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Abstract: Periodic unit-cells are the premises for applythg periodic boundary conditions in the meso-scale
finite element analysis of textile composites. Hoare due to the extremely complicated microstrigttinere is a
conflict between high-quality quick mesh generatiord efficient application of periodic boundary ditions. A
freely generated mesh of the unit-cell combinedhwibre general periodic boundary conditions is rm&slito be a
more practical approach. In this paper, the genexabdic boundary conditions are imposed by eisthinlg linear
constraint equations between master surface nodkslave surface nodes of the unit-cell on ABAQUSv&re
platform. For the same unit-cell model of 3D braideomposites with periodic mesh and free mesh, the
deformation, stress distribution and the predicstiiness and strength properties under typicabilogs are
compared. The numerical results obtained by meérise® mesh unit-cell agree well with those usiregipdic
mesh proving the effectiveness and practicabilitthe new approach. It can be remarked that thergéperiodic
boundary conditions are suitable for the free mgsheration of unit-cells for a complicated microsture
reducing the difficulty of meshing and improvingthuality of mesh generation.

Key words: 3D braided composites, unit-cell, periodic bouydaonditions, textile composite, mesh generation,

finite element analysis



1 Introduction

Textile composites are increasingly used in aemespautomotive, marine and other industries duthédr
outstanding performances over the conventionalratad composites, including better structural irtggmore
balanced properties, higher damage tolerance amer Iproduction costs. However, the microstructuréegtile
composites is much more complicated than the lamihaomposites, which brings great difficulties their
mechanical analysis. Fortunately, the microstrictaf textile composites shows periodicity. Therefothe
mechanical properties of composite structures den dnvestigated by a micromechanical method bazed
representative unit-cell model, so-called multilsdachniques. The interested reader can refet-8) for further
details on multi-scale techniques. So far, thecaétanalysis [4-7] and finite element method [8-b&le been
widely employed.

The theoretical analysis is conducted by means wilame averaging method to attain the overall nigte
properties of the textile composite, including #tiéfness averaging method and the compliance girggamethod
by imposing iso-strain and iso-stress assumptiespactively. Although theoretical analysis is giindfiorward to
implement, it can only obtain the elastic moduldaioes not reveal the accurate micro stress disitib and
damage characteristics of the textile compositesti@ other hand, the Finite Element Method (FEMgroomes
these limitations and it is appropriate for simu@tthe damage initiation and propagation in thengosites.
Therefore, besides the study on the stiffness ptiegd8-11], the strength and damage propertigsiH] of textile
composites have been investigated by using mese-BEM.

In the finite element analysis based on the urlitroedel, the application of reasonable boundanyditions is
an important step to obtain an accurate mecharéspbnse. For continuous materials with periodicrositructure,
two continuity conditions need to be satisfiedret boundaries of the neighboring unit-cells atsame time: (1)
the displacement should be continuous; (2) thditrashould be continuous. For the treatment oflibendary
conditions of the unit-cell model of textile comfies, homogeneous strain and stress boundary comlivere
adopted by some researchers [16-18] to simplify@beding application process. However, it has baewen that
[19] if the homogeneous strain boundary conditiaresimposed in the unit-cell, the upper-bound ef ithaterial
elastic constants are obtained while the tractamtinuity condition cannot be satisfied. Againthi€ homogeneous
stress boundary conditions are imposed in theaglifthe lower-bound of elastic constants are inbthwhile the
displacement continuity condition cannot be safiwhitcomb et al. [20], Xia et al. [21] and Li ak [22]
presented the mathematical expressions of thediermundary conditions and applied them to differextile
composites. Meso-scale finite element analyses pattiodic boundary conditions provide accurate raagtal
behavior.

