890den985 390553090 193602 J9¢H
335993393283, 300069 IR Js5¢» Fsbidhs89830. 0b9gGgbols 83365l 3329¢m0 Loool
96608980L Hsc209bm80b sbsgHbs, wI36m8980b 3s36039¢7980b03z0L »bos 3560Ls berzGml
dbs8s5dobo 936089800 952980 Facos GsbdHsd90 by.

3mbBLEGMMJgool  AMvgo  BobdEedd0  sbsEr0Bo  JwslogmEmo  8goMmEYdOL
390X M990 356056EH05, 306506  3MIMYgboBsE00m Z30MWGPD  “MAMO3
3sLoEol 3o 3go 3m33MmbgbGHol dEAMTsMmYMdOL, sbg3g 09350 JMbLEGMYJ300L
353600 dmgeoll damdsMgmdol HaHBMYwEHE9OL (Ma, Gao, Wriggers, & Xue, 2018)
(Muzel, Bonhin, Guimaraes, & Guidi, 2020). ewov) s bbggdo (Liu, Zhang, Wang, Wang,
& Gou, 2022) 95685639396 MHmd 3mdmygbobszool ¢gdbozs 0dwggzs do3Mm dmgerols
®30L9090L,  OMIgroE  9YMHEbMds  MaO™  I30Mg  FsLIFHI0YdOL B gdols
9B E9GHIOL. F9x59900L5mM30L, 3MIMYgbobo3EOOl IgNMEO’ 65EXOBOLSL bgds
930905 D3m0l (sL8EHed0) Imbo(39990bg ©oyMEbmMdom bgs Br3zmgdol Ji3930L
d9Lfoges (Muzel, Bonhin, Guimaraes, & Guidi, 2020).

35030 @5 Loango 09300600 bsdMMddo bsBL Mb3sdgb M™MI olgmo OO
3MbLEHMJ30900L  sbsewobo, Losg 1000-md000 ©@d 30093 BRO™  IgGHo
3MBLEGHOMJ30o 9e9996F 09, 1939 399MmYgbgdmE0s SM9YMMYIMMZ560 BoloEgdo
Q5 89960099900, 8999390905 Y39woxBOHOL dm@gero®gds Losbys®odm wododgdols
3o0m. 53oGmad  bbgoobbgs dobd@eool  sbserobo  godmoygbgds 08 3mb3M9gEHwmwo

L9300 godmbozaw gz MMIgEoE 3M0GH03MIWO IEHZ0MM3900L J3qdss. s8olsm3zoL
0H506gML 59930053905 3JMmbIL OO AOTMFEOGDS.

LAIIMM3ITMU GIIENSIMN 22
JBEN3IMLNGION
1922 BENRIG



bbgo@olbgs  dobd@odolb  8mEgEgdolomzol  Mo3a30Mm3gmo  04dbgds
90093560 MxMgool dmgwo (repeating unit cell (RUC)), H0Iwol sbsgro®Bols
3909y 0Jdbgds 9mmgMYwmdsbo Imawwmdomo dmgwo (representative volume
element (RVE)). 30mbL¢H®di300l g3m®mds ©sdm30090wos Limemgo RUC/RVE-%bg
9mYgdHy. 300900 dmbo399900 FoLogd0EIL s 9MIYEHMOYIEO BMEOIGO0EIE
35930bs6Y 390056 boMolbMmdm03 ©s  MH3MEIbMdMH0g  9bseoBlL,  Goms
3MbLEMJ3050 ©93d59MmBo Ml Jobmzol foygbgdmwo dmmbmgbgdo (Muzel, Bonhin,
Guimaraes, & Guidi, 2020) (Baraldi & Cecchi, 2017).

dbgeds s bbgqdds (Muzel, Bonhin, Guimaraes, & Guidi, 2020) gs6356&qls Hma
3oLBIWOBYdgwo  3MBLEBHOMIE0s  Tglodgdgeos o0yl BblsLlbgs  L3seols
994050, 99MBg2I0 1535es ©FMI0YII0s 0b6EHIMGLOL LRGOMDBY. oO0MS©
9 ©94Mx3gd0 dqlsdrgdgE0s 0gml do3Mm, dgbm s 353MM AolTEHsd9d0. oMM 3o
M6096GH0MdMwos  dmF3mgdol  Jglfogwom: 0dbgds gl dmF3mgdol GHodo o
39653905 (RUC). 99Bm bsewsdo dgobffagemgds dMsgowo RUC-ol gangdgb@gdoligeb
09009600 IMEmEmds, MMmIgwois BodBomcs Hobs L3oeol  3mdmygboBsoEosl
DoM0moagbl.  Lodmmm@ o3  L3osdo  4sdm33w o 30bLEHOY 300
Do0moagbl  Igbm  Lgoewsdo  Joegdmwo  MHJHBMEEIGHJOOL it z039dw0
536930900 565¢0BU. 538 13oEGOOL MYHWESBHIOOL FogMN0569d0m Bo3MM 13oeEsd0
39965¢00B90ME0  3MBLEGHMMJ30s 306306 3538060 06905 Bo3MM  BslidEeddo

39965¢00H 900 FsboErol 3o 39 9egdgb3gdmsb s Bom 35380MMb.

Lm0 4-30 HoMdmEYgboos bggdo@d o LmEomo Losg 6583969005 JoMol
AGOBd0boL IMS35¢ sLTEHSd0s60 3gag3s.
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Macro-Level
Meso-Level

Structure Micro-Level

B\ . Homogenization

Laminate
Periodic Array

Representative Unit Cell

Matriz
Fibre
-
=

Representative Volume Element (RVE)

“ [ Localization >

N

11
HIN

beg33000 4 bsobyobGer 3028302B0HIB0 30U AG 309800 B33505185580560 ragerotigdols liggds.

dmBgwol s bb3zgdols (Muzel, Bonhin, Guimaraes, & Guidi, 2020) dodmbogrgsdo,
39B6boos 3360, 5¢gboll s FHowMgol b5dMMdo, dom  Fgddbgl Ldgds Loss
6sBg9b900s G5 dMbs(399900 2969 gMOM©Ids  ©@d  Go  dmboggdgoos  LsFoMm
365¢00BoLsmM30L. ogomoms@ Jozmm B3swsdo 399953gds dMF3MBo @S FoGH®OEoL
9obollosmgdmgdo s sbgzg Bom TmEMOL 303d060. 9B FsLBIEHdTo  dobobogrgds
3390 396900 o oo MOl 393006900, begnm do3Mm JoldEHeddo 033¢930
5d0bsEHobL J3935 (Gerofi, Ishikawa, Reisen, & Wisniewski, 2019).

[ Stiffness Loop J

Flbrous Lammatlon Ef;;l:lt
l Module l Module '
Analysis

Microlevel Mesolevel Macrolevel / Macrolevel

(fiber and (fibrous (laminated (composite

matrix composite) composite) structure)
' Fibrous J ' Lamination J ' Ef'mlte £
Module Module e
Anal sis

[ Stress Loop J

b965000 5 363935l H580560 565¢70bol 0965405 9600 Jods®0w9980560 Br 3303560
332 booborzol

LHMOg sdoGH™A 953EHMM9dTs 9Jdbgl 9O J0TsMMN9d0sbo dMF3MmL dJmby
daboeol  096803Y3M o sbsErobol  Ldgds  (LyGsmo 5). 306MH39e  9BH3BY
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3oL3bsE0BYdgo  mdogd@os  “Fiber Module”  dmF3m-oBHMogs ©s  Jomo
39m39GHM0Mo  FoboLosMIOWgdIOL  3MEIGEs30s  Fobogrol  ™M30L9gdgdbBY. gL
9sboliosmgdgdo 93mm3bol Mmommgme 60BsdL (Muzel, Bonhin, Guimaraes, & Guidi,
2020).

[ Stiffness Loop

Fibrous Fabrlc Laminatio lete
' ' Module .' ¥ Module l I n Module " Hlament
Analysis

Mesolevel
Microlevel Mesolevel (sjgvee;e Macrolevel Macrolevel
fiber and fibrous laminated composite
fabric p
matrix composite) composite) structure)
composite)
l Fibrous ' ' Fabric " Laminatio l ' Efelrr;:it
Module Module n Module Anal si5

[ Stress Loop J

b95000 6 865535l H380560 56570 bol 096705 bsgbrg 80333560 3000300 Bodolbomzol

5d0bsEHol  IMmEEo 0m3Eol  Wsdobs@ol  Foboslosmgdergdl, MHMIgEo3
3990yggbgds  LolOVE  9egdgbBHms Fgomdo WsdobsEol B0 gdolsM30U.
bLYOSMO 5 s LYMSMO 6-0U FJdOMBIdMo MsbI0BEY3OMDs FodMm0oggbgds MM
dmbgll  dsd3900Ls O  EIBMEOT30900L TS Fo3Om  FoLIBHd0I6  FozM™
sLdBHoddo.  Fogoomo®  Ggbol  Lsghomm  dsd39006  Jmbgll dmF3MgdLy o
3530359 §oMdmdaboro dsd39d0L b3 30390s (Koloor, et al., 2019).

9099963 900L dogmm FsBIGHedTdo sbserobol 8939y, FoMadE 909
(3503909, ©@IRMOT>305Dg) BYds MP3930L 3OOGHIOO0MIOL 25dmMmggbgds. Mo
603939 500{j909d5 Tgbsdsdol FoBIEHodT0, ML3930L 03900 SMOL FodoME3039dIWO O
QIYMRBO0S B0DHB0ZOBY MMIgeds3 499m0of30 gbs 09 ols M393s. dogMm dsldEsddo
5oL Bsdo GHo3dob MHM3935 s IBHYbads: dBMFIML MM3935, BoBHMOEOL B3935 S Jom
dmMob 35380600l ME393s. 3530 obdES0d0 MROM 333w gJuOo MP3g30L 0390
36309000, 3590 ©JWF0bsE0s (139590l TGOl 35380600l IMPZ3s). Fo30M
9513 G5080 FbmM© Bosbol EM3I5300 WS MMOYDESE0S FoBLEDBLIMIZL M3930L GH03L,
UPmOgo ®e3930L8 GHodgdo  dgodargds  goboborml  mMbogogo®gder s
32056030390 3m6(393390s© (Muzel, Bonhin, Guimaraes, & Guidi, 2020).
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Bodbmgo  doborgdobmgzol LwMsmo 6-0l 3093 JOHMO FmEMEo 9dos@Ggds
Lobgmo  Jumgowol dmEmeEo, OMIGEoE 393300 ds  9HMT0TIOMNd06
033900l dmYel. 53 IMmEEEOl TSEJOS SYEOLIJOI0S BOMS 9BRIMOIL
Fum300lL FobollosmMgdgd0. MY HMAMMO J(3939 593V oL Lbgssbbgs sG30MHM39d0l
9399 (Muzel, Bonhin, Guimaraes, & Guidi, 2020).

dmBgol s bbggdol (Muzel, Bonhin, Guimaraes, & Guidi, 2020) gobbogngsdo
950l s Bb39d0L 65dOIMT0 5930 B0, Lo olobo Bsd®®ddo bgdmo bligbgdwmen
99000MMEM0oll  0ygbgdgb. 833w q309dds  sbseoBo  sofiym  FsLoerol  Jozbm
99356037960 Bsboliosmgdwgdom, Mol 3909yo3 9OJM3560 MY MGOL 2obesaqds
3990yYqgbgli 9 8085M¥Igd0560 dMF3ML IJmbg Asbogrol J3930L goblslobmzMo
LYOSMO 7 a).

35057©Md9b, O3  BdmF3mgoo  gobrsagdmmos gMmy350™3bms@
9OMJMYMm36  ImEMmdsdo,  dogol  LsdMowm  O05dgGHOOm. oM 3o,
d9BMLIOWMOHO gOMGMwo MXMgo LGosmo 7 b) dm©geo®gdmwos dmF3m3s60
d53900L Boglmzobs s 3MA3MBOEGMO BoBHMOE0E SQBHIMI©.

990 gdMwos 3mF3Mm3960 dvgzgdol Mo GHodo: bodumgo bshmo (y™dozo
303560 gds) s IHZ9Y0 Bo®mO (496030 F0ToMMMEGds). Lalitrmer gangdgb@oms
(Lg) 9b5e0BTo, 39MH0MEMO  LELLDBEOIMM  306MHMdJO0  49FM0Yghgds  LolisbLZOM

989JHIBOL 50IMLBHIOIL.

OmamO3 6563969005 LMoo 8-Bg, 3530MAsL3E900560 dmEgEol sdsdo
dsbogrol  ™30L9d900  JoEgdmeEos  803OMIgdsbozmmo s  d9BmIgdsbozmeo
365¢00H900056.

Aosbob s Ubgqgdol dobgwwgoom (Tian, Qi, Zhou, Liang, & Ma, 2015),
39396ma9bmwo  dsboergdols 99dsbozm®o J3gzs bdoMs  sofigMowos RVE-gdol
3990mygb9000 1g-30. 53GHMMYds SBLYBYL MEMO MgMEG0s RVE-bongol: 306390, 3o¢rols
09MM05, HMIolbmzobsz RVE «mbos 0gmb Bs3ds®obo oo, ®md 99039309 ooo
50 bMdom dMF3MIOL  3939HMYgbme  ToLoergddo s 0ymb 3G gMma9bmwo
dsLoengdol  BESGHOLEGHOIMMO  Fomdmagbs. RVE-9000s6 8opgdmwo  9x39d@«co
hﬁﬁ)gbgbo Do60m5096L Fobogols Hgo® 1309093l o30M FoBTEHd0m, MMIgEoE3
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bogMm3gmomE  (36MdoWos  GMAMOE 9030M-09BM-530Mm  3G0b3E030, 306506
9sLdBHod0L QodMmymMas v30gdgeros (Muzel, Bonhin, Guimaraes, & Guidi, 2020).
3 39MbsBH0MWs©, OHWYBOLs O “Yowolol mgm®mosdo, RVE ¢mbos 99o3s3w09L
3033mB0oGgool  MI30mgL  FmEMEemdsl, MMAOLm30Ls3 LBodmswm  8gdsbozmemo
3obgbgdo MRgds doewsdo (Muzel, Bonhin, Guimaraes, & Guidi, 2020).

@000 06 000 .
@00 080006
©00 00000
CRCECR RN BCE
SRCHORCN ¢ gcgemol
CEOROR N R BB
©® 060060006
©00006006

Welf yarn
> along the
Direction 1

N

Welf yarn
along the
Direction 2

bo965000 7. 300030 b0y 60 FJbeagoero
Material Properties Homogenizations

ﬁ ﬂ

Microscale FE Mesoscale FE Macroscale FE

_ _
Stress Amplifications

b95000 8. 320028960 Bs0oob ohg®ocorycmo 36eapgbo
A05b0 s bbggdo (Tian, Qi, Zhou, Liang, & Ma, 2015) bsbgsolidoo 50bodbsggb,
Omd  ©ol3ghlomwo  3md3mBoEgdol ULy RVE-90000  dm©geo®gds 56 sGol

39303399090 303MMLZoBY, M50 93 J03OM 56J0E9dBYIMJOOL IMPIOEYdS
BMAXIO 39300 M0 F50IWO FM(3IMOOL BOOJ30900L S dMF3m3560
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R9OHOM30M o603 900L OO 395303096G OOl 49dm (Li & Sitnikova, 2020) (Feito,
Diaz Alvarez, Lopez Puente, & Miguelez, 2018).

