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Progressive damage analysis and optimizatioof winding angle and geometryfor a
composite pressure hull woundising geodesic and planar patterns

Amir Molavizadeh?! , Abdolmajid Rezaet

Abstract Recentlyjt has been found thatibmarine pressure hudenstructed fronfiber-reinforced multilayes have great poten-

tial to replaceclassical metallic ringstiffened pressure hulls. The strength and stalofithiese structures are the miogportant
functional requirements and should be considered in any design proddusistudy aimed to optimizbe strength and buckling
stability of elliptical composite deepubmerged pressure taillusingtwo different filament winding pattesnnamelygeodesic

and planarThe numerical modeling of the pressure hulller hydrostatic was carried out using theFinite Element Method
(FEM) in ABAQUS usingPythonscriptanda damage model written addser MATerial (UMAT) Subroutine Puck failure
criterionwaschoserfor failure prediction. The results suggest that both buckling and static material failure should be considered
in the design o& composite pressure hulfloreover it was showrthat the optimum pressure hials ageodesic filament winding
patternwith a/b (theratio betweertwo diametes) =1.2andthewinding angle of 45°Based on the progressive failure criterion, for
such an optimum design, failure initiates at an applietld628.6 MPa and the pressure hull withstands to 40.3 MPa.

Keywords: Composite pressure hubeodesic winding; Planar winding; Puck failure criterion; Python; UMAT

1. Introduction

Composites b mer si bl e pressure hulls have sdgeiyocanmheiadviinglgets
ratio, low density, corrosion resistanaadimproved formability{1]. Ideally, a pressure hull structure should hakie minimum
weight for a giverapplied pressurdhe hull densityalsomust beadjusted asear as possibke the densityof sea waterUsing
thesestrucural materials leads to a considerable reduction in operationsoatg]2]. Composites alslbaveconsiderablgotential
stealthbonug4] as there is scope for incorporating damping, decoupling and anechoic characteristics to improve the acoustic stealth
[2].

Amongallcompositenanuf act uring processes, ylament winding (FW) st
yber content, g o paddloavwvddcaomanihese advanageacusydinhent wigding make the most common
process for maufacturing revolution and axisymmetric parts, such as pressure [&stlader excessiveuniaxial or biaxial
compressiofipading the shell structure initially starts to defoamiformly, apointis reachedit whichincreasingcompression load
yields buckling Correspondinglythe composite under loadingay fail due to global or local bucklingypically, sichafailure is
occurredn two distinctways: thepropagatiorof radial displacements followed by global bucklnegulting incollapse, ojust a
sudden collapsét should be noted heretHato ad predi cti on i s much more difmacul t f ¢
terials[7]. Forinstancein the case wherhe composite i200 thick, it is possiblethat bucklingdoes not occur arthe structure
fails due to material failurgs].

Many researchesave been performemh buckling phenomenon, post buckljrand fracture of composite structutssexperi-
ment andinite element method. Hoja®] found that geodesic and semi geodesitding method have somdimitations He
suggested new method based on geodesic path and classical laminated tlee@sults he obtained indicatbat resinhasan
important role irthedesign of composite pressure fddimes.

Blachef10Q] studied buckling and failure based on Tiddi criterion for a composite spherical shell. He also considered effect
of radius to thickness ratio, boundary condition and winding angle on buckling behavior of tesygiusiical shell. Mian et El1]
presented the optimization procedure for compositespre vessel desigionsidering both TsalVu failure and the maximum
stress criteridor first-ply failure. The optimization results showed that for all of studied composite material systems tipyangle
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[ Nd] was t hup Walker[12] mesaribed aatgchnique for combining genetic algorithms (GA) and the finite element
method to minimize both the mass anfledtion using a multbbjective approach.

