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In this research, effect of curvilinear fibers on the buckling Toad improvement of composite plates was studied.
Two paths for curvilinear fiber were considered, namely, the linear variation of fiber angle and the nonlinear
variation of fiber angle (constant curvature). The fiber orientation varies linear and nonlinear with the coordinates
of plate in these two mentioned paths respectively. In the previous researches, linear variation of fiber angle was
usually investigated. However, the results were not compared with those of the other paths. In this research,
comparisons between the two paths of the linear variation of fiber orientation and the constant curvature of
composite plates with and without cutout were performed. ABAQUS finite element software was used for
modeling and analysis. Results show that for composite plates without cutouts and with intended dimensions,
material, lay-up and boundary condition, the constant curvature path caused four percent increase in the buckling
load in comparison with the linear variation of fiber orientation path. According to applied boundary conditions,
the mechanism of buckling load increase with curvilinear fibers is due to shifting the load from the center of plate
to the side edges. Two geometries of cutout, circular cutout with different diameters and elliptical cutout with
different aspect ratios were also considered. The results show that in the models with cutout by considering the
manufacturing constraints, both paths have similar buckling load approximately.
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Fig. 2 Shifting method for manufacturing of composite plate made of
curvilinear fibers [17]
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Fig. 3 Reference fiber in composite plate made of curvilinear fibers
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Fig. 1 Parallel method for manufacturing of composite plate made of
curvilinear fibers [17]
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Fig. 4 Composite plate made of curvilinear fibers shifting in the loading
direction
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Table 3 A comparison between the results of experimental and
numerical study in Ref. [21] for buckling load of [+45/+<
45]60 >, / £< 30|15 >/ £< 45|60 > ] composite laminate
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Table 4 Convergence of buckling load of composite plate without cutout with
variation of element dimension

23lS L
R Goeskoo) Lol o3l
(kN)

24.296 10

25.042 7

25.414 5

25.697 3

25.871 15

(s e Ay s (00 Ay ) LiSleS L Jloges T 90 S o

4 Ty 5To a3 90 5 0 sbly; sl Y sbialy 55 (0 dmy ) Jolas
olis col sl glads 5 BLI sblgs chs yoss sl e sl oo
Jolo e sbiseil glads 3 0eS 08 Jlos! oy zulis cpl .ol oas ools
GRSz 9oly bl (B GRS (09e e 5l 5 Jolae (i g 0ud
W o (i g S b polie sl 000 5 dcnle o] 5l ol
Sb oo axy 2 [90]16r sz b cujoelS amio 4y by e polie
ol JSly K5 143 T s § 3556980 4> 090 4¥ 16 iles’
SLIL jiileS an bge pgs pudeo bs 7 K6 36 JSi j0

5 Ootldl ol o st Gl b qeniinns SLII 51 ISCiie o jaalS (o
oj)L_C L)-MJL—QS )Lo ‘f“"'a:““"“ dul Lt w)}uals S)90 dulasc Mls U
= oS lead s s 4y Jleel )L glinl) o pied Shw
Gl Jhosl cpz pogas BLID az 0 a0 a5l b Cojamels o)l S

=z 50 gly edel Cans 4 G 2 Jgaz yo mmiwyliel g
[20] g2 50 5l oaal cows & @b b ol izl glad yomo b calie
o b goae Judo gl 0l oo canlie 2 Jgaz ;0 a5 ais¥ ylen
51 alisee Jalge a5 wlgs oo 55 b MBS 5 0 s pelio Bollay iolej]
0030,55 Llod (goae Jao o a5 conl 35,50 mbs wolas [ 58 el
oW
S99i8 Gl 058melS axman gooe v gl o Liel gl
ol el oad osliiwl [21] gz ie o 0szge Liales] gl 5l
olal b ASA/977-3 2 j50alS oole iz 5l (ujseelS amio ioles]
ezaY b e de 762 Fo4i8 b 5 e L 381x508
olad L cow [£45/4< 45160 >, / £< 30]15 >/ £< 45]60 > |
Jel g 020 @l 3 Jaampo el A8)F (15 ) 090 (597
2 o 4l gl .ol ool dnslie wa U [21] a0 j0 35290 0ue
odee e ol ol guiss o gode o oo 1 plis 3 Jgus
5 b sliguen il (oges Bld pac 5l 30 50 ool saslice (LS
2 280 el il Gdes goae Julos ye SUI L JB ol
08,8 e dlogl imie BT JSiie 05500lS ambs S sl a8