5do3™d, Logmgomo d9dmbggzom J90Y39GH0wo dMF3MIO0M Fod0IOHGOMEO
30330mB0Ggdol  MHobmdMogzo  dmgwodgdobomzol  dbodgzbgwrmgsbos  RVE-gdol
3969006905 3mF3mL Booero JMEMEMdOL BEMOY3090000 @S OEO  dMF3mgdol
36300 (309000. 0EJMGYIM5d0 IMbligbogdmEos MM 80MTs, MMM Y39wsDy
B399 906030, 39Hdm, dgdmbzgzomo  ®sb30d93E o sELMMdE00L  (RSA)
5eamMomdo s dmb@g  39Oml  (MC) 36HmEg®s, bgwmgbm@mo RVE-gd0l
39696006 9gd0LmM3z0L 9dmbggzom Asbsfogdmeo dmIF3mgdoom (Li & Sitnikova, 2020)
(Feito, Diaz Alvarez, Lopez Puente, & Miguelez, 2018).

0939, WY, 996 s 39630L (Liu, Zhang, Wang, Wang, & Gou, 2022) dobgzom,
50 d0™dgd00 MoYImos RVE-930L g9bg6Hocmgds 3500 dm3F3m3s60 R3sG@M™d0m
Do3M3d9wadol 3m9n303096GH00m (FARs) s dm3F3m3560 dmawmemdol g36sdEogdom
(FVFs). sbosewo 300mds 58 Lo@gsEool 339Mol 930000 sG0oL 53¢™asd Mo dogdol
5 ©5fy30e9gd0olL (ASC) 3946030l 259mygbgds, MHmIol ®mmUsi dgladwrgdgeros 3D
RVE 9969606905 3083mB0E0bL 90U0565¢00Hgdws@ 99dmbgqzomo dmF3mgoomn FAR-
900l BSOIMM 0s35BMbom.

vy, 9963 5 39630 (Liu, Zhang, Wang, Wang, & Gou, 2022) 533mdqb:
»P39 90603 dmEYEmsb 89sMgdom, (fobsdgdscg Mo MROM SW30EIS©
3969006905005 s MROM 9B OOML DMYPO3L, M6 Ol F5TIMMOELIZL MO30LBIWO
0500 6530 356905b. gocs 5doby, ASC 39dbogzol 9999dw0s 5dmoMMml ©sdsEHgdomo
Lboboli@g, Mmdgwog dgdmGsbowos Bsdgbgdmmo  gwgdgb@ol  GHgdbozoom s,
d9L53530b5, F9MAE0s Qo9YdxMOILML LODMLEG s 3Mmb39MYI6E0s. MBOM T9BHO3,
B3960 3H9dbozs bgwl Mfymdl 3D 396H0m©eo Lolsbwzmm 306MHMdJGOOL 30MH306
3990mygb90sL RVE-%g.” obowgm bwGomo 9 (Tian, Qi, Zhou, Liang, & Ma, 2015).

LAIIMM3ITMU GIIENSIMN 28
JBEN3IMLNGION
1922 BN



U500 9. 0ol 36990 02330980

1.2 3m330mBo@GwMo Isbogrols 350 -IBMOTMOGOEO
90 M056mdS

DMPoo,  JEsbGHOMMO  BsboEgdolm30L  sdLdMI  EIBRMEOTOMGIMO
9Mm3oMmgMds 36Mmd0w0s @y Fgladwrgdgeos dobo ggbgmomgds 3308 3sbmboom,

G39oE 393006000905 9 Jmdol dsd35L 9 IBMOTs300l 3MB3MbYbEH0m, HMIgEos
sb939 0993 21 3mbLEBESL (Cook, 1995).

(1) ©s (2) gmOINgdo HoMmdmoygbgb 3 3mbLEHBEHJIOL GOPMBLOMASL,
BooE 0;; SMOL ds030L 383mbgb@gdo, & @IB@BGIEoOL 3MmA3MBI6GHO, Qijk -
LobobGob B5GH®oEs o Sijk 3906Mbgdrwo LobobEGol FoGHMmo3s, OMIJEms Mol
35380610 358m0bobads Y99gabsocs: [S] = [Q] 1.

0ij = Qijki€n (1)
&kt = Sijk10ij @)

09bsMBO30L, 9dMMEOL, sMMbmeol (Bednarcyk, Aboudi, & Arnold, 2017)

3303930, doLoeol BODBOZNOHO FobILOSMYPIWGOO OMAMMO(35, BOMDML 2553909,

0RYH0s, J5b0GHIOMdS S JrgdGHOH™ 3mbYJEMOHMds 8M30IOME0s FoBools
5350~ IBMOT53099 dEYMIsMGMBdDY. gl FEYMTsMGMdS Toloerol M30L9gdgdL
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00¢935, MMAwol §oMdmygbs Fglodwrgdgeos 250w gdwo  3509d53H039M0
9 gd0m, HMIgEo J000gds Moz BodMTol A5dMEEId0L 25dmdobat.

1.2.1 @Oom@®m329emo dolsens
MOOOGOM3ME  Asboeoll  SBoBMEGHOHM3MEolgsb  goblbgeggdoom  osbbos 3
L0dYBHOOMEMdOL BodMEGY), gugbos: X1 Xz, ; X1 X3; X X3, 9J906  @odmdobstrg 21
30033mb9630 05094356905 210056 - 99¢9. 590l JoBgHgd0 30 F9dg0s:

o 3MmbMMH0 IBMOHT30900 bMOAse©Ho dod3900LYb ITMY300GdgJWO;

e 633030 IBRMOI530900 Ibgdo d5039d0LY0 ITMY30YdgGWO;

000MgMo  GobygbgosmmMo goFod3zol d9ga0s 3MmbmMo ©IBMOTS30s 03
LodMEY9do LosE dsd35 dmddggdl.

399mUbsbmegds (3) godmlobogl 330l 396mbL mOmMmEH®M™M3mEo dsbserobmgol,
Los3 E - 363030 9emsliGo®mdol dm@vyemo, G - 496030 gesliGor®mdol dm@yeo
b v 3990Lmbol 3m9n03096G0.

1 Uz1 Uz
- —-—— —— 0 0 0
Ey E, E;
V12 1 U3z
-—— = —-—— 0 0 0
&11 El EZ E3 011 (3)
€22 BN S R o I L
2533 E; E, Ej 033
€23 1 023
26, 0 0 0 G 0 0 k013
2812 1 012
0 0 0 0 — 0
G13
0 0 0 0 0 !
Gz
Mgy 39b30bowsgm  BsLodl gMmMB0TsmMIgdosbo  MHYy39Bo

0™ F309000, 533MIdGHMMS©  Pobgobowszm HMyMOE BoBMEGHOHMIME  FsLoo,
590 56 9556605 LodgE®mOool LOdMEHY))O00. ) FobdEsls 2ogs9bscrobgdm Loligol
dobg30m, 50dM3569600 MM dobo BMIs doeosb 830695, 580EHMI sbseoBol O™
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933093690l 5603390 3390900 dgdmodiom (Bednarcyk, Aboudi, & Arnold, 2017),
9bgbos:

03 = Ty3 = T31 = 0 (4)

1.3 3m33mBo@Gmo 3mbLEGHOMI309d0L BmEgeErgddo gsdmygbgdmeo
9939630l Go3gdo

Lol 9gwgdgb@oms dgom@om  3MBLEGHOMIEool  SBaoBobsmzol,
3300090905 ggdgb@gdols s 3356d900L Fgddbs . 9egd9gb@gdo Hocmdmoygbgb
93069 BMIol 535 099 08 IMEYEOL EbsYMAGBL, bmerm 33560900 5900705699396 53
©5BoymBqdlL . LELOWME 9gwgdgbBms (bg) Bgom©do sdmoygbgds 8g8wgao GHo30L
9w9d9bGgodo0: bar, beam, columnar, triangular, quadrilateral, plate, shell, solid s bbgs
(Muzel, Bonhin, Guimaraes, & Guidi, 2020). 535056 939wy 93039 90MwO
993963 9009: solid, beam, plate, shell.

Solid-ob #o30l gengdgb@Hgdo 439w sHgy 08300m0© 25dMm0Yygbgds 3nI3MBoEHHddo,
596 MoMMIMwo 5g9gbol s Fomo 30d3MbgbEJOOL IMPYE0EMmGOSL doerosb oo
O 305J3L (Muzel, Bonhin, Guimaraes, & Guidi, 2020). 4565 580Ls, 009 ZoOHR0EJOO

990 gdwo 0dbgds solid-Godol gargdgb@oom, dolo dob@GHmemgds Lo3zdom® (3vI©
LobgL 0L, LHMMgE 580GHMA odMm0Ygbgds Bb3s BHo3ol gargdgb@gdo.

Beam-ob 3030l 9e09396¢&0 2560L5B036M905 Gmam 3 gargdgb@o, Hmdwob ghmo
3905M0@MWo BMBs 39300 595G Jods bbgs godsmo@re BmdqdlL. dolo ghm-9Mmo

©9Mdo 90mbggzs LHmMg© y39wsHg aMdger 4505M0GHWE Dmadsl, gobog3zgmo 3o o9
©9Mdol JoMrmnMmdeos (Muzel, Bonhin, Guimaraes, & Guidi, 2020).

0o9dol o 36090l (Muzel, Bonhin, Guimaraes, & Guidi, 2020) oddoom
Lodmdosdm 0b50bgm0sd0 dgargdo godmoyqbgds T-gdeMo b MmE-T-lgdMo 3OHMmzoEob,
MOMdgwms  dmEgEo©gdss  BHmMgo  9m0-gobBmdowgdosbo  beam  @odol
9w9996GH0mss  Tgbodergdgro.  333w930Mgdol  mgdoo 8930 30339 dlyEdo
3MbLEAHOMJ305, 30M39wo Joobrmgdsdo Fglodwgdguos osbRsMOdgl LHimMgo
Beam 030l gangdgb@oon.
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53060x304H0Ls  (Plate) s aoMbol  (shell) 9gwgdgbBgdo  FoMdmowagbgb ™
396BMFogdosb  ggdgbBHgdl,  OHMIgdosg  2odmoyggbgds 333 MBoEgdOL
Q3LOBILOSMYIWS. T Qo3BB0Y MO A9BMOEH™MEO oo LoaMdg s Loysby,
3065056 mbgmmzgowosbo 3ma3mbo@gdo Log®mdg Logsbol 39M39bo3mwsce
©53H3060m390Dg 396 dTomdl, FoMOBOGHOLS S OLOL gargdgh@gdl 130MsEHGLIMdS
9603905 (Muzel, Bonhin, Guimaraes, & Guidi, 2020). 350 960l sGob gOH0S©IONO
3obLbge390s, 39MdMm© BoOROES FoMdMmoyabl LHmE 9gugdgbBHl, bmerm A5Gl
999963L 409hb0s Loy (Muzel, Bonhin, Guimaraes, & Guidi, 2020).

056M0gOHML  obBoMmEGHd0m, MHMamemE 30  9EgdgbGHol  obEHmwgdols dg4dbsdo
310039090 ymxm Bobdglb 00 3 2bBMI0Egd0EIL 49IEOL 2 Ao6BMI0WGd0I6
999963 30. 53O0 51939 50b608bs3L MM 3B3MDoEWEMmO Lol I OMmYGOOLLL
139308032900 s1399Egd0 0BBL MogL, 39MAm:

*  0mMYMN0o BJ6obL gobGMgds FoMmdmogbl mOMMEGHMmMIMl;

o 9ggdgb@ol  gobBHMmegds  ©dM30EIOME0s  BOORBOGHOLS  Y) AL
99396 0L 3069353035%9;

o doboeol  Lodg@HEmOMMds  sMol  obgmogg  960d3zbgemzgsbo  MmamO3
©3H3060m30L  LodgEBHMOMEMdS, LOIgGHOOo dmEIEoMgdolmgol (Muzel,
Bonhin, Guimaraes, & Guidi, 2020).

396930l s MQ0MOL (Muzel, Bonhin, Guimaraes, & Guidi, 2020) dobggzom, 2
396BM30gd056 9e9d96GHIOL Bodosbobgsh 4sblbgsg9d0m 56 5dz0 dmdbocrmdomo
Loboli®)g, 30650056 153 2o6BMI0EGd05 9erg396EH 900 Lobdg oMz olobgdmeos.

1.3.1 gocgxzo@obl gergdgbdo
BOORBOGES Ho6MTMoAbL MmO 256DM0gd0sb Lbgmel Hmdwol bobdg (h 96 t)
doMH0mM5I® 50DMFYds Z ¥gMdBYg. bLobdg 893G F30Mgs bbgs A985MOEME BMIGOMb
9956980, (Muzel, Bonhin, Guimaraes, & Guidi, 2020). 30630@&0b 9e9396¢3)0 3/3omdl
39603 ©9BMMA5(3093DY, MmO IMbs3 IndgbEBg s TMb IMIG6EH Y.

Lodmdogsdm  0bgobgMosdo god®xno@ol  gagdgbGom  dgledergdgEos
dmYoM®gl JgbmdOL 05¢)530, bogdo, fiyrrol MHgbgM39950M9gd0, 530900 ©s Lbgs.
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0b0bo z gMHIoL 355G OGZ0MMZIOL FoIL3999b b3S JoErME 3B3MbgbEJOU.
30OBOGHOL ggdgb@L s0hgOl MmOo MgmE0s, gugbos J30MHbmzol s dobwwobols
00M60900. 6039 Jomsb60 306935303096 303mmMgBls 9gHbMdS.

1.3.2 306bmgols mgm®os

30MbMAOL MgMmM0s, OHMIGoE 3XsLOIMNMO MIMOHO0L Lobgomss 3bmdowo,
Do0moagbl 9o gM-39Mbmeol  dgol  gmMool  sbowmyosl,  GMmdgwos
3°909g9b90mw0s Mbgw 3900w0sbo BoHgoEHIdoLsmz0l (Altenbach & Eremeyev, 2017).
53 09MmM0sdo BoMORoGHoL Lobdg 12-x96 8306095 LOOEOM TJMOY FSOSMOEWE
BMIsLmb. g MgMM0s S19g39 Lobgl 56 F9BobOWH3L CMAMOF IBMOTOMJOSPL S
3093 9ymxzl 3bgdo dsd3900Lsb Hoedmddbow gRMMAs3090LsE. gME0s slig39
Bea®docr 6O x3990L  gobobowsgl  8mdogs  3m6309@M  HgdGowdo  dbgdol
396396003 sMms© bMsmo 10 . san@gbdobds s 9Mgdgog3ds (Altenbach &
Eremeyev, 2017) 05305600 b6sd0mddo 3060Hbmxzol 09mMosl ©osds@gl dolaserols
0bMGHOHMINWMds,  3mImygbmOHmds s  BLogrol §OERoz0  gasliGorMo
dobollosmgdegdo.  MHMIgeroi 39308 396mbL 93530060 gds. 9 Egbdsbol o
969090930L  (Altenbach & Eremeyev, 2017)  306985306v3160 303mm9Hgdo
5306050GH0LM30L 9dga0s:

69doldogmo (gMGHowo, 30dzsm P 300mm@obs@gdom (x,y), 8s Bgosdomol
30056007 35095 R0IJdS TBMEM® 39N EH0IIWYOHSO;

*  39M3035¢M0 J035M01G300 d503900 0, - YIIAGOIPYMBO0Y;

e 26Jd030 EIBMMT>305, BJI30M0L 6gdoldogM HgOEowdo 6oL byols GHmeo

g, =0;

*  ©AH300530 BOOROEGHOL F5 Bgs30MolL bgdoldogho (Oxg, MMIgwos
d9Lsdsdobo g GHowol 396M39600037IsMMIOEYS, IBMEOTs3008 Jdgy 90
D96 GH0wBy 4985350 dbgdo OHBOL 396MH39603sMIMws© MRYDds, sdoEM™a
dbgd0 IBMMTS(30900 Vyz QO Vyz OO b0l GHeagro.
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L5000 10. 30GR0GOL ©IRMGISG0S HOMZMOSCPIHO HF0H020L OGO

99bsdg  303mmyBol  dobgzom, TglodwrgdgEros  godm3aLsbmm  ROMBOEOL
©IBMMHT530930L 356EHMEqd9d0 (5).