Due to the complicated reinforcement architecturdeatile composites, mesh generation may be aelarg
obstacle for meso-scale finite element analysimmenvh sophisticated meshing tools. The conformalsiing
method needs a large number of meshes to coinditietlve complex boundaries between the impregngaeads
and the matrix. Meanwhile, many irregular elemeigear in these boundaries which result in negatiligences
on the performance prediction. However, the prerofsapplying the periodic boundary conditions isetwsure
identical mesh at opposite surfaces of the unlt-ti&t is, the periodic mesh is required. ThigHar increases the

difficulty of the mesh generation and also redutesquality of the generated mesh. If it is notuised to make



any restrictions (so-called free mesh) on the pastefaces of the unit-cell, the mesh generati@oines relatively
easy and the mesh quality can be improved. Accglgithe more general periodic boundary conditisinsuld be
developed.

The present work provides a new insight on the ssssent of the effectiveness and practicability hef t
developed general periodic boundary conditions meheHerein, the application of general periodic rimary
conditions is performed by imposing muti-point doat equations to the related nodes on the paethces,
edges and corners of the unit-cell model. The m@chhbehavior prediction of 3D braided composigssh as the
deformation, stress distribution, stiffness, sttemyoperties and damage, under typical loadingsase compared
between the unit-cells with periodic mesh and freesh. The comparison results proved that the geperiadic
boundary conditions are convenient for free meskihgomplex unit-cell configurations and applicalvtethe

meso-scale finite element analysis.
2 Periodic boundary conditions and their appliqatio

2.1 Selection of unit-cell model

The expressions of periodic boundary conditionsamsociated with the selection of repetitive calicture.
For the periodic structure in Fig. 1(a), the urdttcs selected as shown in Fig. 1(b). It is theresentative volume
that can re-create the whole structure only byiapafinslation symmetries without using rotatianreflection
symmetries. Certainly, if further, using the reflen symmetries, the size of the unit-cell modei ba reduced to a
quarter (shown in Fig. 1(c)). Whitcomb et al. [2Qfrvalho et al. [23] and Li et al. [24, 25] presehdifferent
expression forms of the periodic boundary condfiaf the repetitive cell according to the specsicuctural
characteristics of the textile composites. In sunymdhese expressions depend on the structuralguation of
the composites, the selection of repetitive celtleti@nd the applied load conditions.

Reducing a unit-cell into a smaller repetitive azlh lessen the number of nodes and elements edauhich
in turn reduce the computation cost. However, dtuction of unit-cell will considerably increase tbomplexity
for applying the periodic boundary conditions. @uitty, with the rapid development of computer haarky the
consideration of computational cost associatetdeaunit-cell model can be neglected unless it & wery complex
nonlinear problem. The substantial increase of dexily of the periodic boundary conditions is theykeason for

not reducing a unit-cell into a smaller repetitped!.
2.2 Periodic boundary conditions

The textile composites are considered as periddictsires and composed of periodic arrangemenhitfoells;
and the finite element analysis is based on theoafii model,therefore, the periodic boundary conditions should
be imposed to replicate the repeating nature. Buribre, the displacement continuity condition arattion
continuity condition should be satisfied at the agite boundaries of the neighboring unit-cells. réfae, the
unified displacement-difference periodic boundavgditions developed by Xia et al. [21], which camgntee the
two continuity conditions [26], are briefly summzed here first.

The displacement field for the periodic structuae be presented as
U =8X% +y 1)

In the above equationg, are the average strains of the unit-cef is the Cartesian coordinate of a unit-cell point



and ui* is the periodic part of the displacement componentthe boundary surfaces.
Eq. (1) is difficult to be imposed on the unit-cedundaries because of the unknown periodic partuRately,
for most unit-cells, the boundary surfaces alwagysear in parallel pairs. The displacements on agfgparallel

opposite boundary surfaces can be given as

ut =g " +y @)

u" =g +y (3)
where the index+ means along the positivg direction and means along the negativ§ direction.

Since ui* is identical on the two parallel boundaries, tlieetknce between the above two equations is
u -y =g (X" A F 8P ¥ (4)

The right side of the above equation becomes constece €, is specified, sincBx] are constants for each
pair of boundary surfaces. Eq. (4) does not corttanperiodic part of the displacement components gan be
applied easily in the finite element analysis biakkshing the linear constraint equations betweamesponding
nodes.