Rao et al[13] tried topredict the minimum buckling load withandwithout stiffener forthe composite shell of continuous
angle ply laminae. Jacob et[dl4] presented a methodology for the molbjective optination of laminated composite materials.
The fiber orientations and fiber volume fractions of the lamina e@sidereds thevariablesor optimization Herbert et al[15]
studiedthe structural optimization of laminated composite materials ukiegenetic algorithm and neural networks. Marin et al.
[16] developd an optimization procedure ftre geometric design of a composite material stiffened panel. Tofjatarried out
a multiobjective designdr symmetrically anglgly laminated plates under biaxial compressive buckling and uniform thermal
loads. Led18] optimized composite sandwich cylinders under extdmyddostatic pressuend concludethat withincreasinghe
thickness of sandwich point is reached whebeickling loadexceedshe critical failure load ofnaterial. Therefore the optimum
point is determinetlased omaterial failureBased on theseselts, Led18] proposedhatbothbuckling and static material failure
should be considered in the design of composite sandwich cylividezover,Kaustav[19] studied the firsply failure of thin
compositeconidialshells subjected to uniformly distributed load to achieve higher failure value.

Liang et[2]] introduced aroptimized design of filamemound multilayer sandwich submersible pressure hulls and showed
that facings become thicker and edlpecome thinner as operational dejpitreasesZu et al[22], with an aim tanaximize the
structural performance of pressure vesgetsenteénoptimal design of a hatfell dome profile for filament wound articulated
pressure vessels basedT@maiWu failure criterion. Tanguy et d4] studied the optimal design of deep submarine exploration
housings and autonomous underwater vehicles. The structures invesygasdyuy et al24] were thinwalled laminated com-
posite unsti ened vessels. St r uct urpes$sureowas tkel donmingnt rslafactoruat e d u
exploitation conditionsTheyalso investigateth e yber orientations of composite cyli
genetic algorithm procedure coupled with an analytical model of shell bueldsdgveloped to determine numerically optimized
stacking sequences. Karam and Maal@s] developed a practical approach for enhancing the bucktaiglity of thinwalled
anisotropic rings/long cylinders.

Almeida[26€] investigatedhef ai | ur e of carbon yber reinforced epoxy yl ame
external pressuresing experimenandnumericalanalysesHe also used finitelement analysis through the arc length method
along withprogressive failure analysis based on a proposed damagewaadelpredict external pressurkhe failure pressures
werealsoestimatedn [26].

Humbertd27], with an aimto predidghef ai | ur e of carbon yber/epoxy ylament wour
loading,focusel on the development of a computational model with danigmerical analysis was performasingfinite ele-
ment method (FEMaccompanieavith a damage model written as a UMAT and linkedBAQUS. Both numerical and experi-
mental resultged to theconclusiorthat thepredominantailure modenvasdelamination

There are few studiesoncerning the&eomposite pressure hsitonstructed bya filament winding methodin all methods of
winding, parametersuch as winding angle atiteshape of dome areffect structureconsiderablyIn the presenstudy,in order
to obtain an optimum composite pressure lidise two parameters aptimized It is worth notingthatobtaining aroptimized
vessehecessitateconsideringouckling pressure criterion and failure criter@multaneouslyMoreover, in the simulation of fil-
ament wound composite pressure hedhsideing theangle distribution and suitable sequence laggpeciallyin dome areais
of great importancdn thesimulationgoresented heyé order to obtain precise resuljthon codebave been employed. This is
due to the fact thalhis methods able tanodelvariatiorsin thickness and winding angle of doie smooth mannglk is obvious
that dvoosingan appropriate criteriofis essentiain detecing initial and progressive failure of composite pressure hulls applied
pressure. Iraddition,a failure criterionwhich has the best agreement with experimatdta is proposed. Moreover UMAT
subroutinds writtento identify failureinitiation and model progressive failure.