0 , 5

(uGey, 2y = —2 220 &
ow(x,y)
U(X,y,Z) = —ZT

35Pob  4963sMGHIVom,  MLILOMEmE  J306M9 Lobdolb IJmby  BodRFoEHOL
9w99963Hg00bm30L  FgbodegdgEros  B0300M®  IRMOTS(30930  39MHGH0IIWIOO
©96I0H, H®MIGE0E BoOBOEHOL To HBYEI30MOL 356Gy (6)(7), € LOTdMEM
$o8Mo96L gBMOBs300l 39dBHMOL dm399Mw0 FgOEHOOoLsM30L bBgs30mBY,
b ky - 306bMx0L 0gm©05do o0dmoygbl LodMmgl MHMIgEroa 99gbodsdqds 0d
090Gl HMoL 0ToMIMS3 JOTMOMIOWS €.

Ex Wix (©)
&y t = —z{ Wyy
Exy 20y

35005 5939 bsBo omligs, HMI BoOROoGOL 9wgdgb@Hdo, 80bsgzds dmdgb@ds,
390050FMgends  doegdds o  gMgbgzol  ImIgbEBHTs  Fglodergdgeros  dsdmofizomls
390G035 M0 3513900 S 57§9gb odMIEObIMY ¥y, ©S Yxz-0L @OLEHMME0JdO,
6HIgoa 3030m009H0osb 499mdobstg Mbs ogmlb bmeol Gmeo (7). LHmOgo
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5dodmd gl 09gMM0s  TgLodegdgos  AsdmYgbagde  0dbsl dbmerm  mbgwo
306OR0GHJIOLMZ0.

Jw 0du 7)
)/xzza'i'g:a)y—wy:()
Jdow Jdv

yyzza'i'&:(l)x—a)x:()

LEEOBML o 3dBol  BsdMMIgddo 330mbEMdm,  OHMI  Esdsdo
©IBRMOT5300)0 3EYMBMmIMO0D, gLsdegdgeos doz300Mmm 9egdgbEol Bmyswo
GMmds (8)(9).

M, 1 v 0 Wy 8)
v 1 0

My =D (1—17) {wYY}

Mxy O O 2 way

boQod(s:
Et? ©)
D=—F——

12(1 — v?)

(10) Ho6ImoagbL (8) s (9) 3odmLsbEgdol BMPs© GHMErMdIL Losg {M}
560ob ImI96EgdoL 39dBHMO0, {E} 306HBoE0L 80vybsgo Lobolidol oG®oEs, MmIgwos
3009005 3J0ObMGOL MIMOO0EB, s {€} -IBMOH 530900l 3gdBHmGo (Muzel,
Bonhin, Guimaraes, & Guidi, 2020).

{M} = [E]{e} (10)

09 Bg0mm JmEgde 496GHMWgddL 930035¢oLobgdm, TgbodergdgEros
9999630 9BMMT5300L 9bghaool Jowgds (11); sbggg doduodsgrmeo 3m@Egbgow®o
9696200l d00gds (12), bLyEsa g SMHOL 39MEH035MO J0TsOPMEGOOL GO ™M356
ROOMOYY FMmEIdMWo  doens; s dlggg JobodserMo  3mBGHYbEoeo  9bgMool
do009ds3 (13)(12).

M, (11)

1
U =Ef Wex Wyy 20y, 4 My ¢ dA
A

My,
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1 Wyex (12)
= —f Wyx Wyy 2Wxy [E]] Pyy 1 dA — fc‘;wdA
2J, 2Wyy A
0w 20%w 0*w @ (13)

dx* + d0x?0dy? + dy* D

306MObMaoL 09MmMH00b, MO0 gegdgb@o 890ddbs mmbimmbs s Lodzmombo
(Muzel, Bonhin, Guimaraes, & Guidi, 2020). mombzwmobs 9w9dgb@o s®ol mGo Godol;
9ONL gosBbos 3 M30LvBgdol boGolbo mommgme 3356dBg: ghmo sdlosmGo
3964035 IM0 (W) s 60 3619630 B, s 6y, LvyMomo 11; Ggmdg gargdgbGHl osBbos
4 ®530L9BGOOL bo®olbo: gHm 5JLosMOO 39ME0IMHO dodsGMMEgdom (W),
60 0676300 Oy s B, s LodOEOL (W, xy).

yn

begt33000 11. 200k 3900b5 902989650 J0Bb3ma0l 0rgmool dobymz000

d9bgo s Ubggdo (Muzel, Bonhin, Guimaraes, & Guidi, 2020) 6536ddo
50b0dbo39b M Mmdb3Mdbs gagdgb@L 96 5d3b dmdogo dbgdo IEYMTsMGMDS.
UHmM9g 580E ™A 9904365 30HbMROL Lod3mbs gergdgb@o. b 2o5Bb0s 6 96 9 33560
390099P090S. BoEr0dsd s©0bodbs Jgmlsdsdm Lsdzmmbs 9wgdgbdHo 9 33wsom
3949600 ogm Pmbgyools doge 1968 {Hgul, 58 9wgdgb@l gosBbos 3 msg30LvzEgdols
bsGHOLbo MOMMgME 3356d%Y: 39MOEH0IMO 5JLoSMMO (W) s GO dOMBZOL b,
> 6, LyOomo 12. INBe ©s bbggdo (Muzel, Bonhin, Guimaraes, & Guidi, 2020) 30
530996 O™ ImeMegod 1971 {igewl 99dabs 965 Ggulodsdm 56599 3mb39Ma9bEwwo
306ObmxoL BsdzMmbs gargdgb@o 6 (33Wsom, MMIGELsE goshbos §3gmmb gsbogo
©IBIMOT5305 S br®ToErol Jodsmo dOMHMBZS 3390 JdOL 495 F9MEH0WgdDY LryMsmo
13.
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&=

(a) 9 nodal displacement

'

q':;

(b) 6 nodal displacement

begts00 12. bsdzenobs 9¢7909650

(Muzel, Bonhin, Guimaraes, & Guidi, 2020) 5060865396 b3 9e9896@gd0l s®lgdmdslsg

OMIYNSG FooBhbosm ©ol3MgEWwo dmboggdgdo, gbgbos 3 LsdzMmbs gwgdab@o s

960 m;mbzmmbs gengdgo Leomo 13.

i

(W, w:x 3 W,y

(c)

Wixx s Wixy 5 W»yy)i

(b) (W, Wi , Wiy

W,xx 3 ‘vsxy > W))"y)l

i

(W, W,x ’ W,y ’ ‘ny)i

(d)

bomsoo 13. obgero 5oGR0H0b 9¢299969980
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1.3.3 30bgobolio mgmMools gergdg@gdo

dobobol 96 ®s0olbgM-30bobols  mgmGos  FoMHROoEHIOOLSEHZOL
00089630 dgengdol mgmEmool dbgogL0s, LaSE YO JOHMO 303MmMYHBOL MIBIbTs©
dgeob 49603 339000 MBgds dOEHYJ0, BsaMsd 56 sMOL HEOEGOIO EIBMEOTS300L
3900099, 9E3LEGH0IMO bsBol JodsMrm IMRIL 39039603 (Muzel, Bonhin,
Guimaraes, & Guidi, 2020). 306060l ®mgm©0s ¢0dmIgb3ML MgMMHOsLMSD TgEocM9dm
0965040 MROM FoMEs YL, BP0 020 3300035DMBL YD 2o6BM0EGd06
53mbobLBL. 580@MA dobo godmygbgds Fglodergdguros MHMyMEE Mbywo BoOTBOEGJdOL
3930030l 81939  ©Y630LsL.  Jobobols  mgmEos  [oMmdmoygbl  dbgd
©IBRMOTS30I0 BoOBOGHOL MJMOOSL.

50 39bdsbds, 9M9d9g0939s (Altenbach & Eremeyev, 2017) 5300639900690 35939009L
906 0bol 09MmMH00L 303MmmgBob:

30OBoGHOL 35 bgsdo®ol  B6gdoldogmo  HoMHGHOWO A9 YHOWOIOS
dbMEME 3903035 OO F0F5OHMNYGOOM;

*  39M3035¢MH0 BP0 dod3d I I390GIYMBO0;

* 390303500 3Md030 IBMIMS30S Y39ws HgOEowdo byamols Gmeos;

o 5330030l 8999y B0OR0EOL 3560333900 MBYds dOEHYJEo Fo6d 56 SO

9600836903560 sMBgl gensliBomo bsbol 39639603 mestrmwo.

dgmmbg 303mmgBoL (33e0Egds 50LOHYdS BOMBOEGHOL Q99RO JdOL 39¢0do,
9099595350 030ls, MM ol 56 535300693l P(x,y) 353wom 39MFH035¢M0 byBol
d635L 39MGH0ZOWMMO 35550 GIOL FoMIMgdMEgdmb w(x,y).
(Muzel, Bonhin, Guimaraes, & Guidi, 2020) ol 65360380 {igMos, GMI dgLsdy

3030m009Hsbg ©oYgMEbMdom Tgbodwrgdgwos IRMOT>300L 39w gdol 9gbgMHogds
(14).

{ u(x,y,z) = z0, (14)
v(x,y,z) = —z0,

(Muzel, Bonhin, Guimaraes, & Guidi, 2020) sbg3g 5060865396 ®mI, sLg39

d9L5dgdqE0s 9gargdgbEol gBMMAs(30900L SYJDs (15), LOWIE € WIYMFBOWOS 2
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939 39JA™MO9YB5: &5 Sb5HI3L IBMEOT5305L J9TM(39ME0 V¥MB30L6, brgom &5 AbgdO
doe9d0lsb; Ty - HOBFMOTo300l JoBMois U939 oymxs Tp o Ts -935; ki

906 0bol LodHOL 39JG™MMO 1939 0gmRBs Kk S ks 39dBHMOYOS.

(%Y 1z 0 0 0 o = )
!‘SYL 0z 00 0|| —0xy | 5
Ay r=10 0 z 0 O{ny_gxx}
|2,.] [o 0 0 1 ol w-6
1,) oo o o 1Jwa+9yJ

z ow
x
(DX’ Bs==ag]
P \
1
’ W 1A %
' . ‘\/‘\’T *
1 A . II
! W,
1 \\,/\/I'
k s p
b P
<
» v\o Real B RIS
' ' deformed pe Plavrasi o
L
= A
& =
b % miis s .'_b i o T Y ——
B X
I

begtso0 14. 306GR0@0l 950605 Ggobbge-806peobols 0rgmools dobwgzoom
(Muzel, Bonhin, Guimaraes, & Guidi, 2020) bsBl «lgs99b ™I LodGrmol
535380690000 IBMOBSF0JOO Vy; ©S Vyz 560U b2ol Gowo my) godmbsbyebo
094690056 19-9 gmOIMwom. 533HMO0 51939 bobL MLgsdl, MM GMmEILsg Bgdmom
9m399M0 5893905 35005, 306B3MBOL  303mmgboom  3356doL dGMBls 6

$o0m596L w-b Foedmgdryemls.

{yyz = Wy — 0,=0 (16)

szzwx_eyzo

(Muzel, Bonhin, Guimaraes, & Guidi, 2020) 9moblgbogl 3 @sdsdwmn-

©IBMOI0OGOM0  356Mmbosb  Fglodwgdgwos 9egdgbBHol BmAs©o  gargdgb@ol
399mbobgs (17):
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: —6,, (17)
(1-v) Oy
> Oxx — theta,,,

39



Lo

Et? (18)

D=ha=—m

gmOINs  (19). 2o0mbobog  Bgs  2odmlobmegdols  89dsxsdgdgen
3990bobgdsls, Losg {M} sG>0l oMBoEHOL d1s Bgsdomol FodEHowbg dmdgb@ol
399B™O0, [E] 306bmgzol mgm®ool 0630l boboldg s {&r} - 3oOBoEOL 0Mb3oLash
2459m{)39990 IBRMOS3E0s.
M} = [ENer} (19)

0DBMGHOHMINWo 9gdgbEgoolom3zol godmbsbwmargds 0mgdl 898gy Lobgl:

7= % = GB (20)
{gi} = oK {_'BE } = GKt{ec} @)

Loog K - dbgdo 3098303096305, G - 296030 gesli¢or®Omdol dmowmeo, [-
396030 ©gBRM®ds305 s KA 899306090990 3sGmMmdo, dobeobol mgm®oo©sb 30
£c- 3bgd0 dod3900L996 25dMf3999o IMdOMBJdS 96 IBMOTS30900s.

B90mm»  dmEgdo  499mbobegdgdosb  dgledwrgdgeros 0300Mm
99996¢¢)0L aRMMT>300L 9bgeyos (22), sbigzg dmerosbo 3m@EHbEowmo gbgdos (23),
LoQSE § 9M0L 356030 dod 9P M350 YO0 BIOMMIBY z F0TsOMIEGdOM
@ I gesbEo®o 3953030963980 0©gbEH0R0E0MGdOL DoEHGOESS -

U= Ef —0yx 0y (Oxx — 0,y){ My ¢ dA + Ef By — B {Qx}dA
A M, A y

y

Oy«
0
1 E 0 ~ 23
= Ef =Oyx Oy (Bux = Oyy ) (wx + 6,) () + 6x) [g Gl?'tf] Orx — Oyy  dA (23
A l wy + 6, J
Wy — gx
- fc?wdA
A
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(Muzel, Bonhin, Guimaraes, & Guidi, 2020) od39l ™3, 306bm30x0l 09MmMH00sb
3obbbgoggdoom 6, ©s 6, BmdMHMBIddo  ©ITMYI0IBII0S  FOWIIHOYJOOLYSD
w(x,y).

090Lbg-006E0boll  gMmM00Esb, Tglsdwgdgwos  39bgMoMgl  M9dm©gbody
99996930, MHMIgdoE dgLbodgdgwos 0ymlb MMAMOE3 BoORoEGHOL Lsboo sbg3g
399hbgl  LOAOMEYE. LMOSMO  15-Bg  AsTMBsbmEos  9gdgb@gdo  GMIgdos
396900609005 50bodbEo  MYMEOmO00ED. ©TMM30©YdJMIWOo  53MMJL0Ds30900
w(x,y),0,(x,y) @s6,(x,y), 5©030ws©  56OL  dgoagboo  bmaswo  bg-b
3565393M0Ds300L BMOIMWoMgdom. gargdgb@gdobmgol Q4, Q8, Q9, Q16, T3, T6 s
T10, y39ws 33560900 go5Bbosm Lsdo Mo30LBgdOL bobobbo: ghmo 396 G035 MmO
5g4oL05EMMH0 s 2 dBHNB30L. S1939 ML 9engdgbEo QIH GMIglss S1939 MHIYd96
~Heterosis®, ®mIgeobog 5353Jo0m 4598b0s 396EOsGm0 9e9dgbEo dbmermo m™Mo
069630l Mo30LwREGdOL bosGolboom.