It deserves mentioning that either force or displaent can‘be used as the applied load in the &hiteent

analysis. In this paper, the displacement loadingeris employed.
2.3 Application of periodic boundary conditions infinite element analysis

In the finite element analysis, the traction bougdmnditions are automatically satisfied by theimium total
potential energy principle. This kind of boundaonditions is named as natural boundary conditidiasordingly,
to apply the periodic boundary conditions, only osjmg the displacement boundary conditions is cieffit. Of
course, the uniqueness and certainty of the nualer&sults can be guaranteed. The periodic displané
boundary conditions are imposed by establishinditi@ar constraint equations between the correspgnuodes
on the surface of the unit-cell. This is the reasgty periodic boundary conditions are also callsdequation
boundary conditions.

Up to date, in most references, only the mathemlatixpressions of periodic boundary conditions psag by
Whitcomb et al.[[20], Xia et al. [21] and Li et §22] are introduced. However, how to implement pleziodic
boundary conditions in finite element analysis asety mentioned. In this section, the constraintagigns of
periodic boundary conditions between the relatedieamn the paired surfaces, edges and corner afrit:cell
model are expressed in detail, which provides irer&ferences to the researchers in the field efonhechanical

analysis of textile composites.
2.3.1 Constraint equations between surface nodes

As shown in Fig. 2, the length, width and heightref cuboid unit-cell or representative volume\akgW, and
h, respectively. The origin of the coordinates isinpoD. Under the six typical strain loadings
(ef, éy), é, Qy, &Z, &Z) the periodic boundary conditions given by Eq. ¢dh be realized by the following
equations:

On the opposite surfaces perpendicular tocthgis:
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x=W, ~ U‘ x=0" erx

x=W, V| x=0: 0 (5)
X=W, - W| x=0: O
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On the opposite surfaces perpendicular to/theis:
u‘y=Wy_ u‘ - Wiy
— 0
V‘y:Wy - v‘ = Wey (6)
u

y=W, ~ W‘ o 0

On the opposite surfaces perpendicular taztinas:

u z=h" U‘ z=0: rgi)(z

v z=h" V‘ =0 rgi;z (7)
— 0

W z=h" M =0 I’Ez

In the above equations, three coordinate plared, y=W,, z=h are defined as master planes, and the nodes on
them are called master nodes; the parallel plappesite to master planes are defined as slavepamEnodes on
them are called slave nodes. For the master sunfades and slave surface nod®s Q, P'- P andQ'-Q as shown

in Fig. 2), the linear constraint equations of pdi¢ boundary conditions have been given by Egs: (5).
2.3.2 Constraint equations between edge nodes

For the nodes on the edges and corners of thecelihithodel, they located in the intersection plaaed lines
of the coordinate planes, thus they satisfy twéhoee groups of Egs. (5) - (7). However, these ggus are not
independent to each other. If all these constreuiations are applied in the finite element ansjytsie unit-cell
model will be over constrained and the computatiannot be carried out. Therefore, the constrainatgns of
the corresponding nodes on the edges and corneutdde combined to form the independent equations.

For the 12 edges of the unit-cell model, they camlivided into three types: parallel to thaxis @AD, BC, FG
andEH), parallel to they axis CD, BA, FE andGH) and parallel to the axis HD, EA, FB andGC). In this paper,
we only give three groups of linear constraint ¢ipua between the four edges that are parallelaxis when the
HD edge is defined as the reference edge, namely

Ugp = Upp= V\/Xe‘i
Vea® Vip= 0 (8)
Wea - Wip= 0

— 0
Ueg - Uyp= \Mex"' V\{/ggy

— 0
Veg - Vo= We, 9)
Weg - Wip= 0



Usc - Uyp= \Nyg?(y

— 0
Voc - Vip= W, (10)
Woe = Wip= 0

Applying the above constraint equations can entugecomplete constraint of these four edges. Thathie
under constraint and over constraint problemsmatlappear in the subsequent calculation. For tinver dwo types
of edge constraint equations, referred to Eqgs- (8D) and combined with the deformation statethefunit-cell

under corresponding strain loadings, they can biyederived.
2.3.3 Constraint equations between corner nodes