S99 Hgay o Bl iy japelS dmie SlaS gous Sl ~2-3
(el gl 5, 4 306 bl gl el S| g 551
ool gl as cwl S8 Ll sl co aiSly ol Gaiss g0 o
GA0- Soll 0,8 oolaiwl 5,90 CojsmlS oole Lol Guiss slel b
slal el ELS T[Ty >45 Spgo 40 uzasY o (1 Jso>) 800/5276-1

Al oo goye e 0.254%0.406 ;0 axaw
- ko 3X3 F0555 ey (S0 j9melS amins (gly ool oolanl Lol slayl
Flswyp @ a4 Jooo 4 azg bojlail pl ol oass 48§ L s i
<080 >4 oz L (0jemelS amio 2ilS L o ol olul
Jolo sl (ol b (ol Jo oy g 0092 10593 0 (orlin 233 5l e
Sobedl LSS olal b g plate K0 4y Jlas 8 jg0 (0 5900lS Ao 00,5 o

] 0 T35

[£< 4941 >/E< pza¥ b uonals amio tileS b amlio 2 Jgur
e @l b ol adlhe s 48|61 >/ £< 57|73 >/ +< 72|77 > |
[20]

Table 2 A comparison between the results of present study and Ref.
[20] for buckling load of [+< 49|41 >/+< 48|61 >/ +< 57|73 >
/ £< 72|77 > ], composite laminate
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Table 5 Maximum normalized buckling load and normalized
equivalent stiffness of composites made of straight and curvilinear
fibers
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Fig. 6 Normalized buckling load versus normalized equivalent
stiffness in linear fiber angle variation path
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Normalized equivalent stiffness

Fig. 7 Normalized buckling load versus normalized equivalent
stiffness in constant curvature path
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Fig. 9 Buckling mode shape for [90], ¢ laminate with constraint side
edges in out of plane direction
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Fig. 10 Distribution of stress in the load direction for +< 0|80 >,
laminate in linear fiber angle variation path under unit axial
compression load
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Fig. 8 Buckling mode shape for [90],¢y laminate with free side edges
in the out of plane direction
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Table 6 Convergence of buckling load of composite plate with cutout
with variation of element dimension
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Normalized equivalent stiffness
Fig. 13 Normalized buckling load versus normalized equivalent
stiffness of composite plate with cutout in linear fiber angle
variation path
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Fig. 14 Normalized buckling load versus normalized equivalent
stiffness of composite plate with cutout in constant curvature path
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Fig. 11 Distribution of stress in the load direction for +< 10|90 >,
laminate in constant curvature path under unit axial compression
load
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Fig. 12 meshing of composite plate with cutout
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Table 8 Normalized buckling loads of composites made of curvilinear

fibers and straight fibers for different aspect ratio of cutout diameters
(with large diameter perpendicular to loading direction)

- S &bk G Q9%
- L . e .E LY
< < 1.67 g et
4 3
-1.61 2.65 2.44 2.20 +[45]4s
-3.55 4.09 4.00 3.68 +< 0[80 >4
-3.37 4.35 4.16 3.77 +<20]90 >4