A

(b) Q8 (f) T3

TEN

(e) Q1 (h) T10

96000 15. bsb&oyemo 9¢09896¢90b (H03960 (90bbg&-0obocrobol ogmeool dobywoz000

(Muzel, Bonhin, Guimaraes, & Guidi, 2020) bs%o gomlg9l ™8 ©dswo MHBAOL

9w99963H900L  g0dmyggbgdols 99dmbggzsdo Losbas®odm MM 30 93060gds doacmod
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dmMob boMolbmdm030 393006MH0L ILOEYIBIE F9BDMYSIdIMW0os 93MOLEZMIo
Bbogol 09393900L 3obsxIMEMds. 580LMZ0L, 3ol dsd30L Mo  FgbL©3ls
0539300693905  LobobEGHoL sBH®oEol 0bGHIAMsE0ol MoMMgMw  F9OEGHOWMb;

9OMO 5353300907105 B, S JJMEY By

1.3.4 306bmxyols s 30bwobols mgm®ogdols 8gstgds

3060b3mgol mgm©os FggLodsdgds mbgw RoMHR0EHIOL, M9golbgM-doboerobols
09MM05 30 OHMYMEOE by s1939 UJgE BoOROGHJOL, BoaEsd 5T 3965L369wol Mbgw
306O80GHJOI0  25dmyggbgdol 99dmbggzsdo dg@o gmEoMgdss LoFoMm ILsmMIMdO
050l d94dbolol Gsms Moo MYBMWGHGHJo0 dogowmo (Muzel, Bonhin,
Guimaraes, & Guidi, 2020). 96500g60L, 3096BwgHOL ©s dmd ob sHBMom ffMxzoz0
39039BHM0900LsM30L S OBMEGHOMINWO  BoOROGHJOOL  ©MBIIDBY  39MPo©
96930 MIMEOH0900s:  3060b3MBOL  0gMmM0s, MO0 296030  WIRMOTs300
“I3IC03909ILYMBO0S, S J0berobol mgmM0s, HMIGE0 JOMOMIWIE 25dM0Ygbgds
by 30OB0EHJIT0 M50 256030 IRMEOT530900 Qom35¢olobgdmos.

099939,  29LsmM35eobfiobgdgos  IMgEo GO  ROJBHMOYO0  oRIWOMSE
LGOG030100 IGHZ0MMZ0L 39055 3MBLEHMMIE0s 0999 ObsToMOL, S1939 Bsbvgs 9O
30056 byl Homdmoybgl 099 5396m3z96L ,9bgz0BL . gsbogo rMIMsEgool
2395035¢0L{obgds Y39wsBg 093500 BoJBHMM0s ©0bsToMEG 39308 ILIYIBI
106053039000 (Muzel, Bonhin, Guimaraes, & Guidi, 2020).

1.3.4 356bme0o 9engdgbo

3900 FoM3MOPBL MmO 46BMI0Wgd0s6 BbgmEols dw9s Bgs30ML, GOl
Lobdgs 3o0mLobgds t 96 h Loddmermmo, »MIMegwgl dgdmggzsdo Loldg z ©gMdols
35059 0(339ds. Lolidg bbgs 490560@Hw BmIgdmsb dgatmgdom 393Mo©
930695 (Muzel, Bonhin, Guimaraes, & Guidi, 2020). go6OU 255B60s LG, sl
3999905 gow9deml dpbsg s 930M56mE 9839JGJOL. oML 3mbLEMWJ3900L
39290mMgo0s  53MBAH0ZNOO0  Mogdo,  OMIJGoE  99GHMYdT0  2sdmoyqbgds,
U3o0MbYd0, OO A5d560l TJmbg LobMM3930, AoaM0Egdol T9bmdgdo, dogrgdo,
65394990, §yols H9HgMH3995609d0 s Bb3s. 2Ol 9egdgbgdo 51939 39dm0ygbgds
003945603590, 39MdME 530l Joerols IMmEEP0MgdOLIM30U.
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39O 9angdgbGgdol 439wy Gg@o 939900 LsFMTomgdo  GoTMdS
OMamO3 LOLOWME 9egdgb@ms dgmmEol bygzombo, 300G Lbgs Lszombgll, mmdiss
950 BoIOMEOL 45dM  2oOLYOL MBOM TgBHo 3MMIEGIYP0 g3 30Mg Lbgs
3MBLEBHOJ300L 99d9gbEgdbL.

(Muzel, Bonhin, Guimaraes, & Guidi, 2020) oddom, 3MI3MDoEMGOO
3™bLEGHMMJ30900 Y39wsDg bdoMs FMmEIEo©gdwbo 5606 FoMHBoEHJOOLS ©
39ML9gdOL 9e9gd9gb3HJdOom. 93EMMOL MJdom, U 25dmf)39)o 3356d9d0L F9dz0Mmgdom,
39600dm@  Bod  gobBmdowgdosbo  gargdgb@gdol bBoggwrs®  godmygbgdemos ™G
396BMmdogdosbo gegdnb@Hgdo LvMsmo 16.

beg3s000 16. 3) 20 335600560 0beadGemseyemo gergdgbo; 8) 8 335600560 gergdgbho
dolo gmMs BoFSEgdSL Sdeg3l FgddMIBOL HF0TZ0L 20633999 LObEYIgdL
00mgddgomb  dobo  BobygbiosrMo  LOdMEYOL oMW WMo s dobbgb
©IBRMOA5300L 3003900 53MIOYI0. Bo9EHMIM035©, 093600 Mbgo gargdgb@ols
365¢00B0o 9udbgds Fbmem goMLoL d9gddMHIBOL MYMOOSL, MYMEgdgEymal oo
dmgdboermdol Lod@GH3oaL.

9509353030105, goMLoL  9ggdgb@Hol dmEgwo GoOHBoGHOL  9wgdgbEHol
AbgogLos, oD 296030 bMEOTsMMO IO MOOL  3MI3MBIBEHO  bMEwosb
dookbg3s (4oxosbo, sdgladg, & PsBbosbo, 2016) (Gurgenidze, Kipiani, & Badzgaradze,
2020), (Gurgenidze, Kipiani, Badzgaradze, & Suramelashvili, 2020). 456bols ggmdgEH©os,
000Mg2)0 F9MEGH0ol Loldgbmsb 9B, 990dgds 2560LsBPIOML dobo Lsdwysem
B95306M00m 56 Fbmmm© 9OMO oty Bg30MmOm, HMAgELLE 9imgds LobmdsG™m
B953060. BMPso©, LsTMsm BgEI30M0 25dMm0Ygbgds MMAMEOE LobmdsGmM
B9053060.
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(Muzel, Bonhin, Guimaraes, & Guidi, 2020) 80obgzom, 456MLoL gwgdgb@ol
d900bgz935d0, ©Mb3s 939380609005 OGZ0MMZ0L  Fg9Ro©  FoMdmddbogn
3o gdmsb (My, My, My, Q, @sQy). 93069 Lobdol 89dmbgg3sdo, domlol LodGOols
65©0LoL 399mbobMqd9gd0 0096&"60s 30OBOGHOL 999963930l
3990mbObMgd9g00Ly. 3933GbMwo 9x39dBHOL ©sF0d30L 3T3MbIbBHJd0 030395, M3
LOdMEYOL  OTVMMIOL  JEYMT>MGMdST0, Mmdzs oLobo  gobobowgds  smo
9B ESGH00 LoMM0gbBHOEOM BYI30MHOL LORMAOL gMmMgM By LyyMsmo 17.

|

@ ()

bptr5000 17. dengdob «3h0enmBs 3065090bsoz0l

1.3.5 350l9d0L 0mgm®m0s

doMH0M5I® 5OBYOMOL Bodo 156J0TY3OMEO JoEYMTS oOLOL gargdgb@gdols
565¢0BolmMZ0U. 5) 2oMLOL LEMXYIEHWOS FM30639NIOME0S dMEYJo JergdgbEgdoom,
0) 9ww9d9b@Hdom, OMIWgdog BsdmygsodgdMEos  AMMEO  FIMLOL  MYMEOOOL

Logymdzgendg 96 @) 299335093 LyFRIEDMBogdosbo  gagdgb@gdom
(30mGMd0s60, 2021).

0bgE0o 45MLOL 96 dBOEHYJEO F9MOLOL DMPSO MMM FoMTMoaobgl 3. s6OMBIs 1874
D9l @9 5.9. wm3ds 1888 {garls, Jo®53 00 Bs0b0bGMM 3G:MdY7dOL QoL FMHGO©
3990g9gbgls IbMmE Mm@ 9O 159939960l 9. 565CMYOMOOW, BOOTBOEHOL MIMOOOL
dobgz0m, 2oOLOL  MIMO0S  JOMOMII®  2obLHZI3YdS  sm3ol  dsd30l
Q©IBRMOT530900L  0JoLsD, MoEsb 53 T9gdmnbgzgzsd0 AoMLYOOL sbsgroBo bgds
30OBoGHOL  9egdgbGHol  LobolGol  1Y3gMH3MbBoEOMbyOMdom.  gosbswoBgdmwo
36MdE9gdol Lobgmdob 25dmdEobotg, Jowgdmwo 2swoHY39GH0w)0gd0 90dwgds
©59M 30009090 0gml oL3MYEH0BsE00L botobbby.
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dombgozs  Pomdmagbowo  Lo®mggdols  dMGHYJo  ROOROEHOL
999963900 259Mm0yg4qbgds §OxR030 o 9MfOR0Z30 2oOLOL sbseroBdo. LodGM@Eyol
39MLOL MYMEOOS Fg0dEGdS I0YML J3909MMH0gds© MgolbyM-dobwwobol (30390
(ogol  m9MM0900), MIswgbo  MboL  MgMEO0JdI© ©s ©OLIMYGHWWO B96oL
09M60905Q.

50 mgmMosdo dbgdo  dsd30L  EIBRMOMTS30900  MAIEGOILOYMRO0S, 0
3039605910 90m, MHMI 2oOLOL LYFMSEM BYPI30MOL 39MH39DO3MW OO bsBOL
19399630 IBRMOT>300L F98IY MBYOS LMo s bM®IsMo 53 BYI30MHOLMZ0L.
3obLb30390000 Mo0LbYM-050b6E0BOL 303MmMgBOLYG, GMIgEoE 356M9ME™AL, Mmd
19239630 BBYOS LHMOO s 505 bMOToE @O Fms Bgs30MH0L J0ds6M.

35050 0ol MgMG®05do 00PYds 3MHOR030 IMmEobmdomemo  356mbgdo
©IBRMOA5300L 8909y dmbMowo Lgadgbdol sloygbsw; mwMdEs, BoBozmeO
99930 MBOM 356MQ5 5OOL FoMdm©ygbowo mgdsdv® dmgergddo, 30O bbgs
09MM090do.  oLZMYGHMwo  B96JdoL  MgMGos  JgLoggMobos  WsdoboMgdwo
39MLgdOLOIMZ0L, LYadgbBgdom s Lobdom dorgdmewo M3030 A9I9YHOGIOL
3900m, HMIY03 5fgLgdL Fglsdsdol 3mbESIEVIO 30OHMdYOL B9bdDg (Muzel, Bonhin,
Guimaraes, & Guidi, 2020).

MOMEQLYE  FIOBO 0905  LoAYYBEBMIowgdosbo  Lolitrmeo  gagdgb@gdoom,
65350 MHoEH300 LoMMYEg FgodEwgds Ho®dM0dz5L Ol IMYEH0DBIEFO0Bs s Loligol
3990, M3 M0 IdL 49BGHM@WgdOL LoliEgdsl, 3000M9 ©IRIBIMSE0MEPo0 BMmEIE o,
39003 099bgdl LoabmdsMIM BYPIS0ML (R0MMAMB060, BgbMm3s60 MbgWw g osbo
LO3ME00 3MmbLEHMYJ 30900l gosbasm0dqds, 2021).

L53QO6DMA0gd0sbo, ©IRI6IOO0MGOMO  2oOLOL  9wgdgbEGHol doymdsdo,
OM3go3 MMM 36Mmd0wos HMAMOE ©39bgMH0MmdME0 oMLOL 9wgdgbEo,
90999630 J3939, ©HIMY30IOIO  F5QIOEYPOEGOOLS @S dOMMB30L  JodsMm,
939690060900 LYFR6DBMI0EGO060 HTIDMEOMBOLS S IBMOTS30900LY0
(Kipiani, Giorgobiani, & Beruashvili, 2022).

58 9¢09896390L 543m 130M5GHILMDS, B dmombmggb Fbmewmo C° - MByz9E

hﬁjgoob, ML §bILHMOMBOL 2563 MEgdg00 JgmMg GOyl OBIOIBE0IWMEOO

LAIIMM3ITMU GIIENSIMN 45
JBEN3IMLNGION

1922 BIONCIG



396@Mgd900s.  LoliBrmeo  9w9dgb@Hgdol  BMMIMEoMgdol  YEIbyMIEOMEo
3Mb398E0s ©59gb0dg 93GHMMTS 2o5RMMMZd SBOBMEGHOMIMWO W sdobo®gdMEo
30330BoGHMO0 LGOI EHMOIOOL FOR0Z S sOHOR0Z sbsEPoBTo.

9MmY0Mgds 99390900 FoMLOL 453MmYyghgdom JogdME0s, BroEL ob
59306M90L 250MM3000 OML, 3mb3M9EMWsE Mbs3gdms Bofmgdslis s 565EPOBL
95909, 5939 MoEb3000 JoBHHYdOL oM.

3@oL03MM0 oMol BMOHIME0MGds IMOMbMZL 499 A0WGdgdL dgbmong
bs®obbol  3merobmdoseom;  dglodsdols, 3396dmz560  356599EHMIO0L OO
50bMdsd LoFoOMm OHMYMEOEF PHYWO, SB939 VOB AoOLYIOOLIMZOL. Y39 B
365dBH03Meo  2o9mbogoos  2oMbol  gegdgb@gdol 89909853905,  I)YgdmEo
LodMEYOL  HAVMEIMOOL g gdgbBgdol  SLMm305309d0m @S BOOROEOL
dmgdboermdom, b6 Bgs3ombg ©gabgMoMgdmwo, BsdysbBmdomgdosbo dGM©O
9999630 259myqbgdom s 30693530300 s 39996032960 93900l doMqdom
LMoo 18. oL 89gyos3 §oMdmoddbgds LodMEygdo 9gwgdgb@gdo, dMmo
99996900 (M50LbyEM-350bErobols  303mmgbgdom) s  sLdgB®moEo
5330030 dJmbg 0gMdol LodgEMomero 35MLo (Muzel, Bonhin, Guimaraes, & Guidi,
2020).

bryGoomo 18. gstrbrycmo 9engdobdgdo

(Muzel, Bonhin, Guimaraes, & Guidi, 2020)-ol dobggzom, dglodegdgeros
30OBoGHOL  9gegdgb@gdol  459MmM056gds  dMEHYJwo  LodMOHGHYoL  dodYMBdOl
9w99963Hg0mb;  93M0Q5©, 0g0 M3 005 LOdMEHYOL dsd30L  T9EIRJO0 O
aoboboegds  LOdGEYoOL  9ggdab@BHadom.  LodMEYoL  gwgdabBHo  Ho®mdmddbols
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39m39EGHGM00L  JosbMmgdsl MmO 2oOLOL  OLIMYEHODsE0sT0, Tl b33l

31399GHoL 999963GH00L Bo3MGOOM, M F99R0GIOL 3gerols Josbenmgdgdoly,
MM39oE 96 bzl 3O gargdgb@gdols sbsgroBL.

53 3Ho3dol olzMYBHOBsE0d FMOMbM3L 9egdgbEgdol O oM gbMdL
©sH3900w0 3mW0gOHWo HBJI30M0m, HMIGEoE MObEM3Yds 153I30M39W
LSNP BYI30ML. 58 Fgdmb3zg3z5d0o, Lodzmmbs ggdgbGgdo LwmGmosmo 19-%bg
©13909L50 HoM3MYg696 MmEMBog0 IOHOL oMLOL gMmdgE©mOSL, 3000M) MmmMblmmbs
999963900, HMIWgdoi 99 d900mb3935d0 MBOM BoobEgMglms gemTsao LodGols
9gmbg 35MLgdolM30L S dMBHYJEO Fo®LOL OLIMYEHOBsEOOLMZOL.

