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Keywords Abstract

Composite plate In this research, effect of curvilinear fibers on the buckling Toad improvement of composite plates was studied.

Curvilinear fiber

Linear variation of fiber
orientation

Constant curvature path
Buckling

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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Table 1 Properties of Carbon/Epoxy G40-800/5276-1 material [13]
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Fig. 4 Composite plate made of curvilinear fibers shifting in the loading
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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 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)
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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)
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Fig. 15 Curvature constraint of a single tow : a) straight tow, b) curved
tow, c) tow curved beyond curvature constraint, wrinkling occurs[23]
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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 T, in
linear fiber angle variation path
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Fig. 19 Manufacturing limit of T, for O to 90 degree bound of T, in
constant curvature path
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Normalized equivalent stiffness

Fig. 16 Normalized buckling load versus normalized equivalent
stiffness of composite made of curvilinear fiber with linear fiber angle
variation path with curvature constraint
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Normalized equivalent stiffness

Fig. 17 Normalized buckling load versus normalized equivalent
stiffness of composite made of curvilinear fiber with constant curvature
path with curvature constraint

G5 00d dag Jolae (i ok & S 0ad day o LS L 17 IS0
Ll gl (7S w3 Jlasl b el slimil glads poa b immio SUII 2y jaals

clo lre
Gly 9263 9253 oy a anian wleS b i 17 416 JSo o
ol @l bls +< 40|57 Suq 5 < 40|54 >4y sl azay
boawolio o 02l 0 017 5015 5 5 a4 5 i Slaie b oza)y
S L s 45 H[45]4s e asY iny pekies BLI angy <>
el g w0 15 Gl ayely as ;o pie (2wl 013 o 4 2.2
sl plads oS Ll b 1) (2leS b il aoys 19 col sl
ERd e &5 SIS g5 o0 @l (pl 4 4z b aied o e slne
om0 1y G b oyt £< 40]57 S el LB b sl
B sly el 08 Bl L s < T[Ty >45 Glosez b (st SLI
Bl s A 3 A L Gl Gl 03,5 (o0 cge (SujeeelS
L piiae SL 4 s £<40[57 >4 oz L ol sl

b e e 4 gy 0I5Bl i ao g0 4 (£ [45]4s ez aY



b 5 Vg5 ums

Tl gagex -5

e S L (geals Clrio LS (55, p 43S Sligdos s
Lol a8, 15 gy 9590 LI sl (has a5l s Bitos (S0
b b gy nl I3 Gl o amalie as) )3 (g8 JB clad
tslie ol o ol o 1) el 435,55 g0 s REBLI (gla b,
@l g ol bl gl pone g SU gl (b o e 93 ln
Ol 53l oad plawl (F0925 Il 5 (F99ES (e (SujeelS axio
oS 9eelS 8y LS A Cueglite oSS (giomie SLII 5L Al
b5 e e 90 G dmlie 23513 x5 9590 (5)97e jLAS L
Omized ad bl (ke [ g 0 Col sl glads jae 9 BLI 445
A o 9 o 390 (F9525 Sl paizr 3 i SLI 5B e
b (el ambo gl g peFams o gy p Sl S3 @y oY 285
el o plomil 55 e (500 Lail S g (oY (i e

i ol 2Lzl plads s 2 e 4 ol 3Lt b aloul (glo sy

o i |y i LSk wo 0 4 SL asly S s s @
DO
immte GLII 31 ool b o jtleS L ilS 1L So588 g jo
(esbe JB sl glads (n S 08 Jlasl (g 5 s 50 2 )3)
1 S S9siS s amio ol Cov & il Glge zaY
5 XS g BL 950 o il Gules (F0985 092y a4 uileS
o9 S8 Al sgnls (Fo925 jeam b ileS L Gl cl-
bsgi e JE 2 wipe )b (Al 4 b Jl ol a5 ol
S Bo 0,5 S @ Cod 5508 Rl (LS L g axes SUJI

50 ;2 (ol 08 Bl L (F05i85 L sloJow jo a8 oo oy sous

Nl Sl L’;‘“ LS b e
o 0 e SU g BleS [l (Rl p5lSe Ge (nl o
mad 4 b JWsl g 6355 (5l ol Do 4 pilse ul s S
g Sl Cenlipe pshiie no aBliee Gy S LS sle
Bk ez bl LS locend o 5 )L cuz p dsee 65

XS

&xlp -6

[1] Kuo, C.M., Takahashi, H. and Chou, T.W., “Effect of Fiber
Waviness on the Nonlinear Elastic Behavior of Flexible
Composites”, Composite Materials, Vol. 22, No. 11, pp. 1004-1022,
1988.