Special attention should be paid to the constraiptations between 8 corner nodes of the unit-celilah
Selecting nod® as the reference point, the constraint equatiehsden nodeg, F, G andD are given as:
— 0
l‘IE - uD_ W(ex+ rg?(z
Ve - Vp= hgp, (11)
We - Wp= I’E'g

l'IF - uD: \A48>(()+ V\é xy+ rdz

Ve - Vo= WeS+ hf, (12)
We - Wp= h??

Us - Up= Vvyggy"' rg?(z

Vs - Vo= Wel+ he, (13)

— 0
W = Wp= h?z

Similarly, for the constraint equations betweereottorner node8, B, C, H and the reference poib, referred

to Egs. (11) - (13) and combined with the corresiium deformation states, they can also be easflieaed.
3 General Periodic’boundary conditions and thgtiegtion

It should be noted that imposing the above periddiondary conditions to the unit-cell is dependemta
perfect periodic mesh. However, perfect periodicsimenay increase the difficulty of meshing a unit-edth
complex microstructure and reduce the quality efganerated mesh. Free mesh (non-periodic) isdegaa more
practical approach. To the unit-cell model withefrmesh generation, Nguyen et al. [27] and JarvdsGarnich [28]
developed the concept of general periodic boundangitions. In the present paper, the general gieriooundary
conditions scheme will be implemented explicitlythe meso-scale finite element analysis on thefqulat of

ABAQUS software, and the effectiveness and appilitalwvill be verified by comparison research.
3.1 General periodic boundary conditions

Due to the non-periodic meshing, the mapping péirdf a master node!’ on the slave plane is not just in the
position of a node but within an element. The dispiment of the poinM can be determined by nodal

displacement interpolation, hamely

UAN¥ (14)



where {} is the displacement matrix of the mapping poih, is the shape function matrix of the element, arid
is the displacement matrix of the element nodes.

Owing to the complexity of the microstructure, 3@id tetrahedral elements (C3D4) available in ABA®#&re
always adopted for mesh generation of textile caitps because of its excellent geometry adaptabilit this
paper, C3D4 elements are used for the periodic raedhithe free mesh generation of 3D braided cortgsosht
this time, the mapping poiM is surrounded by a triangular element on the gidamee, as shown in Fig..2. Similar
to Eq. (4), the general periodic boundary cond#tioan be written as [28]

u" (9)
u (M) - [N(M) N,(M) Ny(M)] y(S) = eD ¥(i,j =1,2,3) (15)
u" (S)

3.2 Application of general periodic boundary condions in finite element analysis

As shown in Fig. 3, the position of the mappingp® in DS S Son the slave surface can be given by
M=S+x(S- 9+ % $ X (16)

If the coefficientx andy satisfy Eq. (17), it can be confirmed that the piag pointM is located in the

triangular element (including the boundary).

x3 0,y 0% ¢ 1 17)

Moreover, the shape function matr\][of the element can be determined by the coordiat pointM and
vertices oDS S S.

For the application of general periodic boundarynditions, to realize the constraint equation betwte
surface nodes, it is just needed.to replace thenseterm in Egs. (5) - (7) with Eq. (14). For thdges of the
unit-cell, the mapping points of the edge nodestiedetween two nodes of the reference edge. Attithie, the
shape function matrix] is.similar to that of one-dimensional bar elemdnis also just needed to replace the
second term in Egs. (8) -(10) with Eq. (14). Hue torners of the unit-cell, the constraint equetibetween the
corner nodes are identical to Eqgs. (11) - (13pdrticular, when the element shape function méixs only one
component of 1 while the rest of O (i.e. periodieshing), Eq. (15) exactly reduces to the Eq. (4persodic
boundary conditions.