(a) Membrane displacement (b) Flexion displacement

beg33000 19. 0265 356Beadoemgbosbo bsdzeiombs 9ergdgbho
bbgoolbgs  9wgdgb@BHgool M350 FgBobol aomzsolfiobgdom,
d9L5dEdgE0s Fob3LIBOZIOMMM QMBI MHO LobobEGOL To@®moiEs (24), Loss [4]
$o00m596L LsdgobBMI0Egd056 dOB30L oBHMOEIL .

Wi = [r*{u}; = [% g] {u}; (24)

LEEOObML dobggzom, 1968 (gl 530905, S0MHMBLAS s H09gb3930Rds
39009939539L 093969006930 F5MOLOL 9egdgbEo, oHYx0Io LsdysbBmdowgdosbo
960 9w99963005b. 9L 93959653095 RIOOOMO 39000949bgdMmo
3993060989 0/bgegd3oMo  0bGHRMoEooL 3mEbom s 2obzomsts gmgmeo
RMOHIN oMol LEWEo 06EJYME00m, 833039 91gdgbEHJdoL dm3mgzqd0l dobboo.

399305 (Cook, 1995) @ssbobgams, @A 3G90 gargdgb@gdol sfiygds 8godergds

3995 19930600056, 39MdgBHH0Io obloBOZMIOOLy O R3O ROW GOl 39O,
690LbgH-3060bols  303mmgbgdol  domgdom, Tdob  Lsdmoem  Bgs30MBY
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15996BMT0gd0sb0 53565 A9R39MGOM0 GengdgbBolL bo33ws bm®mPsrmEo
9M3oMmgmdol  sfglgdom, MMIgwwog ol 0bsMRMbIAL. LMo, BogMsd 6o
3(30009IO©  BmGMTormEmo 53 DBgedomdy  HgolbgM-0obobol  mgmEmools
dobgzom LmMosmo 20. Bmyows, bgdoldogho Lbgs Lsgbmdstm  bBgwpsdodo,
Mmdgwog bywsg 960 sMol bsdMsem Bgsdo®o, Fgodwgds 2o9myqbgdrier odbsls
OMaMOE 39609 93000, 0I3s, LBsdMsm Hgsd3oMo B39MwgdMHo3 B00Mgds
96005960560 goGLOL Jgdmnbggzsdo 9HM35MM3560 Lolijoom.

dMBgwol s bbggdol (Muzel, Bonhin, Guimaraes, & Guidi, 2020) dobgzom
93969653000 oOLOL godmygbgdols 0M0MSEO 30MSEHJLMONOOS:

e 530005639 39MLOL 3030 bbb F/Tomds, JoMEGH030 dBom gargdgb@Hgdol
3396000 B39JGH®™ol Jogdo;

o MO0 9e9396¢)9d0L J989985398s, H@AYGBLE Fbmemm €0 MfyggEmds
L F0MYOS0;

o ®530LREGOoL BsMoLlboo dbMme™mE OR300 2550 GdOLS s dOHB30L
3990ygbgds, o3 dglodewgdgwll bEol goMbol gwgdgbdgdol  dsdmyqbgdsls
bbogols s 3omx0EOL gergdgb@gdol olzmg@obosgoolmgol;

o 2560b0Egds 53300l ©Id30L 9BGIEHO FMOZ9ETBYIOMZ LoldgBy.

;AN
-

(a) Average area (b) Addition of i to i coordinates (c) 3D element generated (d) 3D element
from the middle surface.

beg35090 20. 9egdgbhols GeaGdwemoBs
RmOINws (25) 230P39690L LsdgobBMmBowgdosbo 4gmag@Ecmools 356599EGHMME
RMOISL, HYg0MEo MO gergdgbEHol Lodwowm BgEI30M0sb, Losg C sMOL z-
©96OI0L MRbBMI0gd0560 3MMO0bsEH0 3603369 mdId0m oty B30 gdbBy 1,
t; 560bL Lobdg: 339693560 FgMEHOWO i; N,y Nayi, Nzzi SMOL Z-9MIOL F0TIOMYEGOOL
30LobMLgdo SB93g i F9OGHOoWT0, 39dE™OOL {n,}; 3m33mb96Egd0.
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25)

Xy & (X P g (Mex
Y =ZNi Y +CZNiEl Ny
Z i=1 Z i=1 Nzz

i

0OMMIND  OMISNYO  ASOOYOMGISL  u, V' s W' OH™IgEos
0539300693 MW0s M3ZOMO 9MIJPMB X, v O z, Tggbodsdgds ©IBMEOIs300l
3 MBSO 39dEHMM900. 59 IMLsDBMHYIIO0b 459MB0bIMY s obgsgs 0doby,
Omd  496BMP0gdmo 330l 39bmbos (0, = 0), Fgodggds Tog300Mmm  BMYSO
396G ™M9ds ©YAMOMGOME0 oOLOLMZOL (26).

1 v 0 0 0 0
. 010 0 0 0 .
o 000 O 0 0 N (1 (26)
Y (1-v) y 1
o2 |__E |00 0 — 0 0 e, | EaT |o
Txy [ 1 —p2 (1-v)K Yxy 1—-v10
Ty 00 0 - 0 Yz loJ
T
g 1 -vk| * 0
000 0 0 .

d6OM©o  9MLoL  9gargdgbGol  BMOINWoEHGO0EI6  Bobwobols  mgmMoom
5306030393030, 3MmHBgEo bsBl Mzl J9d9 296Lb393909dL:

*  30OR0EHIOOLMZ0L, 1M53W30M3JMWO®, SN0l dM¥63900 A9FMIYM BOMRBOESL
@5 39905mds  ©FOMEMOS-IBMMT>300L  J0dsMM9dgdbg  BoMgdMEo
350300, TgLsd530LOE, LOLYgbsD 0bGgaMsE0s LobolEol ds@MoEsdo s
3396903560 doegdols 933035¢0gbE™MdOL 450mbomdzsd90d0;

*  25MLgOoLO30L JEosbo BMVB30LS @S O MBOL  3MB3MbYDEHIOMD
dmBsmds  0f)393L  LobobGHoL Fo@GMmoEol s 9d3035e9gbd Mo 3356dm3560
35900l g59mboG3sL, HMIWgdog LsFoMmgdgb 0bEHYaGs30sL Loldol golizdog.
2350m35¢0olfobgm,  MHmd  FoOgoGHoL  gwgdgb@gdo  sLg3g  Fgodargds
BodMysc0dgl 03539 yHboo.

LAHOYIEHOMO VIHIOL LOYEGHMOIO (39MTgBHM0s O BoYMHPIBO 30OHMDYd0)
Sb0FYIBHOONO  IGHZOMOMZOL  20dmYgbgds 0f393L8 MBOM  Jo®EH03  OLIMYGHWW
dmgl, 3069  Jdgbodsdolo  LsdRBbBMI0wGdosbo  dmgwo. gl Lods®E039
05393006937 w0s  3m6309EHME  gmdgEEmosLmb @y (33wegdOL MRG™  F306Y
50 9bMBLMB, H®MIgd0o3 b 2obolsBWIMHML (JoMmMaMmdosbo, 2022).
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1963 gl 4MsxG™bIs s LBEBHMMITs Ho0TMoa0bal WgMdMwo LodgEHMorEo
oL3M9BH0BE0s,  SLOTYGHOOMEO  IGZOMHNZOM, Omdwgdoi  d9gglodsdgds
UHMObIHBMZ6 Lol 9egdgbEHL F9M0OBEO oGOl Jobgz0m, HMIGELSE 993l
™60 3396dm3560 (gMGHowo s BsFo oOIEPOWdS MOom™M 3356dDY. x™bLIS o
L EMmbds 1966 (garls 993350gL 6534993560 M9xEMbOLS s LEGHMMAOLY, Fobobowgl
960 99d9b@ 900 99600560l Jobgz0m; MIEgs MmG039 93GHMOMO Aobobosgls
0bgeo o®loL MgmeMosls (Muzel, Bonhin, Guimaraes, & Guidi, 2020).

59 9@gdgbBdL (3MBNLYO s IOYY 9ergdghBHIdL) 530> 3396dmgsbo (jMggdo s
565 3356dm3560 foM@GH0wgdo, Moz 999b90s BoOROEOL gurgdgbh@gdl, s DMy,
oMM 9gdgbGbg sMol MO0 3356dm3560 (169, GMIgLsg oJ3L MM GGMBLWISE0s
(635005 MM0 S VIMHIME0) S OO dMHB3S. LMo 21 FoMTMOYIBL WgMImEo
L0TgGHOOMEo AOLOL JEgdgbAL, LOIE X S Z VYIMHAGOO Fglsdsdola ¢obygblos s
b6 ©os LydMsm HBgE30MmOL I9H0OsEDY oMy FadGowdo 1, 6 s Z
5©05¢M0 30O GOI0m S Z 0gMHdbyY.

b0 21. sbodg@mowyemo 9¢v9896¢h0

390@Mgds, MMIgEog  gobloBrgMogl 2550w gdol  0bEHIO3MWOEOSU,
Hom3mp9b00s (27), LooE 1 MO MHOIPOIWYIMHO A5ISOY0GD, W 5OOL gMHIMEO

3QO9EPOJOS S ¥9BS Mol 1 3396dm3560 [gOEHomol  dGMB3s, [MgHocmol
908560 gdols dobgzom.
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SRR WEETY

=1

909b9go3500 0d0ls, MM y4z9es gl IMBsBMYds ds035L5 O IBMMT(305L056
05353306900, WMIIWIOO S JEMBHWYIM0 F00mMGdS FOOWIDS Viy ©O Yy
359m6M03b30m s y-0b 8 A5:33Wom, ML J9JIPSE JooEgds WgMdol LodgE Moo
39OLOL BRSO FobEMEgds (28).

G [1 v 0 0 1reo 1 28)
Oy g |[v 10 0 Ex EaT )1

o (= =10 0 0 I O

z 1—v (1—17)]( z 1-v]0

Txz 0 0 O — Vxz 0

Lodmdoesdm 06069600590 LabOwo 9wqdgb@EHqdol dgommo godmoygbgdms
Pargdol gob3sg3emdsdo dgbmdgdol LEMmwJBIMHIwo 2odmm3wgdobmzol, bowgdols
©OBH306MM30mM30L s 9.0, OHMymeOE oMo,  sbggg bob  LyyEsmo 22
©0bHs0bgMgdobmgols  FEM-ol  ffoblgws  3033mbo@gddo  9o8moyggbgds  Gmymea
399526939, 3585005, bogdo s B39E 900, 9O 0oLy, MM GHTs6gds S65EOBL
06996030 dM3w9bgdolL, MHMYMOOEsS JofolidzdMgdo, GHMMmbsMgdo s JsModbwrgdo
99bmdgdbg (Calister & Rethwisch, 2013). 9065 5d0bs, 0lgzg OMaMOE LodsgMm
3LIMbMO bgdEBmOTo, sHswo bsbmbGHOMJGMOMEo 30d3mBoEGdo bawl MFymdgb
30bLEGHMJ30900L LEHOWYIEHMOo fmbol F9930MqdsL (bdgerodg & gogosbo, 2022)
(Gurgenidze & Kipiani, 2018) (Giorgobiani, 2022) (Kipiani, Rajczyk, & Lausova, 2015)
(Kipiani, Giorgobiani, & Beruashvili, 2021) (Kipiani, Giorgobiani, & Beruashvili, 2022)
(Kipiani, Giorgobiani, & Beruashvili, 2022).
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Timber Solid
(a) imber Il Losd Plane of symmetry

! }
N 1 E 1 HH,

CFRP shell element

(b)

b965000 22. bsbtoyem 9¢29996¢9005 $65¢»0bob 3s90g96985 59696¢28590

1.4 039300 3Mo@HgM0do

333mDo@MH0 Bsborobgsh sdbsIdMEo 3mbLEHMMI30gd0L M30EMSEHIBMBS
9500 9839dGHNOMds O MLIRODMYdss. LG9 sdo@™ma, d99m@Esbowos dgbodsdolo
603930l 30039008980, MMIWIdoE (939w 333mbabEdL T9gbodsdnds. mdms,
900, XMbL, Jm 0530560 65dOIMIgddo Tgdm@Esboro 30M0EHIM0mdgdol dobgbo
50l MO s 393 ©IGHZ0OM30L J393 dymazzo 3MBLEHMMI300L 9B9JGJOOL Fo0MEEMDS,
MMAgd03 dgLodsdolO© WMISEOO 96 Jermdoymo JoldEHsdolss. (Muzel, Bonhin,
Guimaraes, & Guidi, 2020) 0530560 b5360®dd0 259mygbgd o gmEm0s goblabrzMagl
sdoboBHol  M3930L  3M0FGHIM0MIGOL,  TgLodsAOL SO~ IBMEOT300L
9dmdomgmdol Jobgz00.

dmBgol s bbggdol (Muzel, Bonhin, Guimaraes, & Guidi, 2020) dobggzom
50bodbmmo  300GH)M0dgd0  153030M39mo®  J9dMmYgbgdEo  ogm  dbmermE
0BMEGHOM3N FsboEgdobm30L. Lo FoduodoErMmo BmAMSTsIMHO dsd3s s dbgdo
350395, §0bs 3mbo3gdHg MHoMm©gbmdMH0350 390 M0, 5699 Bsbogols H3935b05b 23543l
Logag.

0BMEGHOM3Nwo  doboerol MHE3930L 9990 3O0GHIO0YIgd0s  3bMmdowo:
35Jb0dsE MO bMOToE MO dsd35 (M963060), FoJlodocymo dbgdo dsdgzs (BHMIL3IS),
3540350 BT MHO EIRMO T30 (396953 0) WS FodLOToOHO IBMOTS300L
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09MM05  (3m6-0olg). 89bgyol s Jmb  bsdOM™Igddo  bsblgbgdos, M3  Bgdmon
Bodmm3Eowo  3M0@9Mm09900 dMMmydE0s  sbobmEGHMM3MEo  dsbowrgdolbmazol,
Mmdgwoy ©59M 300090 0™ F3mb 90350 gdsbY, Bn®serm®o
fobos0dgamdol 4 356009 BHMBg s  dbgd  [oboswdgamds®y, xsddo 5
§obos0dgamdol  350099BHOby  (bmGosmmo  23)  (Chakartnarodom, Prakaypan,
Chuankrerkkul, & Laitila, 2020).

MONMGHOM3ME0 BYOEWIO0 93390 ©IBMMT305Dg 0BMEGHMM3MEOl
0096@MM0s.  OHMEILSE BMIOEIWO  005JLoE b BHG0sJLoME dsd3900L 3905,

39300930l 9Ju396M0896GH006  Jowgdmwo TFmbs3zgdgooL  Losbgas®modm  dm@gwdo
d9yzobom  bgds  FogdlodoEs  bbBo 9o gdol  Foegds  MMaMO3
MmOOMGHOM3ME 0y 9bobMBHOM3MEo  Fsbogrgdolsmzol  (omMymdosbo, 2021)
(30mEMMd0560, 2021).