2. Winding equations

Thefirst stepin the desigring a filament wound structueonsists oflesigring a mandrel andhe calculationof thefiber path
Slippage of fiber winding on the surface of mandrel is one ahthst important issuglat must be addresskrtkhis step
The slippag¢endency(L)is defined as the ratio of oblique force to normal faree can be written &sg. (1):

b
- 5 S8 @

where/s fiber tension vectodPis the force vector towards the center of curvau@and/Barethenormal force antangential
oblique force applied to the surface of the mandrel, respectively iarttie friction factor between fiber and mandrel which de-
pends strongly oresin vigosity and varies from 0.2 (wet winding) to 0.39 (dry windifigne geometry of fibers path dhe
surface of mandrel is shownkig. 1.
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Fig. 1 Geometry of fibers path dhesurface28]

By consideringangential angempendicularforcesappliedon the surface and substitutitigemin Eq. (1), } can be expressed
as[24]:
@ _ 2

feled)

where u is thevariable of fiber path&Pand (P Brethefirst and second differential of radial coordinate with respecicioor-
dinate respectively and &quals p CP.

On agiverama n d dswefhcé fiberstend to followthegeodesigath whichis, the shortest distantetweertwo points ora
surface. In geodesic winding, winding angle is calculatedsbiting} to zeroin Eq. (2). In Eq.(3) whichisknowna€ 1 ai r aut 6 s
equation,; and 2 are windingangleand radus ofthevessel irthecylindrical segmentrespectivelyseeFig. 2).

i nE —i Q¢ @

whereR, m,| and) are cylinder radius, radius thedome, winding angle ithecylindrical segmenand angle winding
in dome, respectively:- I O A T, @ Avériesbetweertheopeningradiusand2 and | variesbetween; and 90 .
When the pressure hull is wrapped, resirssaccumulated at the entranice tothe dome geometryConsideringa constant
number of fibers in all sectionthedvound compositéhicknesdistributionalong the composite donean bewritten asfollows:

0 4
where O and O arethe thicknesssof thehelical layers othedome and cylinder, respectively.
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Fig. 2 Schematic of geodesic winding p§#9) .
One of thedifficulties enc g forwinding machines.
Obviously, such a treatme nnot be used, modtlg
to the fact that the geomet is mappropriatechoice
in such casedJsingthis met 1atiepresentatioof the
windingmethodis given in
Fig. 3. The angle of windingnaybecalculatedas:

1 OAT— (5)

Z
Filament ! Meridian

Path
-

Fig. 3 Schematic of planar windiregmen{29]

where2 and?2 are radiof openings and indicateghelength of pressure vessel.

In polar coordinate system, fibgosition orthedome region is presented sy r and Dhat are longitudinal, radial and angular
positiors, respectively Obtaining the derivatives with respect to these variabiesmportant taletermine; andtheterdency
towardsslippage Radius of bandwidth middle lin®], depth of dome (d), band width (BW), opening radix} @ngle of the line
perpendicular to geometrg (), and heightf arethe remainingrarametersThesectionarea othecylindrical segmenof

composite region is given [q. (6) [30]:

! A O O ¢ (6)

andEgq. (7) is usedo calculatehewound composit¢éhickness on the dome area
)

~— \ ~— surfacexcluding the banthatis adjacento opening30Q].
n this regiorby consideing thearea as planar ring(see

Fig. 4). Based on this approadhe thickness can lwalculatel as follows
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Fig. 4 Schematiof the openin@djacenbandin planar windind30]

3. Failure theories

Soderet al.[3]] studiedthedifferent failure criteridor failuresoccurringin composites. They compared existing failure criteria
in AThe World Wide Failure ExerciggVWFE)ofor different specimens wittifferentboundary conditiopanddifferentloadings
modes According to heir study the Puck failure criteriorshowsthe best agreement with experimeiatomparison wittother
criteria This is whythis criterionwasemployedn this study.

3.1 Puck failure Criterion

Puclbelieves thathe failure infiber and matrix should be investigdteeparately

Consideringhe linear elastic behavior tife material andhe constraint between fiber and matrix, composite stratihdardirec-
tion along fiberis the same as that thefiber strain.Thereforethe tensile§ ) andcompressiveq§ ) strengths ofiber can be
calculatedusing Eq(9) [33].

W - o —-0o -0 ©)
X (0] © (o] (6}
(1) - — -
O
where- , - ,and- arethecompositdailure strainundertension and compressiandthefiber failure strain respectively.