[2] Charette, R.F. and Hyer, M.W., “Innovative Design of Composite
Structure: The Use of Curvilinear Fiber Format in Structural
Design of Composites”, MSc Thesis, University of Maryland, USA,
1990.

[3] Hyer, M.W. and Charette, R.F., “Use of Curvilinear Fiber Format in
Composite Structure Design”, AIAA Journal, Vol. 29, No. 6, pp.
1011-1015, 1991.

[4] Hyer, M.W. and Lee, H.H., “The Use of Curvilinear Fiber Format to
Improve Buckling Resistance of Composite Plates with Central
Holes”, Composite Structures, Vol. 18, No. 3, pp. 239-261, 1991.

[5] Olmedo, R. and Gurdal, Z., “Buckling Response of Laminates with
Spatially Varying Fiber Orientations”, 34th
AIAA/ASME/ASCE/AHS/ASC  Structures, Structural Dynamics
and Materials Conference, La Jolla, CA, pp. 2261-2269, 1993.

[6] Gurdal, Z., Tatting, B.F., and Wu, C.K., “Variable Stiffness
Composite Panels: Effects of Stiffness Variation on the In-plane
and Buckling Response”, Composites: Part A, Vol. 39, pp. 911—
922, 2008.

oaiions BLIN g oad ol S povie s 50 5 LelS anglie sl
Syg0 SSle BB aay wleS L L sl imaY o, LS?Q?.,S Sl
slazaY oy WS L 100 Jguo 0 285 I8 pw)p
Ao j0 g S5 sean (S99iS hhle culi slisul glad jns 9 SLII a5
el 48,5 18 () 23,90 5 5 32 (g late S

b JSS span (So9iS jeax ,o oS S8l (g 10 Jgax
1< 40|54 >4 oz (leS Lo 0L slly o Sy ks
Elads o < 40|57 >4 oz L OBU gl oS o e
t<sbazay ol ks b 11 Jsar 5wl RelS
agly bt e e Glp oy 4 E<40(57 >45 5 40[54 >y
B0 jlab aw 1o gople (FosiF sl 5 ol sl glads o 9 SUI

9%t iS5y Sy slia 11 Sy polie asli
b L Jgaz 5o ogzge Jlab 4w o sln a5 005 0 anie (S5t
(59928 on Adle dy cons GBI aygly a8 e gl LS
b oo s 100 4y yio oo 5O 51 SogiS b iyl b g azily a8l
G585S e e 150 a5 o T3l b s 5 00ibe 2ol iileS
o9 o 4y s GBS L ool il glad s gl il oe
ORI L s 9 03,85 5235 e Lo 100 5 50 sl jd gl o (Fo925
3 s e Gl S e 150 & Sopas s
SileS b (IS8 (ggan (FosiS aslen i JSS ggpls (Fo9iS sl
ool 2l o2 b Loy pno 93 58

5i< 40|54— >4SL§L¢¢_2.:_?4{\J 6‘):’ 0l et u....’LJ )L3 10 JS"\’
bl lads o 5 BLI aygly a0 jis sl i 5 4 < 40|57 >4

K8 sgan (So925 Il
Table 10 Normalized buckling load for +< 40|54 >,; and +<
40|57 >, laminates with elliptical cutouts, for linear fiber angle
variation path and constant curvature path respectively

& e S & ke s S ke Cons sz
5 3 2
2.05 2.11 2.29 +< 40[54 >,
2.06 2.11 2.3 +< 40|57 >4

1< 40|57 >4 5 £<40]54 >4 slo oz slp Giles L 11 Jous
Ghls cob sbisl glad jone g BLIN aygly o> ots e Gl S5 @

Sanls (SogaS
Table 11 Normalized buckling load for +< 40|54 >,, and +<
40|57 >,, laminates with circular cutouts, for linear fiber angle
variation path and constant curvature path respectively

opls a8 opls ,lad opls ylad ez
o sue 150 o sue 100 o ske 50
3.05 2.62 2.64 < 40[54 >,
+£< 40|57 >4
3.09 2.64 2.65

9US 9 pgle &g s

Jerols s,

('Y

1AV



b 5 Vg5 pums

J 93018 (5 )9Ud 9 polc &y yuis

(' ¥

&y

[7] Lopes, C.S., Gurdal, Z. and Camanho P.P., “Tailoring for Strength
of Composite Steered-Fibre Panels with Cutouts”, Composites:
Part A, Vol. 41, pp. 1760-1767, 2010.