Finally, a FORTRAN pre-compiler code involving tleesonstraint equations is written and implemengsktd

on the platform of finite element software ABAQUS.
4 Finite element model

4.1 Unit-cell structural model

In order to verify the effectiveness and applidapibf the explicit general periodic boundary cdiatis given
in this paper, a unit-cell structural model of 3faided composites proposed by Xu and Xu [29] iézed here for
comparison analysis. The cross section shape dfrtiding yarns is considered as octagon contaiaminscribed
ellipse. The relationship between the major radiasid minor radiug of the ellipse and interior braiding angle of

braided composites is expressed as



a=+/3bcosg (18)

As displayed in Fig. 4W, W, and h represent the width, thickness and height of thi#-aeii model

respectively, and they can be calculated as:

W, = 4/2b (19)
W, =4/2b (20)
h=8b/tang (2

The unit-cell model of 3D braided composites cdrsig braiding yarns and resin matrix. The braidjagn
containing thousands of fibers and matrix is coer®d as transversely isotropic unidirectional caositps in local
coordinate and the resin matrix is assumed todieojsic. For the local coordinate definition of tiag yarn in a
specify orientation, local 1-axis follows the yamnterline and local 3-axis is in‘the upright plgeependicular to
the x-y plane of the global coordinate, as shown in Figli#e Stiffness and strength properties of corestits are
listed in Table 1, and the structural parameterthefunit-cell model in this paper are given atofes: §g=46.4,
W=W,=1.662mmh=2.238mmV;=52%.

4.2 Finite element meshing

Attributable to the complexity of the microstruatuthe solid tetrahedral elements (C3D4) are atlito mesh
the unit-cell model of 3D braided composites. Therged coincident meshes are adopted on the ingstfae be
precise, the interfaces between the yarns andx@eiassumed to be perfectly bonded. Specificthyperiodic
meshing, the number and the position of the nodeth® master and slave planes must be exactlyathe,swhich
is accomplished by surface mesh replication metktmvever, for free meshing, no restriction is ptha the
paired planes of the unit-cell and high-quality meseasier to generate. The unit-cell model wihqalic mesh is
composed of 7, 992 nodes and 40,452 C3D4 elemamisthe unit-cell model with free mesh consist$,0823
nodes and 33, 515 C3D4 elements respectively,asrsim Fig. 5.

4.3 Prediction of effective elastic properties

In this paper, homogenization method is utilizedomler to predict the mechanical properties of iext
composites. That is, the heterogeneous compositie imicro-scale are considered a homogeneousiahatethe

macro-scale. The stress-strain relationship ofiboafi can be computed by

s=Ce (22)
where C is the effective stiffness matrixS and & are the global average stress and global averagim s
defined by
_ 1 _ 1 .
5= 5;dv g == edV (i,j=1,2,73) (23)
V \Y V \Y

In the cuboid unit-cell,éu. is known in advance when applying periodic disptaent boundary conditions.
one has

Fors; ,



' (,j=1,2, 3) (24)

S

]

In the above equationPy;is is theith resultant forces on thjéh boundary surface arf§ is the area of thgh
boundary surface.

The elastic constants of the unit-cell can be ¢ated by

I (,j=1, 2, 3) (25)

4.4 Prediction of damage and strength properties

Physical experiments are expensive, time-consunaind,confined to certain structural parameters.eldeer,
it is difficult to identify the damage modes angidstigate the damage evolution process of theiamteomponents.
The damage simulation by finite element method @arduct virtual tests_of the composites and proindeghts
into the local responses thus can overcome thégliimns in physical experiments.

Damage initiation and damage evolution can be sitadl by damage mechanism, which consist of failure
criteria and material degradation. In this pap&,Fashin failure criteria [30] are applied to defithe damage
initiation of braiding yarns. In Hashin criteriauir distinct failure-modes are considered: yarsiterfailure inL
direction, yarn compressive failure indirection, yarn tensile and shear failureTirand Z direction, and yarn
compressive and shear failure Thand Z direction. Hereinl_-T-Z rectangular coordinate is local coordinate
definition of braiding yarn, and axis, T axis andZ axis indicate the axial and two transverse dioasti Maximum
stress criteria are employed to define the ingratf matrix cracking.