@ and ® representhetensile 8 ) and compressived( ) strengths o€omposite layer an®D s thefiber elastic modulus
Due tothefactthathet r ansver se Yo un gidmwatrimnand fibdr, Puckriterion usesa méddicatemoHo o k 6 s
equatiorfor straincalculation
Experimental resuliadicatethatas t increases compression mode (1), thecompressivetrengthalongfiber direction
decreasesBased orthese observationand usingaboratorytechniquesPuck modifiedHo o kefustion by addindghe term
pft and suggesteithe following equation

p T, E
— - 9 9 pE/LE T (10)
P + P . 00 1
- o) . P pQ
ModeC [ Ty, =R a1+2P5, thout any significant plastic deformatiofherefore, Puck con-
i ] ) ture experimentserformed undetransverse pressure loading,
O R = t salués usually slightly more thant 9. Asit can be seefrom
-R¢ -R,/
Fig.5, fracture angleariesbetween— 1 (Mode A) and— 1t (Mode B and Mode C).

- Rlc

Fig. 5 Composite materiduckfailure curve in the case of plane stress @hd  for three different failure mod@4]

Afterwards,Puckincorporates thetrength and material elastic properSeparatelyising two degradation models
Based orexperimentveakening factor4A) can beexpresseds follows:


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwiB_7LYxqrSAhUFCywKHdLQAsIQFggZMAA&url=http%3A%2F%2Fwww.failurecriteria.com%2Ftheworldwidefail.html&usg=AFQjCNFPCtcvroPIJOsfq6cvEUslYJIGDw&sig2=A4iMwTSa0JSwjnm7BgjDEQ&bvm=bv.148073327,d.bGg
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Q p — p — (11

where, is p® 8 and p® 8 for tension and compressidailure modes respectively andn is set 6 and for matrices
with highand lowfailure strain[33].

This reducedoropertieproducs factor — multiplying by initial moduli  (Eq(12)). By introducing "Q in Eq. (13), Puck

suggestghat material reduction facter can be calculated using Eq. (14) fér p in the casavherefailure occursin
matrix [33]
0 -0
0 _ 0 (12)
t @
" — N L oo 13
Q oV P N- 5 5 - 5 (13

Inter fiber failure modes have different property reductiends. In the mode#\ and C theelasticmoduli % and' are
reducel, whilein themodeB only modulus' is reducedKnops[35] studied graphite and glass internal pressure vessel exper-
imentally andeported th&uck property reduction curvedertrarsverse tension.€. in cases wherg ). According toKnops

[35], this curvecan be defined bizg. (16). Parameters othe equationare given inTablel. In the present studyywo parameters
namely- and- wereused

— p — p—
p &OQ P
p - (14
- - r o~ -
p ©Q p

Table 1 Proposed values in Knops reduction function for Glass and Cgg8on

Parameter CFRP GFRP
O 0 O ‘0
&) 095| 53 0.7 5.3
117| 1.3 15 1.3
- 0.67| 003| 025 0.03

4. Optimization of composite pressure hull

A composite pressure hull withlength of 2200nm anda diameter of 110@nmwas considerefbr simulation Moreover the
cone height was assumed to have a constant value of 20 mm in mibdets. Thesimulationof composite pressure hullas
performed inABAQUS.

In this studytwo approaches wemmployedio simulatecomposite pressure hulburing thefirst approachthethickness and
winding angle okachsegmenof vessel werealculated initiallyusingMATLAB software. Afterwards thethickness and winding
angle were determined foeachsegmentTherewereconsiderable amount dfscontinues near the vessel opening becaube of
extreme changes thethickness and winding anglBuring the secondapproach, scripting by Python language weasployed
to determingheangle, thickness and layup for each elemeABAQUS.