[8] Waldhart, C., Gurdal, Z. and C., Ribbens, “Analysis of Tow Placed,

Parallel Fiber, Variable Stiffness Laminates”, Collection of

technical papers—AIAA/ASME/ASCE/AHS/ASC structures, 20th

structural dynamics and materials conference, Salt Lake City, UT,

pp. 22102220, 1996.

Tatting, B.F. and Gurdal, Z., “Design and Manufacture of

Elastically Tailored Tow Placed Plates”, NASA/CR 2002-211919,

pp. 1-14, 2002.

[10] Wu, Z., Weaver, P.M., Raju, G. and Kim, B.C., “Buckling
Analysis and Optimization of Variable Angle Tow Composite
Plates”, Thin-Walled Structures, Vol. 60, pp. 163-172, 2012.

[11] Wu, Z., Raju, G. and Weaver, P.M., “Buckling of VAT Plates
Using Energy Methods”, 53rd AIAA/ASME/ASCE/AHS/ASC
Structures, Structural Dynamics and Materials Conference,
Honolulu, Hawaii, 2012.

[12] Arian Nik, M., Fayazbakhsh, K., Pasini, D. and L., Lessard,
“Optimization of variable stiffness composites with embedded
defects induced by Automated Fiber Placement”, Composite
Structures, Vol. 107, pp. 160-166, 2014.

[13] Fayazbakhsh, K., “The Impact of Gaps and Overlaps on Variable
Stiffness Composites Manufactured by Automated Fiber
Placement”, PhD Thesis, McGill University, Canada, 2013.

[14] Fayazbakhsh, K., Arian Nik, M., Pasini, D. and Lessard, L.,
“Defect Layer Method to Capture Effect of Gaps and Overlaps in
Variable Stiffness Laminates Made by Automated Fiber
Placement”, Composite Structures, Vol. 97, PP. 245-251, 2013.

[15] Waldhart, C., “Analysis of Tow-Placed, Variable-Stiffness
Laminates”, MSc Thesis, Virginia Polytechnic Institute and State
University, USA, 1996.

[16] Arian Nik, M., Fayazbakhsh K., Pasini, D. and Lessard L.,
“Surrogate-based Multi-objective Optimization of a Composite
Laminate with Curvilinear Fibers”, Composite Structures, Vol. 94,
pp. 2306-2313, 2012.

[17] Gurdal, Z. and Olmedo, R., “In-plane Response of Laminates with
Spatially Varying Fiber Orientations: Variable Stiffness Concept.”,
AIAA Journal, Vol. 31, No. 4, pp. 751-758, 1993.

[18] Blom, AW., Lopes, C.S., Kromwijk, P.J., Gurdal, Z. and
Camanho, P.P., “A Theoretical Model to Study the Influence of
Tow-drop Areas on the Stiffness and Strength of Variable-stiffness
Laminates”, Composite Materials, Vol. 43, No. 5, pp. 403-425,
2009.

[19] Tatting, B.F., “Analysis and Design of Variable Stiffness
Composite Cylinders”, PhD Thesis, Virginia Polytechnic Institute
and State University, USA, 1998.

[20] Marouene, A., Boukhili, R., Chen, J. and Yousefpour, A,
“Buckling behavior of variable-stiffness composite laminates
manufactured by the tow-drop method”, Composite Structures, Vol.
139, pp. 243-253, 2016.

[21] Lopes, C.S., Camanho, P.P., Gurdal, Z. and Tatting, B.F.,
“Progressive Failure Analysis of Tow-placed,Variable-stiffness
Composite Panels”, Vol. 44, pp. 8493-8516, 2007.

[22] Zamani, Z., Rahimi Sherbaf, GH. H. and Ghazavi, M., “Analysis
of Composite Laminate with Curvilinear Fiber under Axial
Compression”, In Persian, 17th Mechanic Conference, ISME,
Tehran, Iran, 2009.

[23] Campen, V., “Optimum Lay-up Design of Variable Stiffness
Composite  Structures”, PhD Thesis, Delft University of
Technology, Netherland, 2011.

[24] Usselmuiden, S.T., “Optimal Design of Variable Stiffness
Composite Structure Using Lamination Parameters”, PhD Thesis,
Delft University of Technology, Netherland, 2011.

[9

[}