Ol cge (F99aS aad oo LS WS ple (S AR o ol b
ol By (i ,0 doyd 8 dgam 0 g uleS L 0 ws s 10 sgus o
9 5553 Sl b (SossS )l Cujanels jo GiileS b anin ool
slisal glad § BLI aygly das oss lo s b (e BLIL 51 SCace
509 < 20190 >45 3 < 0|80 >45 ozt lp iy 4wl
Sl ool s 4 @l b gl sl dslin b ool 3.96 5 3.87 yolis (sl
SUI Gl JSese (509i5 e SujeelS amio ules Jols
Gos S )b &5 S lgie (756 sladsa jl alol> mbs ) o
Erd e 9 Sl aygly (o s V> )3 (50925 (o (SujenelS
b (So9a8 90 (559005 (59 4 Comd 22 )0 4 55 o5 4 ol sl
@S 4y Lol adls AlEl )T he o by (soie SLI
CojemalS 0 LiileS b pals el (So5iS a5 S o5 o saw] Cwd
50 a8 oad g BLI Cojeels jo iileS Jb iul3dl g eeiiiane BLI
Iy Comlus pl pac 5 (F9585 4 i BLI o je0lS Conlus &3l
L la F09a8 o5 ol ol cdefiasS oo ol (gomie SUII Cuj0als o
Sxies &5 (6550 Al i Eeb &) ied he LielS (G
slad 4 b Jiil (o5 gles )b mal8 ol carge g (col LS
-0 b GRSl 00,8 oo (S L il crge o )8 ke
o i ol Jele’ b e O cyjenelS (gl i liS
ol e @ a5 15 el (6,15 wnde slaad @ 5L Jlasl Jele I i
GRSk )3 g oo aline LIS pled )3 (pied (S SUI 4y (09
Syge 5o Llidb oo mals (Fo9aS ol b (2leS )L ol 5 ol Hge
S s Sl aygly 4 azgi b Sl (e s SLI o jaalS
s a b ]y Ged 4ol i el FogiS sbnl 5 anils o8
)k Jml Jale 5l 100 0058 g0 alimde BB es (gt b )l
Py edp [ phed (i alS Jole Sl i S side sladd
Jole 53 51 48 s b e sl e I LS L ams
ool g asll yo a5 aiils FogiS olul 5 USE 4y Ky 55 e
GRS
L gome SU slauzay ool amy g wleS L7 Joaz o
e b o 5 4 g 2ol el glads g U aygl; (as 5o Gl e
T Slp e kB 4 ey b slialy o ks cus sl H[45]4s
5 < 0180 >4 cloimrasy ol 0nd 00l GLis g ke o Sl
b Sogid SoS s T Joaz 0 SUIL oza 4 1< 20[90 >4
T s @l & 4z g b Cosl b Jlael  o50e sl o 5 5o e 60

i 50 Gb Jleel liwly jo S5 ka8 L) F05i5 sl ks alisee (6 ke laoms 10 peiiae BLI 4 G e BN o jaaalS 00l v o LS ,L 7 Jaus

3
4

“

JoaolS 5,5U5 9

(' ¥

ay

S99 ey aman b awslis

Table 7 Normalized buckling loads of composites made of curvilinear fibers and straight fibers for different aspect ratio of cutout diameters (with

large diameter in loading direction)

ohie s olite s ol s ol s (6 ke 9
e ne LY
6 5 4 3 1.67 FogiS R
1.68 1.67 1.67 1.73 1.97 2.20 +[45],
3.15 3.23 3.35 3.54 3.87 3.68 +< 0180 >4
3.25 3.28 3.31 3.49 3.96 3.77 +<20[90 >4



www.sid.ir

OBed 5 )grss e

Syge pl e 0 00,8 blod canlioo e gl yiaS Cusgase
SLI > aw A5 S 40 [24,23] sei 0 (53,93 S g, o SUI
5 sbme slissl glad e Cole, b JSKE s BLIL 00,95 STy
ol odalice b8 oiinn SLI

o998 50 g 0dds S Jl=o 555 el Ceewd jo BUI (0 15 IS o
a5l i oby bl o a4y (So,08 ol 510555 e 00,88 1SS
I ogs Gl 5 00,05 S (W15 S anle SLI s F jlxe
Slogsl JAFGLI oliws (gly jlxe Ll glads (p yinS did co Cawd
-0 gz >k slad ad pl 88 L o b [13] el e 0.635
20,5