Thelinedgraphin X{mm)

0.0 - ' * * ' T ' | nposite presagoerding to the results obtained from
0 200 400 600 800 1000 1200, can be seen from

X{mm)

Fig. 6, the variation of thefailure criterion along théengthof composite pressure hudl smootherin the scripting method in
comparison with thah thepartition method. This indicatésatusingscripting methodeads to more reasable resultdt should
alsobe notedhatall steps of simulatiom the scripting method includirgeometry modeling, material assigniagdconsidering
boundary conditionexecuted autonomousiyhe fowchart ofthemethodused forthe optimizationis shown inFig. 7.
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Fig. 6 TsakHill failure criterion results of modeling with scripting and partition methods through length of vessel

Shell element (S4R) with reduced integratwas used in this simulatiorDuring all of the simulations, Tsalill criterion is
applied to detddailure. Inthe scripting method for static analysis order to reduce the number of elements and save the analysis
time, one 360th part of a full circle (one degree) waxleledand the symmetry boundary conditions were apigtiedFig. 8).
However, inthe buckling analysis, composite pressure mithodeled completely. In the following, filament wound geometry,
material properties artelayup andheresultsobtained from theimulationof geodesic winding and planar windiagereported.
Finally, theoptimum composite pressure hull &ach filamat winding methodreselected. Ass usua] first Eigenvalue (no rigid
motion) for buckling analysis considered since it more importahthan the otheEigenvalues.

Yes
( Start > t=t0 Assign Steel Section I—'h
No Alfa=Alfa0
Y {
Yes \
Input Geometry ,Material, No . Calculate Thickness and
Filament Winding Type and Calculate N < Angle
,Pressure and Mesh
Parameters * y
K=0 Winding with Thickness
and Angle that
" Iculated
A Calculate Maximum No fe i
Angle and Thickness ¢ +
Model Geometry, Material
, Boundary Condition and A Yes | Alfa=-Alfa |
Mesh Automatically
No
Find Center of Element \
{Xav,Yav,Zav) e keksl |
 / Yes
] No
Write Input q<N{element) | Hoop Windidng |
Submit
y | Y |
Load Input > q=0 a=q+l = ‘ Finish ’
I

Fig. 7 Flowchart of composite pressure hull modeling using Python script
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‘%
Fig. 8 Thegeometry modeind boundary conditiomsed in scripting methddr simulation of composite pressure hull

Since ellipse mandrels are used widely, in shigly filament wound geometiyassumedasan ellipse witliRavertical diametet
and horizontal diameter of 2b.
4.1 Material properties and layup

The implemented T700/epoxy elastic material properties aneHlls&ilure criterion parameters are shownTiable2. As it
can be seen,mding thicknesssin cylinderis 50mm for helical winding and 20 mm for hoamding. Moreover thethickness of
one helical layeis 0.5mm.

By changing a/b ratio anthedwinding angle in twoapproaches used farnding within a certainrange an optimum model
(which considers both failure criterion and bucklibgsedvith the maximum safety factds obtainedIn these modejghetotal
lengthwas assumed to lwenstantThereforeanyvariationin winding angle and a/b ratinay lead tdifferentcylinder lemgths of
composite pressure hull.

Table 2 Material properties of T700

0 "®A poo ®-0A] cumy
0 ' PA &) ®» -0A pCTp
(0] ™ p ®»-0A ® @

0 ' DA v® X »-0A PP
0 ' PA vd X . ]

O.DA oR Y - 0A llJfﬂJ

4.2 Optimization results in planar winding method

In Fig. 9, resultsobtained frondifferent simulationgerformedusingplanar winding method are representdsing theseim-
ulationsthe dependencef safety factoobtained based on tfieaiHill failure criterion and buckling pressumewinding angle
and a/b ratieverestudied. In order tetudytheinfluencesf winding angle and a/b ratio mqueecisely one of these two parameters
waskeptconstant and the variatisim safety factoagainsthe otheilonewasinvestigategeriodically(seeFig. 9).
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Fig. 9 Comparisorof safety factorbased on failure and bucklifg) winding anglewith a/b=1 ratiovs (b) a/b ratiowith 20winding anglefor planar
windingin composite pressure hull.