() (b)
s - / (e)

L5000 23. ¢r530b5H By Jabaemo dotkroosoo 330003980

©9LEEIMBOM, 3033MBOEGHWOO 3MBLEHMMJ309d0L LosbysMOTME 45dM0Ygbgds
39000930 360390093900, gugbos: 30, MLYO-30, MBL0-3Y, 35d06-OM@EH90, 35006,
95Jb0doE MO o35, 3mxRdsb, JoduBodo OO IBMOTS30s, 30, 73Md-0mMTb, RobY-
Boby, cwobe, LaRCO3, LaRC04, 35090, 356m-L30E0, 09-bEHMYGHMD s bbggdo (Ashouri
Vajari, 2015) (Muzel, Bonhin, Guimaraes, & Guidi, 2020) (Wu, Xing, & Liu, 2015).
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dmBgwol s bbggdol (Muzel, Bonhin, Guimaraes, & Guidi, 2020) ovddoom, ©gdmom
blinbgd o 300EIM0Yd900 3909 SMOL 450M3IZL MO OEIMSEMOMGOT0, BoaMod
000MJMo  Fomobo 96 sbobogl  BoBOIMG  LoggmIzEgdl,  3gMd  obobo

3™bLEMJ305L 39bobows396 FbMmEm o3 AolidEHsdd0. Y39w sty 493M(39wgdEo
360396Mm039305: dodbodoer®mo dsdgs, MLs0-30¢, MBL0-3v, 35006 s §BYJ-3mE@Tsbo

(gbGowo 1).
H©3I30L o
™ S
3MoGgMowmdo JOPIOR
85JLodsE Mo X <oy <Xy Y. <oy
35035
712l < S
2 2 2
01y Oy 0103 Tpp
0byo-3o ﬁ"‘ﬁ_ X2 +F31
Fi00 + Fy0, + Fgtyp + F1102 + Fpp02 + Fygt2, + 2F;50,0,
mbbo-3‘g + Fi601T15 + Fo50,71, <1
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0bgdLbgdoo.

1/,0v Jdu
o =35+ @)
1/0v oJdw
vz =73 (5 E)
1/0u ow 7
e =5 (57 + %)
. dv Jdu
Yo 9x 0y 70
dv Jdw
Vyz = E + E
du oJow
Vax = 5 a
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X
965000 35. 0sbGHoernmdol 093060305
39Msddboom 3009dm:
2812 = Y6 = V125
2813 = V5 = V135
(75)
2823 = V4 = V23

MmO 456BMmdogdosbo  Jgdmbggzolomzol 300930  dsd30Ls S OTOMEIMIOL

01 Ox (76)
() =T O_y
T12 Txy
& Ex (77)
T—l
& | =T &y
V12 Vxy
Ox 01 (78)
O_y = T_l ()
Txy T12
hﬂu LIIIMMBINMU GIIENSTFMN 78
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it

Ex &1 79)
ny Y12

Looi T gotsddbols do@Geosss:

cos? 6 sin? 0 2sinfcosO (80)
T = sin? 0 cos? 0 —2sinfcos0O
—sinfcosl sinfcosf cos? 6O — sin? 6
cos? 6 sin? 6 —2sinfcosO (81)
T 1=| sin%0 cos? 6 2sinfcosO
sinfcos@ —sinBcosO cos?6O —sin? 6
cos? 60 sin? @ —sinfcosO (82)
TT = sin? 0 cos? 6 sinfcosé
2sinfcos® —2sinfcosf® cos? 6O — sin? 6
. cos? 6 sin? @ sinfcos6 (83)
TT ™ = sin? 6 cos? 6 —sinfcosO
—2sinfcosO 2sinBcosf® cos? O —sin? 0
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2.4.3 boboliBol Jo@GMmoEol GMmIbLEMMI0MYdS

330l 396mbl HMI ©s3MdMMBEgm, AoTMULsbyeos (84). gu  gobEHMmegds

3900905 25050(90mU (85) Loboom s 999 oM EH03IL (86).

O-.X'
- <ay
Toy

3990920

MOMIwgdoz  259m0ygbads

gb®owo 1

g¢&

Q'TT_1'<

Oy Ex
Txy Vxy

5d0bsBHol  3mMmMobsE M

Vxy

Ex
. )
Vxy

239BLOBOZMZL  GHOBLRMOAs300L  A9BEHMEgdIOL,

(84)

(85)

(86)

LobGH9dsdo  sdobs@ol

LoboliEol FoGHMoEoL AodmMBsm3zMgEs Jobogols LobobE ol do@MOE0WSH.

Lo0b5g0bMM godmboB30L godmygbgdom 39930L 39bmbolmgol (87) s dbasgLo

2995603039008 99009y  2odmlobyaos  bGmegds  (gbMowo  5).

gbdowo 6

39bLOBOZMOZL BHMIBLBMMTS300L gobEMegdgdl, MHMAWYdO3 8Mm0Yggbgds Wsdobs@ol

30mO0bsEMs LobEYFsdo sdobsEHol dgbodsdolmdOL oBMOEOL AOTMBIMIEPYS©

dsLognol LoboliEol FoEHMO0E0Ib.

@53065¢)0/35boes Q11 Q22 Q12 Qss
Qux m* n* 2m?n? 4m?*n?
Qyy n* m* 2m?n? 4m?n?
Qxy m2n? m2n? m* +n* —4m?n?
0. m2nZ 202 —om2n? (m? — n?)?
Qs m3n —mn3 mn3 2(mn3 — m3n)
—m3n
Qys mn3 —m3n m3n 2(m3n — mn3)
—mn3
m = cosa,n = sina | a 3moobg Fo®Imsa96L LMoL LESOOLOMM 0BG

cb®oco 5. bobolHol ds®ogol HBs6bim®8s300b 3sb¢hmergdgdo.

53065 0/dsBoes
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2m?n? m?n?

Syx m n

Syy n* m* 2m?n? m?n?

Sy m?n? m?n? m* +n* —m?n?

Ses 4m?n? m?n? —8m?n? (m? —n?)?

Sys 2m3n —2mn3 2(mn3® —m3n) | (mn® —m3n)

Sys 2mn3 —2m3n 2(m3n—mn3) | (m3n —mn?)

m = cosa,n =sina | a 3Moby Do63mogbl Losool LodoOLOMOM

90356mgdsls

sb&ocro 6. bobolbhol 0639(5b0w98:1cm0 Js¢hHogol HBSbbRMEGIsz00l 3sb¢hen98980.

Ex 01 Oy (87)
Yxy T12 Txy

2.4.4 59065¢0L LoboLEOLS s dglsdsdolimdol ds@®oEgdo

sdobsBHol  LobolEols @s  FgbsdsdolMdOL  FoBHMO0EJd0  odmoygbgds
5d0bsBHOl J3930L oLbolosMYdEsE BogM(39d0. SFolom3zol Wsdobs@o dookbgzs
960 LEME 3m33Mb7bE©, HMIWOL (35¢39w BYBSL 96 TgMdwosm 9HmMO Fgmeols
9005000  2oLM0Sgds  sliggg MomMmgMo  ggbol gMdogo s gobogo  19gbgdols

IBMOT>(305 9MIMO S 030399.

before strain after strain

un

e
-

/s

beg35000 36, @060l @b
3009350 5306530 IBMOHI0MIS X-z LOdGMEYJIO0, LOsE X VYMJo SHOL T
53960L 0T gds bowm z 53 ggbol sOmBdMwo Mgddo (Lysomo  36),
d9L53530LO AW GOGO0 0gbgds:
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u=1uy ZW
(88)
adw,
UV=7"Vy— ZW
099 2 035OHMEJO0 HTSOMEMOL A5TIM3M03bI3m B0300gdm:
_Ou_ duy  0*w,
TG T ax D oxz
ov vy,  9%w,
g =—=—-2z
Yody 9y " 0y? (89)

_Ou  dv_QJuy  Jvg 2w,

Yo =5 T ax "oy T ax “Yax ay

Mmdgwog 99odegds  Boofigbml dsG®oaol Losboom, Mmymez dms 4930l
05d5030L5 S odMMEIdOL X 5T0:

% T [ _ aZWO )
c 0x 0x?
[Ex] N R N
yxyy dy dy?
%_'_% _2 92w, (90)
Lay * axl |7“"9xayl

b 29560930 58396900, MM MM bsfowrgds iMx0350 Lobdgdo.
35035 dm393M@ 1396590 godmom3zegds 39930L 396Mmbol 353mygbgdom, Lowa:

oy (@ T T\ () (% G T ()
<“y):%%% V| Qe Q2 Qo | K
ey /g Q16 Q26 Qss/; \Vay Qe Q26 WQes/ ) \kxy

d9L5dgdIE0s E3ddMOOL A5BIHoEgdOL oAIBs Lobdgdo sdobs@ol
000MmgM 13965d0 dsd30L 4960 TgdOm. 33 MOOL  gobsfoergds Loldgdo,
OmamOa obo, 6 Mol OHR030, OHMYMEOE ©sdsd30L dgdmbggzsdo (LmMosmo 37).
hﬁdbb{j@mbob 9909309®> bgds  3om3gme  539bgdl  FmMolL,  dsdVIEPMBOL
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305009630 800gdstg xgbgddo slggg Fgodwgds  2sblbgzs3gdmEL.  sdoEHmd
LolvM39e0s 300MFomm 2535MGH0390MI 33EYOIMID, 56w o0bgmols dsegdmsb
(6535009056) ©@s 8MIgbFHJOMB (LYoo 38), GMIWgdog dmddggdol 2sbogo
96533909 s (92) 29bLsBL3MGdO.

bogts000 37. 303000099 0)%0 s830L @ 0sds8rpcmmdols gsbsfhoengds boliglgdo

h/2 h/2
Qx = f_h/z o,dz m, = f_h/z 0,zdz

n/2 ny2 (92)
qy = f—h/Z oy,dz my, = f_h/z oyzdz
h/2 h/2

Ay = f_h/zrxydz Myy = f—h/z Tyyzdz

™ -
L0
]

/S an

Y qy

U500 38. ds¢rgdobs s dmdgbhndolb s@98000 8085(503¢9¢98980

3035057 M®, MM sdobsBHo 9390000 1 MHMEIBMIOL MOMOMEOM3 o
95396990L96, A9BGHMGdOL  2odmygbgdom (92) @S WAV MEEMIOL OB MBIOL

396@Mgds (91), go8m0yggbgds 9990:
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N Vi o A N Yl
(#)-21 (22 @ o) (4 e [ (0 o @) (ko |
Qxy k=1\h-1 \Q16 Q26 Qes/ %?y hi-1 \Q16 Q26 Qos/ . \Kyy (93)
My n (/0 Q Qi) [ MQn Qr Que\ [k«
<my>=z f(@ @ @) <€3>2d2+ f(@ @ @) ky, |z%dz
My k=1|he-1 \Q16 Q26 CQes/ Yy hies \Q16 Q26  Qes/

kyy

QB 39BGHMYdGO0 o3 3H039d0s b0 FoEGMOEJIO0L  goblsbrgmom,
HMIgms 3m33mbgbE00Lm30L godmoygbgds 9dwgao:

Lopsoo 39. qrs8obsdob 89md9¢9moaemo LAGAH 16

396@Mgd900  (93) Fg0dEgds  odmobsbmlb  (94) Lsboom, Losg Lofgobo

530650l LoboliGol Js@GMoaol A, B, D 43995¢®03900L 3ma3mbgb@gdo 25dmobs@gds
(95).

(W=G 2

L (94)
Aij = Z(Ql})k(hk - hk—l)

k=1
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1w
Bij = EZ(QU)k(hlZ‘ - hlzc—l)
k=1 (95)

n
1 -
Dy =3 ) (@), — hi_y)
k=1

(36) A56GHMgdsdo Asdmbo@ero A, B a D J39953®M03gdo dmobligbogds,
MMaMO3E; 39BIOMMYOME0 BLobolGoL Fo@Mo3d, HY30egdol LobobBol dosGHMois
(50F9gOL MOHPOIOHOMBL VB3 s dsdZ5L FMOL Fys LOdMEYJFo) s B30l
LoboliEob o@GMmoas (Bmbes s drmbzol Loboli@g).

0v)  WsdobsGo  9390Wos  MOOMGHOHM3MNo  ggbgdom  bbgoslibzs
M609bGH0Mmgdom, Y3zgmws  3mI3mbgbEBHo  LobobGHol  dosGEmogs Tgoglgds.  MI3S
d9LsdgdgE0s 0lgmo ggbol T9dabs, Loss BMYgO o 3MA3MbBEHO Mol GHmeo
0g6905. 860936900m3560 9850GH03905 bgds 85306, GrmEalsg d9gMmgdol Loboli@ol
35035 6990l BHMos, 56 OHmEs Jo@G®0Es B 6ol GBmeos @sdobs@gdolmgol,
OMAadLsg 99300 dmEgdMeo d0dgzeimds dms LodMEHYoL Hgdmm s Jgbodsdolo
0©96@M®0 809Y3M™Mds s LOdOGHYOL J399mm. 58 sB0bsGHJOL dmMobligbogdgb,
MOmamO3 BodgGHMOMWL s doE0sb FogMEgEgdl, MoYD Bo®BIbo dmbMy 6
bgds 0gMHINWo IGZ0MM300 b HHgd3gMed Mol (33e0wgdgd0m. 300093 JHO
d9L5dGOEMDS 3OO W5T0bEJOOL  [o®mdMgds, OMIWIGOOLMZ0LsE 9O  SOLYGOMDOL
3MOJWo300  Bm®TorE®  dsd390L  (doegdl) s M3l ©Hdsd3L  FmMOb.
303306963930 Ais 05 Az 690l BHraeroos. g GgLsdErgdgE0s, MY EOWIO0MO 3YMbOl
0 903560 gdom MmMH09YbEGH0MJIMWOo gmzgwo ggbolmzol s®ol dglsdsdobo igbs
09039 bLoLJo® S MOHMMEHOM3WO MMHOYHEHOMIO0M, FoM5T YYSMIYMTBOMNO 3YNHBOM.

30033mb9gb3gdo Dis o D2 b9emol Gmewos x35090060 @sdobs@olomgol,
Omdgdog Yzgws g9bs 9943l mMogb@oEos 0° 96 90°. mvy @sdobsdo 93930
QOQJOOMO S MOMOYMBOMO IMbS33WgMdom JMMO S 03039 JMbom 5396930l
M6096¢5309, Dis o Das 5Jd3b doeosb 93069 3609369cmdqd0, gsblszmmegdom 0d
d900b3935d0, v Ws30bsE0 390905 OO MM YbMd0m 79bgdoliysb.
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339500 0BMGHOM3ME0 580653930 OO 3ModEH03Mwo 360d3zbgwmdobss (9l
5306530 0BMEHOM3ME0s 25BIONMGIMo LobobEHol dsGMmoEgom A, 0993 b 56
560L JoOMs0 F99OH09d0LS s ImMybzol LodE3039PY

953033900 B a D). 53 530653l 5436 0DMGHOM3ME0 49535000900 Loboli@ol

dBBHm®o3zs A (9gsbGodo  39doggdo  ©dM30©Gdg0s  LodMEHYOL
Mm609bBO300LY90, A = An, 2Ae = An- Az a Ais = Az = 0). 3350 0bDmGHOHM3Mwo

5306530 0foMdmgds 9999 306HMd9YdT0:
- 396900 LogHPM MH5MEIbMDdS VMO 56 561935Egds LAl
- (39399 39690l 5930 0039 LobobEGoL doE®moEs Q s Lolidy
- 39690l Mbs 3Jmbogl m®09bEs300L 04039 3mmby (21 / n)
5dobsGol LoboliGol dosGMoEol 3mEbs, dobo 0bgzgmlogdo dmoblgbogds,
MMamOE sdobs@ol gLsdsdolmdOL oGO3 © o8m0ygqbgds esdobs@ol sdsdgzol

399053395 (96) 296EHMgdOL LGS 0b3gMLOIEO BMEOTss:
€ (A B\ l/q (96)
(=G ) ()

2.4.5 3mbBLEGHOMIgo0L 3MA3MbgbEHJOOL Loboldg

MOmEgbdE bgds 3mA3MDoEGHWMOO ©IGHIWOL I3MOMYJBJOS, 9YF0WIOIL0S
00090 3033mbgbGHol 3mbLEGMJ300L b0, Boms goboloBOZML LogMHomm

A300050(9M0s. LHmMgo 5doGH™md 9930090905 MOoMMIo Bgbols dgdsbozmeo
3oboliosmgdegdolL 3¢mbs GqLsdsdoL sxggbols 3mMbgby.