Sl )5l il bl glads e jo bl gleds oo dulws iy
Elads duloee gl sl ploxl LB T o Ty opisls Lzl o b 2) alayl, 5
Olge 4 53 aolre jl oolatul b SLI aygly Jas i e jo sl

ols bl 1, LIS ol
X ,
0(x) = Ty + 2(T; — To)% & wn(6@)=y @
’ 1
K(x) = y—23 & R(x) = preey @)
a+y™: @)

iy A le BB gl g ieS Codgame 08 17 516 gl s o

sbidl glad pons g SUI sl (> joski s b (25925 4o 61

ol ol Jlosl ol

a b c
Fig. 15 Curvature constraint of a single tow : a) straight tow, b) curved
tow, c) tow curved beyond curvature constraint, wrinkling occurs[23]

z < all

SLII (@l :g A BLI el aw o e lissl glads o580 15 S
Sl (G 00,55 Sg,z BLI 5l glizsl el oy S culey g S8 ciovie
[23] itae BN (g 5 s climl glad o 508 Cale, b ioeie

dmio (( SogiS S5 ki ob Gl 4 azg L4 g e cond glp
o 4 oo, 51 o ol iSrsS amio 33 4 s Bl 3 ajeedS
WS oo pend GRS L ke g (EleS 350 (plple i Jate

L oo BL sl jamls ouls smo (kS L9 Jsam= jo
4 sy bl sbodl glad g BLI a4l Jas yoss oy
s=zaY b et SUIL 5 +<20[90 >4 5 £< 0[80 >45 s 5
sl 00 ] ggplo (FogiS b ojlasl cuam o F[45] 46

ez Y b it B D5lS amao 9 Jsaz @il
s fnslan 90 560 20 (sle ks L (spuls (52525 4 < H[45],s
5 (WS oo Gz i (F9585 jeam 0 ol LS L e 035
220 kb ,5 g andly (Rl (RS b s ke 180 5120 sl ko (ol
S yaet (SyiS e U5 53ls LSy 95,5 e site foshas
Mo (g 4 )b JUESl coge ob g oied (i B Cge oo
29508 Sazr 9k Jlosl S0 ol B a8 Gl o]l osd e )1
5 555 Jele 50 31 oS 2 8B lime Gl <ol Sl b Jloe!
39 pdieme SBLI ol il Sglate SKG san (S0giS L oanglie
5 i spalS ele 36 e 90 360 20 slabid L sla So9is
bl s om0 bwhe LS lead a4 L Jlasl 15
b (S0t b iy L b od 20lS S aw ol y3 2ileS
bl g oo i (he (el a4 Cons o)S Ay 4 L Sl
A8 oy Gl 4 4z g b e e 220 a8 ol il oo SRl GileS
Slas oals yiSsS amas g0 a4 hiad @dly j0 S0jseelS amis o SosiS
s GBS )L jlade 5 (2leS 390 (plpli it Jate o 4 Lao LS
-\.)5;5‘56

osleS [ g pls (FogaS Jad uldl b JSs g BLI 0,50 40
b oslen 280 & (5055 5 ey b Calii s 5 a3l Sl
i 59545 b ialidl b o8 cenl opl e 00,5 oo siie LiileS
(i i 15| i e o)1 sload & b Jli Jule b
o 4zl ailen je e 240 s s mleS b ol ke e e
..L.:bsa WO ooly C....ay W‘“‘L"‘““ g.BL..” le)"

Colh slioul glads e dsy o Sl @ sl Cewd 4 bl 4 4z L
b Ot (S09i5 Gl g (SosdS e SimelS Gy S o

lme cboxil gl p3G -4
Sobegl JISALI oBiws hawg  ujeelS Slie ool slp

Sonld (F25i8 calizes (glaylad 10 priitias S| g oo BLII Cy ol 0ud an o S )LD Joux
Table 9 Normalized buckling load of composites made of curvilinear fibers and straight fibers for different diameters of circular cutout
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Fig. 18 Manufacturing limit of T, for 0 to 90 degree bound of Ty in
linear fiber angle variation path

oma 50 4233 90 b yao Ty sbls; sl cls BB Ty dgly osgamme 18 Il
L @l (o i

oA 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90
70 (deg)

Fig. 19 Manufacturing limit of T, for O to 90 degree bound of T, in
constant curvature path
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Fig. 16 Normalized buckling load wversus normalized equivalent
stiffness of composite made of ‘curvilinear fiber with linear fiber angle
variation path with curvature‘constraint
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Fig. 17 Normalized buckling load versus normalized equivalent
stiffness of composite made of curvilinear fiber with constant curvature
path with curvature constraint
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