Once the damage initiation criteria are satisfiedther loading will cause degradation of mategtffness
constants. The reduction of the stiffness constétsontrolled by damage variables ranged from riigl
undamaged) to 1 (completely damaged) accordingnéodaamage situation. In this paper, a gradual dagn
scheme coupling with Murakami damage model propdmsedlapczyk et al. [31] and Fang et al. [13] isdise
characterize the damage process of the yarns atiik.mdore detailed analysis about the damage mod&D
braided composites.can be found in reference [13].

Finally, A-user material subroutine (UMAT) invohgrthe damage model is developed and implementdein
finite element software ABAQUS. The whole processlamage evolution of 3D braided composites is &ibad,
and the damage mechanisms are revealed in theasionulprocess. The strength properties of 3D bdaide
composites are predicted from the computed stteas-curves. The approach presented herein isldaitfor
inclusion of advanced damage models integratingation and evolution [32, 33] although these haet been

attempted at this time.
5 Results and discussions

5.1 Preliminary validation of the application

To validate the boundary conditions derived basethe unit-cell model, a simple method proposedlibst al.

[24] is implemented first. A small case of homogamuee isotropic block is selected as a unit-cell #relgeneral



periodic boundary conditions are imposed. Under tsiical loading conditions ef, 65, é, & , &Z, &)
perfectly uniform stress and strain fields can bmimed. The stresses and strains are same to¢haga stresses
and strains predicted by material properties assiga the unit-cell model, which preliminarily vi&es the applied
boundary conditions. By this approach, most huméstakes in applying complicated boundary conditioas be

avoided.

5.2 Comparison of elastic properties

Due to the spatial rotation characteristics of 3Bided composites, the deformation and stresslditibn of
the unit-cell model undex andy tension, as well as undge andyz shear, are similar. Accordingly, only the
comparison results of elastic properties undensionz tensionxy shear anczshear are given here.

Fig. 6 displays the comparison of deformation betwanit-cell models with periodic mesh and free migise
deformation scale factor is 35). It can be fourat the deformation stations of the periodic meshinig-cell are
consistent with that of free meshing under allfthe typical loading cases. The boundary surfadebeunit-cell
are no longer maintained as planes but warped.diglye in thez tension, the warping extent on the top and
bottom surface is most obvious but weaker on theratwo paired surfaces. This is mainly attributedhe fact
that the unit-cell model does not have the symmetdf geometrical structure and physical propertitsvever,
the parallel opposite boundary surfaces have thmee sdeformation, which can guarantee the displacemen
continuity between the neighboring unit-cells amovide a reasonable stress distribution. It can bks seen that
the four deformation stations shown in Fig. 6 otitsereflect the corresponding load characteristitthe applied
boundary conditions.

Fig. 7 demonstrates the comparison of von-Misessstdistributions between unit-cell models withiguic
and free mesh on un-deformed shape. The pairedsitpmurfaces totally have the same stress dititsipuvhich
ensures the traction continuity condition at th@agite boundary surfaces of the unit-cell modelsteNhat the
stress in the braiding yarns is obviously largantthat in the matrix and the braiding yarns beainrfoads under
all the loading cases. This is because the stdfre#sbraiding yarn is much larger than matrix ahd toad
distribution is determined by -the stiffness projstt However, under different loadings, the loadriveg
mechanism of braiding yarnis different thus thechamical response characteristics of the unitroeldlel are also
different. It can also be observed that the stlestsibutions of the two unit-cell models are vetgse to each other
when subjected to the same loading conditions. Thathe stress and strain fields of the unit-cedidel with
general periodic boundary conditions agree welhihiat under periodic boundary conditions.