Resultnbtained from theseimulations shoedthattheoptimum winding angle and a/b ratioplanar windingare 11 and 1%
respectively Two important results can be obtained frBig. 9 (a). The first one is that thiilure criterionis more critical than
bucklingandthe second one is thagither of thenshows anonotonic trend=romFig. 9(b) one carconceivethatfailure criterion
is more critical than buckling when a/b ratio is s 1.2

4.3 Optimization results in geodesic winding method

In this sectionwe first studytheeffect of winding angle on failure criterion and buckling presadniée keepinga/bconstantlt
is obvious fromFig. 10(a) that the vinding angleis between 20and 72 which is theangle ofthe openingadjacentand width
Afterwards the effect of a/b ratio on failure criterion and buckling presdorea winding angle 020 arestudied The results
obtained from this study arepresented ifrig. 10(b)Error! Reference source not found.

According toFig. 10(a), neitherthefailure criterionnor bucklingshowamonotonidrend In Fig. 10(b)Error! Reference source
not found., howeverasthesafety factor for buckingecreasest increases for failureriterion Finally, theresultsobtained from
simulations show that for geodesic winding method, optimum winding angle and albeatfte optimum safety factaogcurs
at45 and 1.2, respectively.

It can be easiljound fromFigs. 9 and 1Ghatin both windhg approacheshe safetyfactor shows the same trenth both
approachesafety factor of buckling increaskyg increasing a/b ratieyhile failure criteriondecreasesimultaneouslyThis phe-
nomenormaybe related to the increase of cylintargth

Supposing @onstant radius, increasiagp ratio results ianincreasen cylinderlength, whichn turnreduce buckling safety
factar.

4.5 4.0
4.0 —— Fallurg o 3.5
++:0++ Buckling i o)
3.5 4 ;
o 3.0
5 3.0 H
] © 25
s s
> 251 >
- [
..3 £ 2.0
& 20 P
1.5 -
1.5 -
—&— Failure
1.0 101 0+ Buckling
0.5 T T T T T T 0.5 T T T T T T T T
10 20 30 40 50 60 70 80 0.4 0.6 0.8 1.0 12 1.4 16 1.8 2.0 22

Angle (Degree) Ratio of a/b

Fig. 10 Comparisorof safety factor based on failure and buckling (a) winding angle with a/b=Vsgtipa/b ratio with 2Bwinding angle in geodesic
winding for composite pressure hull
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On the other handdy increasingthe a/b ratio, the length of ellipse part of composit@essure hull decreases. Therefdhe,
stresappliedon theinterfacebetween cylinder and dongereducedas a resulbf the reduction of momenthesewill result inan
increase ofailure criterion safety factosince thenterfacebetween cylinder and dongerelated to the maximum failure criterion.

According to the resulisbtainedor thecomposite pressure huicomposite pressure hull wighwinding angle o5’ andaa/b
ratio of 1.2wassimulatedseparately and wasshownthatthis modelthe maximum safety factpiconfirmingthatthe optimum
modelhas beeselected correctly.

5. Puck failure implementation

UMAT subroutine based on Puck failure criterion equatisesTable.1) was used in ABAQUSbftware.The flowchartof
UMAT subroutinds shown inFig. 11. Thevalidation ofthesubroutinevas performed firsafterwards theptimum modebbtained
in theprevioussectionwas analyzeby considering material degradati®uch grogram can distinguish betwedifferentmodes
of failure. Thevalidaion of the program was performed by constructimgm@parisorbetween theurves of puck failure criterion
in ref[36] for several types of loading and different material propessdsllows

Stagel:Combination ofoadingperpendicular to the fiber direction and shear loading

Stage2:Combination ofiber directionloading and shear loading

Stage3:Combination of fiber direction loading and perpendicular to the fiber direction loading

Fig. 12, 13 and 14representshe resuls of simulationconducted usinyMAT subroutineand comparethem withPuck failure
curvefor these three lating stageg 36|, respectively.
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Fig. 11 UMAT subroutine flowchart for Puck progressive failure
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Fig. 12 Comparison between UMAT subroutine resalsl ref[33] to identify failure initiation incombination of perpendicular to the fibers direction

loading ad shear loading d&-glass (21xK43GevteX)¥556 composite

Fig. 13Comparison between UMAT subroutine results anfB@}to identify failure initiation ircombination of fibers direction loading and shear loading

of T300/BSL914C composite