099 36md0os LobobGHol To@®mo@Es, TgbodErgdgaros 049690l ImEwEgdols
329mm3ms. BMOIMgdo Im3Egdmeos 3bGMowo 7-do.

303003 b3
Ey = 1/(t.a11) A1 (1 = poytty)/t 12/t3d,,
Ey = 1/(t.az2) Aga(1 = tyylty)/t 12/t3d,,
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Gyy = 1/(t. agg) A3/t 12/t3dgg
Uxy = (—aiz2)/(a11) A12/Az; —dq2/dyy
Hyx = (—ai2)/(azz) A12/A11 —dq2/dy;
m, = —ai3/aq; —dq3/dq1
m, = —Qy3/Az; —dy3/dy;

3b6G00 7 bs0byober 303603563960

D90 In39800s  GbOOOo  godmbobogl gobog 3mgn0309bEHIOL My, m,,

MMIgdo3 399m0ygbgds Ib9gd gBMMTS30900L ILEYIBI®E BMMTsEmMo dsd39d0l
QOML o,

3083mBoGYM0 EIHIoL LobobBg sIM3oEIBYWos Bgdseagbywo Bgbgdol
Lobolikhbg, Gdgros ©IM30EIB0s Hrgme Babisersby sb93) 53mIIOG0DY:
e 5JL0seEMo bobobEg AE, = X AEy;
e nb30L Lobob®dg EyJ, = X Eyif,
° abﬁ)ObO b0b0b©8 ny]x = Z Gxi]xi

3
o 005 19d3ogdolmzol Gyy/x = X (ny% )i BoOE Gyy = 1/tags

o Bo39BHowo bgd3ogdobmzgol Gy, J, = ;%bb@og, Gyy = 1/tdge.

Gxyt

94399 3m 398990 BMOHINWYdO go8tm0ggbgds dslserol 3350 0BMmEGHOMIMWwO
3oboliosmgd9gdol ola9bo:

5Jbosem®o Lobold AE =Y AE, = E = Y AEy (97)
24
— E.;L,;
E I, = Z Exily =T, = #
806530 Lobobdg (98)
Y Euly,
Bl =Y Baly= I = 20
— Goyilyi 99
daMgbo LobobEg Gl = z Gayilyi = T = 2 92/1 xi 99)
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E
2(1+up)’

0bgE0390wosbo bgdiogdobmgol I,; = thg,G_ = Loosi E ogboserrm®o

Loboli@ol dmmeos.

5050 MdOl  sbserobo  Fgodrgds  ABbMMEF0gwgL  A9bGHMEgdolL ()
3990y9gb69000, Lo Wsd0bsEHOL TglodsdolMdOL FoEMmOES MW YdS IGHZOMMZ0L
39J&™ODg s30bsGol sF0d30L FoBHMool dolLsgds@. Ao6oLIBMIMGdS 3bmdowo
53960L 139BoLZoL () O OTVMEMIOL Loggmd3zgdg PomMmgME B9bsdo dsdgzs
0900905 398MOMIIMl  ©FOMEEMOOL 93 MOOL  gobEmmgdgdols
259my9gb9000m, MHMaMOH0EsS () S ()-0b EobTsMIO0M JoMEo0ddbgds T5EHIMOIYH
32mO0bsGME Lol gdsdo s6 30639w0© 296Ms0gdd6JdS TBYMDS FoBEYOI0SE)
30mM0bsEIe LobGgdsdo () MLsE Im3g390s LEBMLOL odMmMZEs ().

e (A BY'/q (100)
C)=G b ()
duy 1 [ 0%*wp]
— -z
2
Ex o, > ex o
e | _| Mo _, 0 W g0 k
b i T B R Bl W B (101)
X
Yk ou, dv, 92w, Yxy xy
- TS5 -2
L (')y Ox | | z axay_k
Ox Ex B €x (102)
Txy Vxy Yy
01, = 0y c0s* 6 + 0, sin? 6 + 27, cosfsind
or = 0, Sin* 0 + gy, cos? 0 + 27y, cosfsind (103)
T, = —0y cos 0 sinf + o, sin 6 cos + 21, (cos* 6 — sin® 6)

01 Qi1 Q12 O &1
02 |=(0Q21 Q22 O &2
017 0 0 Qg \e12 (104)
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890 @39Bob @omeHBsEos (pErmdsere®o grnetooba@or Lob@gds)

oo 3960l Eonemmdszos (aermdagrm®o gnemtgobs@oms boldgds)

mommgnero 8bol gse®dsgos (@mzgser®o gandoobsdon Lob®gds)

Y

MH3930L 3Go@gdomdo

begs000 40. G39500 s63¢700
B90mm» ImE9gdMEo 3OHMEJEMGI0L 49035 obobgdom 3MMydsMme 9bsdo
PYTHON-80 50969 30ma6sds Losi dgbadergdgeos dsbogrols ABD ds@®ogol
39696006905 LyGomo 41.

sktop\ABD.py

+Q12*(m(angl
Qbar[:,:,i] =

n_tli]**2+4ts(i]**2/12)

61 ABD = np.concatenate((np.concatenate((A,B)),np.concatenate((8,D))),axis=1)
62

b0 41. 3000300D0Hol bobobhol dsHEHogol 30200
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2.5 @530650l LoboliEoL odMmoEol 3MmEo

©bsM®MTo IMEgdMEo 3mEOo Sbsbogl Bgdmm ImEgdME MgMGool 3MEol
Lobom Fodmygbsl, G®MmIgaros sfgmoos PYTHON-8o. 3m@do Bgdmo dmizgdmeo
09MM00LASD  49B6b35390000  Qom35wolobgdmos Lbgoslbgs  dsbogrol  539bgdols
9sboliosmgdEgd03, o3 dolo 25dmyqbgdols JoldEHodgdl BOHOU.

6560 dm(39990 3000 FgLodergdgeros Bbgoalbgs dobogroligsh s
bbgo@albgs mM0gb@s3ool 3dmbg mmmm@Gmmdsmwo dsbowols Mmym®s 89dsbozmemo
9sboliosmgdEgdol YGbs 51939 LsgHMM YRMMT>300L, LogMom™m dsd30Ls
M350 5330l ©o96s. 3oL 99900 FgMYOME0s 3OMYMSTN 35393
ANSYS-ob 9m@geol dmbsggdgol. Lssbas®odm s0gdmos bsd B9bosbo god®RoEs
3ol ggbgdol dmsba3gdgdo 899gaos: [0, 45, 0.] Ly ¢ - JHBOTSONEId0s60
BsbBoMdmF3mb 30083MBoG0s, e - 90O gd0sbo dobs dmF3ml 3MA3MmBoGo.
3530 MOHOMGHOHM3Mwo dmbsizgdgdo ImEgdmwos sbMowro 1-do.

El 121 [a35] El 45 [335]
E2 8.6 [339] E2 10 [a30]
G12 4.7 [a35] G12 5 [a35]
ui2 0.27 -] ui2 0.3 [-]
S) 0)

6b®0cn0 8. 5) bsbFo®8,3 300l 302e089H9en0 Jsbserols 89956037960 Jsbslios0gbergdo; 8) 8obsdm 3zl
302¢m0d)Gem0 G945603960 Jsbsbos039bemgdo. dmbszgdgbo s@9bdeycros ANSYS-ol 8oderomog 0056

Bgdmm  259myqbgdmo  3mol MYHBMwEIGHId0 ImEgdmeos LwGomo 42-

LMoo 44-do.
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 |IDLE Shell 3.10.4

File Edit Shell Debug Options Window Help
Python 3.10.4 (tags/v3.10.4:9d38120, Mar 23 2022, 23:13:41) [MSC v.1929 64 bit (AMD64)] on win32

Type "help

strain

0.0003902:

, "copyright", "credits" or "license()" for more information.

AT77568789747;
1186640673795,
38761650736

58510651652307;
5372737206119

3555025945

bpsoo 42. 3020000 3969006982900 ¢n38065¢9H0L 8974356032950 Fsbslos098:9¢r0 s sI38em-

©IRHI0G98r9cm0 bsigdgdo.

3.00 1 —— Python code result

275

2.50

2.25 7

2.00

Ply number [-]

1.75 +

1.50 +

1.25 ~

1.00 ~

Ansys result

T T
10 20 30 40 50
Stress on ply [Mpa]

b96500 43. 3 396056 305309580 ds83980b 3505bsfocr98s
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Deformation
3/23/20231

0.00051674 Max
5 000050113
000048552

39027 004
000045992 Node!3045,

000045431

0.0004367 #

0.00042308 e 3.9085e-004

39042¢ 004
o 8962
000040749 o Node 2076 Node 1571

000039188

200,00 (mm)

50.00 150.00

b95s000 44. b532960560 30(53090b 09902005305
9m399wo  3mEol  LBodMsgdom, 0bg0bgMl  Lsdwmomgds 9dbgds  Hmymes

5396990l 5350 IBMOT0MYOME0 FJIRIO0L 2556356090 S1939 WsBobs@ol
G063 309m960Bs300L 3OM©MIGOU.

0BMEGHOM3NWOo FoboEgdobmzol 3mbEgbEHMoEool 3mg803096G0 godmolobgds

39000930 BMOIMWOom:

d
k. =3—-3.14 (W) + 3.667 (W) —1.527 (W

d\* d )3 (105)
331939935 5Bg9bs BMI Bgdmo ImEgdMEo  ZmEMIMEOL IMPOGOZHEO0
d9LsdegdgEos 3m6396EMOMYdMMO dsd3930l 306M39Ws@O FosbErmgdoom sbys@0do
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s | DP7 300 3.9439 21,449 v
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First Character

Failure Type Code
Angled A

edge Delamination D
Gripftab [¢]
Lateral L
Multi-mode M(xyz)
long. Splitting 5

eX plosive X
Other 0

SGM

GAT

AGM(1)

LAT

Second Character

AGM(2)

Failure Area

=1
=5
3

Inside grip/tab

At grip/tab

<1IW from grip/tab
Gage

Multiple areas
Varicus

Unknown

Sagamn="0

DGM

XGM

Third Character
Failure Location Code

ottom B
Top T
Left L
Right R
Middle M
Various v
Unknown U
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side view

top view

side view

D) Quasi-Isotropic Tension

4 \-?{k

top view | E)0° Compression side view

5 top view

C) +45° Tension top view | F)90° Compression side view
Ty i A top view
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Qutline of Schematic A2, B2, D2, E2: Engineering Data

A

Contents of Engineering Data &

Basalt

e |

Click here to add a new material

Properties of Qutline Row 5: Basalt
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-
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Property

Value

T8 Material Field Variables = Table

@ Density 1500
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o) | m

o fea e |

El Orthotropic Elasticity

2]

o
iy

T8 orthatrapic Stress Limits

2]

[

A orthotropic Strain Limits

2]

2]

El Tsai-Wu Constants

A Puck Constants

3]

A Py Type

2]

ClE AR

A Additional Puck Constants
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C: Static Structural
Static Structural
Time: 1. s
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B Force: 83000 N
Displacement

[€] Displacement 2
Bl Fixed Rotation: 0.°
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C: Static Structural
Narmal Elastic Strain
Type: Normal Elastic Strain(X Axis) - Top/Battom — Layer @
Unit mm/mm

Global Coordinate System Max
Time: 15
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C: Static Structural
Equivalent Stress
Type: Equivalent (von Mises) Stress  Top/Bottom ~ Layer O
Unit MPa
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069b@GHwemo Imgwo, 39MHdmo gho Mgl Bodmdo JaBOMMWOs Y39wsbsoGo
390095PO0go0L 80T, bmm  dgmeg  dFbotgl  goshbos  Tbmerm  goHmo

0530L9993¢0900L bserolbo, 396dME 0530L6IR0s 5Ol 399dEHMEOO F0TSOYEGIO.

LSO 76 > LyGomo 77-Bg bsB3gbgdo 303900 3Mbgqddo FoMmdmowyqbl
LObYMEIOMISL OMIYE0E FoM)39I0s R3O0l LoldBOIMHM 30MMIOL godm.

@5d0bsGHol  bsemo@Bozmemo  Bsboliosmgdeol 3m@ol  godmygbgdom
A6OO30M0 3900MEOM 49TMMNZWOo bMMomemo dsd3900 9dmbgg3zs LalbGven

90999630l 8mEgl LMoo 78, Foasd gl LoBMLEg godmfzgmewo dmpgeols
LooMEH0300.

C: Static Structural

Normal Stress

Type: Normal Stress(X Axis) (Analysis Ply=P1L1_ModelingPly. 1(ACP (Pre))) - Top/Battom
Unit MPa

Global Coordinate System

Time: 15

Deformation Scale Facter: 0.85 (0.5x Auta)

3/16/2023 2:20 PM

1383 Max
1369.5
1355.9
13423
13288
13152
13016
1288.1
12745
1260.9 Min

Max

000 45.00 90.00 (mm)
L EEEaa—  ES—

2250 67.50
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3.3 bgM9g3H0sb60 Imgeo

9mYol  35¢00s300L 39009y 909dMEos bzMgBosbo dm@gwo, 396GdmE
dmgdwmbmmo Jggmmgds bryesmo 79. slgomo  GHodol 899mmgds  53gbomEmoligob
39bLbge390000  BH9dbmemyomMo  FoMEH0305, 3065006 sl oG gl FOMHMYdS
B9053060900L B3gE0s MO sFwYds39ds.
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K: Static Structural
Static Structural
Time: 1.5
3/15/2023 11:41 AM

B Fived Support
B Force: 10000N
|€ Displacement
Bl Fixed Rotation: 0 *

000 10000 200,00 (mm)

50,00 150,00

bogts000 80. 36990560 6097930l bsbs bergtrer 3068960

K: Static Structural

MNarmal Stress

Tyae: Mormal Stress0 Axis) - Tan/Bottom - Layer
UnTt MPa

Global Cooreingts System

Titra: 13

3/15/2022 12:20 A0

615.31 Max
54501
42071
41541
34611
ZTEET

2151
144.21
75508
9.6084 Min
200,00 iy
S eli] 15000
brpts00 81 363950560 bod=dol Gogbzomo 8993980
2550
2540
2530
9.
2520 "
o] 2510 e
o
-gﬂj 2500 4 ®
©
2490
2480
2470
2460
0 1 2 3 4 5

dergamembo [-]
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D90m» 50bodbo dmEgol 3OHMyMms3om N3Ol dgdmbzgdo 3009dm
20035 00358 BodogMgdol  s@aowgddo, ogMsd o3 MBOM  3795bem3wYd0m
mOOMYMOMEMOHS©0 ©IRMOI0MGOM 1593090 d9d3930 MBOM S YYROM 0DMHOYdS.
99L50mfagdws  9bLoL  M9J309d0L  BMBJg0s  AsdM30Ygbg  Lowog  Bohggbgdos
9dm39bBH9doL 9530900 (LSO 83). LKL BBL, HMI Jombggzs bmeEm©
5JLoSEMEO dogrols 53 3mb3MgE M T9dm3z9g3500 5©00d3Mds Jbsgo dmdgb@gdo
MOMdgwms B30  3m©do  BMLGHI©  MOOMYMBIMOHS©O  IBMOTOMGIME
500309080 300900 8)bsgz0 dmdgbEHOLYD odmddbo ds0393L(LEsmo 84)(LMomo
85).

T3b|_||ar Data R A RS
|Time [5] ||7 Moment Reaction (%) [M-mm] ||7 Moment Reaction (Y} [N-mm] ||7 fMoment Reaction (Z) [M-mm] ||
Lk 423,71 -11360 -7860.6 ]

bptr5000 83. b3699056 deaoger by dealseyeno deadgbhol Ggsgpog6o

L: Copy of Static Structural
X Axis - Normal Stress - P1L1__ModelingPly.1(ACP (Pre)) - End Time
Type: Normal Stress(X Axis) (Analysis Ply=P1L1_ModelingPly.1(ACP (Pre))) Tep/Bottom

Unit: MPa 30637
Global Coordinate System Node 5351 /.
Time: 15 =
g . 74996 [ )
Deformation Scale Factar: 1.0 (True Scale) Node 3135 -
3/16/2023 3:39 PM
20.847
32113 Max Node 5502
Pt 20.678 41.605 5322 T
2129 | | : > - I 70699 -
g Node 5508 Node 5157 Node 4923 o
104,68
50563 66.21
—2752; EET Node 4628 _“/:‘
S -
Node 5518
e :42':065135 |5~19 :6 PN gy
-165.89 Min e ocel Nade 4290

51.931

- I ;
Node 4340 !

Node 4566 A=k °
X
75908
Node 6139
000 100.00 20000 (e

50.00 15000

L5000 84. b3399056 deaogem by 9s83980L 350s65p0oer9ds
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L: Copy of Static Structural

X Auis - Normal Stress - P1L1__ModelingPly.1(ACP (Pre)) - End Time

Type: Normal Stress(X Axis) (Analysis Ply=P1L1_ModelingPly. 1(ACP (Pre))) Tep/Bottom
Unit: MPa

Global Coordinate System

Time: 15

Deformation Scale Factor: 1.0 (True Scale)

3/16/2023 3:42 PM

321,13 Max.

-165.88 Min e

0.00 50.00 10000 (mm)
]

2500 75.00

bopsoo 85. batgdosbo dexqogerol 95306305305

15395000 Bgdmm 50bodbmwr FmEaE J93MNBOMPMM MOCMYMBIMEOSE

390099QP00S, MM b®TsemMHo dsd3900 L9dEogddo gemAsbgmol GHmwo bgds
(LmEomo 86)(bLyGsmo 87).

I: Copy of Copy of Static Structural

X Auxis - Normal Stress - P1L1__ModelingPly.2(ACP (Pre]) - End Time

Type: Normal Stress(X Axis) (Analysis Ply=P1L1_ModelingPly 2(ACP (Pre)))  Tep
Unit: MPa

Global Coordinate System

Time: 1s

Deformation Scale Factor: 20 (0.5x Auto)

3/28/2023 11:51 AM

159.41 Max
13037
10134
72.307
43274

14.24
-14793
43826
-72.858
-101.89 Min

-

000 5000 100,00 (mrm)
]

2500 7500

bpt35000 86. 36990560 000900l ©JRMHISG0S 250003 0265¢w)H0 3505®F0C980b 9 bOz0b
9000639350
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I: Copy of Copy of Static Structural
X Audis - Normal Stress - P1LT__Modeli
Type: Normal Stress(X Axis) (Analysis A
Unit: MPa

Global Coordinate System

A
Time: 15 = 29.693 I
Deformation Scale Factor; 20 {0.5x Autg Node 2146

3/28/2023 11:52 AM

159.41 Max

13037 - 29.414
10134 . Node 2138 A
72307
43274 29.384
1424 Node 2133
“14.793 32886
43826 - Node 1740

J

-72.859
-101.89 Min

20535\ v
Node 2124
30458 ¢
Node 1417 «

26426\
1 Node 2075

50.00 150,00

beg35070 87, 363000080365¢773650 33035030950b Bgbrenpg0l 89db33580 dsBgsms §osbsfoergBs

09) Bg0mm dmEg0mE 3mEL 499m30Yg69dm Losg 9JBOSWIOMIE dod35BmS
90O 9O 063 9aM0Mgdmwos d0bsgo dsd3900 ©s 8935096900 Lol
9w9996GHms  ImEgls 3bbogm OHMA 96  3MBEIbGHM0MGdMwo  dsd3900  bo3om©
SbEombos  gemBsbgommsb. goblibgszgdgdo, MmameE 339 930bodby, 2s9mfizgmwo
3oL 0d0E00 L53YYBEDMI0WYGd0sbo IRMEODs3000L FgBVML30m, SBY39 3Mdo
3obbowos  FbmwmE 9O FoORoGHIBY IO IGHZ0MHM39d0  FgMGO
2395035¢0L{obgdol go6qdg G55 1939 HBOOOL 30MI0EgdgOL (bLMsmo 88)(LyGMsmo
89).

93960L 6mdgeo [-]

o

0 20 40 60 80 100 120 140 160 180 200
3™6396@®0M9gd o dsdgs [33s]

—8—Python 3mgo [835] —8—ANSYS g% s@o [83s]

L5000 88. b339¢90560 dmrogerob 30063969 G0GI8wemo 3583980 3969600

LIFIMMBISMU GIIEN3IMN 115
I6N3IMLOGION
1922 BONEYG



b
n

|

.

93960L 6mdgeo [-]
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0 5 10 15 20 25 30 35
565 3mb396E®0MGdm o dsd3S [339]

—®—Python 3mgo [835] ANSYS 9% ®odo [835]

965000 89. 536990560 Jq0¢m0l 5653006396(9H00989¢70 ds83980 3969630

3.4 3060050 bsfjogrols Fgxs99ds
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36MaM5dsl 91939 99d0s 30BYIPEMHMOE AOTMUBsbML 39690l JmMol  dsd39d0L
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@©3bsoo 1

import numpy as np
import math
import matplotlib.pyplot as plt

import pandas as pd

# External Loads

Fx =1000

# Mechanical properties

lamina = int(input("Enter number of layers: "))
El = np.zeros(lamina)

E2 =np.zeros(lamina)

miul2 = np.zeros(lamina)

G12 = np.zeros(lamina)

miu21 = np.zeros(lamina)

local_Ex = np.zeros(lamina)

for i in range(len(E1)):
E1[i] = float(input(f"Enter E1 for {i+1} ply: "))

for i in range(len(E2)):
E2[i] = float(input(f"Enter E2 for {i+1} ply: "))

for i in range(len(miul2)):

miul2[i] = float(input(f"Enter miul2 for {i+1} ply: "))

for i in range(len(G12)):
G12[i] = float(input(f"Enter G12 for {i+1} ply: "))
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for i in range(len(miu21)):

miu21[i] = miul2[i]*E2[i}/E1[i]

for i in range(len(miu21)):
miu21[i] = miul2[i]*E2[i])/E1[i]
#Geometric properties
angles = np.zeros(lamina)
ts = np.zeros(lamina)
for i in range(len(angles)):
angles[i] = float(input(f"Enter {i+1} ply angle [degree]: "))/180*math.pi
for i in range(len(angles)):

ts[i] = float(input(f"Enter {i+1} ply thickness [mm]: "))

total_t =np.sum(ts)

middle = total_t/2

L =500.00

d =50.00

# Height from middle line
m_t = np.zeros(angles.shape)
m_t[0] = ts[0]/2- middle
foriin range(1,len(m_t)):

m_t[i] = m_t[i-1] + ts[i-1]/2 + ts[i]/2

Q11 = np.zeros(len(angles))
Q22 = np.zeros(len(angles))
Q12 = np.zeros(len(angles))
Q33 = np.zeros(len(angles))
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for i in range(len(angles)):
QI11[i] = E1[i)/(1-miul2[i]*miu21[i])
Q12 [i]= miu21[i]*E1[i}/(1-miul2[i]*miu21[i])
Q22[i] = E2[i}/(1-miu12[i]*miu21[i])
Q33[i] = G12[i]

def m(theta):
cos = np.cos(theta)

return cos

def n(theta):
sin = np.sin(theta)
return sin
# Stiffness matrix
Qbar = np.zeros((3,3,len(angles)))
Qxx = np.zeros(len(angles))
Qyy = np.zeros(len(angles))
Qxy = np.zeros(len(angles))
Qxs = np.zeros(len(angles))
Qys = np.zeros(len(angles))
Qss = np.zeros(len(angles))
for i in range(len(angles)):
Qxx[i] = Q11[i] * m(angles[i]) ** 4 + Q22[i] * n(angles[i]) ** 4 + Q12[i] * 2 * m(angles[i])
* 2 * n(angles[i]) ** 2 + Q33[i] * 4 * m(angles[i]) ** 2 * n(angles[i]) ** 2
Qyyli] = Q11[i] * n(angles[i]) ** 4 + Q22[i] * m(angles[i]) ** 4 + Q12[i] * 2 * m(angles]i])
* 2 * n(angles[i]) ** 2 + Q33[i] * 4 * m(angles[i]) ** 2 * n(angles[i]) ** 2
Quyli] = Q11[i] * m(angles[i]) ** 2 * n(angles[i]) ** 2 + QQ2[i] * m(angles[i]) * 2 *
n(angles[i]) ** 2 + Q12[i] * (m(angles[i]) ** 4 + n(angles[i]) ** 4) - Q33[i] * 4 * m(angles[i]) **
2 * n(angles[i]) ** 2
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Qss[i] = QIl1[i] * m(angles[i]) ™ 2 * n(angles[i]) ** 2 + Q22[i] *

2 - n(angles[i]) ™ 2) *™* 2

(m(angles[i]) * n(angles[i]) ** 3 - m(angles[i]) ** 3 * n(angles[i]))

(m(angles[i]) ** 3 * n(angles[i]) - m(angles[i]) * n(angles]i]) ** 3)
Qbarl:,:,i] = np.array([[Qxx[i],Qxy[i],Qxs[il],
[Qxy[i].Qyyl[i].Qysli]
[Qxs[i],Qys[i],Qss[i]]])

# ABD and abd matrix

A =np.zeros([3,3,len(angles)])
B = np.zeros([3,3,len(angles)])
D = np.zeros([3,3,len(angles)])

A sum=0
B sum=0
D sum=0

for i in range(len(angles)):

Al:51] = Qbarf:,: 1] ts(i]

B[:,:,1] = Qbar(:,:i]*(ts[i]"m_t[i])

D[:,:,1] = Qbarf:,:, 1] ts[1]*(m_t[i]*2+ts[1]*2/12)
A_sum = A_sum+A[:,:,i]

B_sum = B_sum+B[:,5,i]

D_sum = D_sum+DJ[:,:,i]

n(angles[i]) ™ 2 - Q12[i] * 2 *m(angles[i]) ** 2 * n(angles[i]) ** 2 + Q33[i] *

Qxs[i] = Q11[i] * m(angles[i]) ** 3 * n(angles[i]) - Q22[i] * m(angles[i]) *
+ QI12[i] * (m(angles[i]) * n(angles[i]) ** 3 - m(angles[i]) ** 3 * n(angles[i

Qys[i] = Q11[i] * m(angles[i]) * n(angles[i]) ** 3 - Q22[i] * m(angles[i]) **
+ QI12[i] * (m(angles[i]) ** 3 * n(angles|[i]) - m(angles[i]) * n(angles[i]) **

m(angles[i]) ** 2 *

(m(angles[i])

1)) +Q33[i] * 2

3 * n(angles|

n(angles[i]) **

i])
3) + Q33[i] * 2

k%

3

LAIIMM3ITMU GIIENSIMN
JBEN3IMLNGION
1922 BN

128



ABD sum =
np.concatenate((np.concatenate((A_sum,B_sum)),np.concatenate((B_sum,D_sum))),axis
1)

abd_sum= np.linalg.inv(ABD_sum)

ABD = np.zeros([6,6,len(angles)])

abd = np.zeros([6,6,len(angles)])

for i in range(len(angles)):
ABD[:,:,i] =
np.concatenate((np.concatenate((A[:,:,i],B[:,:,i])),np.concatenate((B[:,:,i],D[:,:,i]))),axis=1

)

for i in range(len(angles)):

abd[:,:,i] = np.linalg.inv(ABD[:,:,i])

Ex = np.zeros(angles.shape)

Ey = np.zeros(angles.shape)
Gxy = np.zeros(angles.shape)
miuxy = np.zeros(angles.shape)
miuyx= np.zeros(angles.shape)
mx = np.zeros(angles.shape)

my = np.zeros(angles.shape)

for i in range(lamina):
local Ex[i] = (np.cos(angles[i])**4/E1[i]+np.sin(angles[i])**4/E2[i]+0.25%(1/G12[i]-
2*miul2[i]/E1[i])*np.sin(2*angles[i])*2)**(-1)

areas = np.zeros(angles.shape)

for i in range(len(areas)):
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areas[i] = ts[i] * L

local_stiff = np.zeros(local_Ex.shape)
for i in range(lamina):

local_stiff[i] = areas[i]*local_Ex][i]

sum_stiff = np.sum(local_stiff)

local_stress = local_stiff/sum_stiff*Fx/areas]i]

#axial constants

Ex = 1/(total_t*abd_sum[0,0])

Ey = 1/(total_t*abd_sum[1,1])

Gxy = 1/(total_t*abd_sum(2,2])
miuxy = -abd_sum[0,1]/abd_sum[0,0]
miuyx = -abd_sum[0,1]/abd_sum[1,1]
mx = -abd_sum[0,2]/abd_sum][0,0]
my = -abd_sum[1,2]/abd_sum[1,1]
sigma_xx = Fx/(total_t*L)

strain = sigma_xx/Ex

print(f"Ex= {Ex}; \nEy = {Ey}; \nGxy = {Gxy}, \nmiuxy = {miuxy}; \nmiuyx = {miuyx}; \nmx
= {mx}; \nmy = {my}")

kt = np.zeros(lamina)
for i in range(lamina):

kt[i] = 3.00 + np.mod(E1[i/E2[i],3) - 3.14 * (d/L) + 3.667 * (d/L) ** 2 - 1.527 * (d/L) ** 3

d_areas = np.zeros([lamina])
d_stress = np.zeros([lamina))

for i in range(lamina):
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d_areas[i] = (L-d)*ts[i]
d_stress[i] = local_stiff[i]/sum_stiff*Fx/d_areas[i]*kt[i]

Ix = np.zeros(lamina)
for i in range(lamina):

Ix[i] = (ts[i]**3*(L-d)/12+d_areas[i]*m_t[i]**2)*]local_ Ex][i]
sum_Ix = sum(Ix)

bending stress = np.zeros(lamina)

for i in range(lamina):
bending_stress[i] = (Fx*total_t/2)*(Ix[i]/sum_Ix)/(Ix[i]/local_Ex[i])*abs(m_t[i])*kt[i]
lamina_number = np.arange(1,len(E1)+1,1)

plt.plot(local_stress,lamina_number)

plt.xlim([0,np.max(local_stress.round())+5])
plt.grid()

plt.ylabel("Ply number [-]")
plt.xlabel("Stress on ply [Mpa]")
plt.legend(["Python code result"])

plt.show()
DF_ABD = pd.DataFrame(ABD_sum)
DF_abd = pd.DataFrame(abd_sum)

DF_ABD.to_csv("ABD_sum.csv")

DF_abd.to_csv("abd_sum.csv")
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