Next, the quantitative comparison results of thié-cell model with two different meshes are maiphgsented
by the following stiffness and strength predictiomable 2 displays the predicted elastic constahtke unit-cell
model with periodic mesh and free mesh. From Tahlét is seen that the unit-cell model is almostfemt
transversely isotropic and the corresponding ptiedicesults are in good agreement in these twescdshas been
proved that excellent elastic prediction results lba obtained compared with the numerical simutatiata based
on the unit-cell model imposed by periodic boundamgditions [8-11]. Consequently, the results ibl&2 further
verify the effectiveness and validity of the geheguariodic boundary conditions in the applicatioh etastic
properties prediction by unit-cell model with freresh.

5.3 Comparison of strength and damage properties

5.3.1 Stress-strain curves

Fig. 8 illustrates the computed stress-strain cur@k unit-cell models with periodic mesh and freesim
Similarly, only the comparison results undetension,z tension,xy shear ancz shear are given. In Fig. 8, PM
refers to periodic mesh and FM refers to free méists obvious that the computed stress-strain esiref the



periodic meshing unit-cell agree well with that fofe meshing under the same loading cases. Actuaky
carbon-fiber reinforced 3D braided composites tetodsxhibit brittle breaking characteristics in exment and
the composites will fracture when the experimestadss-strain curve reaching the maximum streseeMer, the
computed stress-strain curves provide the wholeulsition process from damage initiation, propagation
catastrophic failure. After reaching the maximumess, the computed curves decrease rapidly or aitszdu
according to the loading cases and then the mistéoiss the carrying capacity. The extended untgpdbserved
in the computed stress-strain curves is considesem numerical artifact because the experimenéaigsigns most
likely have a more brittle fiber failure, whereag ttomputed curves have a more gradual unloadipgotoote the
numerical stability [15]. The comparison resultpoddicted strength parameters and failure sta@i@summarized
in Table 3. Obviously, these predicted results \a#ey close, thus verifies that the general peridaicindary
conditions are also suitable for strength propenieediction by unit-cell model with free mesh.

5.3.2 Failure mode and damage mechanism

The advantage of the meso-scale finite elementaodathnot only the global stiffness and strengtipprties of
the composites but also various failure mode amdadg mechanism, can-be studied through the an§®Hisin
this paper, the damage evolution processes ofceflitmodels with periodic mesh and free mesh urtgeical
loads are simulated. The failure mode and damagshanésm are different under different loading casess
found that the main failure modes of the braidechpaosites are.yarn tensile and shear failur€ &ndZ direction
and matrix tension cracking undetension load. Yarn compressive and shear failuieandZ direction are very
limited and yarn tension and compressive failuré idirection are not existed. Undertension load, the main
failure modes are yarii compressive and shear failure and matrix crackingensile fracture occurs in some
elements in the braiding yarn, but the quantityelatively small. Undexy andxz shear loads, the main failure
modes are yari tension and shear failure, meanwhllecompressive fracture occurs in some elementsén th
braiding yarn and the quantity is relatively largég. 9 depicts the comparison of certain modes adpgm
nephograms between unit-cell models with periodisimand free mesh in yarns and matrix under the stnain
cases. It can be found that the damage_statioreyalgimilar in the two mesh status under correspgnidads.
Therefore, the general periodic boundary conditioas also be utilized for damage simulation and atgm
mechanism analysis by unit-cell model with free mes

6 Conclusions

In this paper; a study is conducted by comparireg ghriodic mesh and the free mesh on the mechanical
properties prediction of 3D braided composites. #a unit-cell model with free mesh generation, there
general periodic boundary conditions are appliecestablishing the muti-point constraint equatioesMeen the
related nodes on the paired surfaces, edges anérsoof the unit-cell model. To verify the effeethess and
validity of the general periodic boundary condipthe deformation, stress distribution and thelipted stiffness
and strength properties of the unit-cell model Bf Braided composites with periodic mesh and freshrere
compared. Some conclusions can be drawn herein.

(1) In the finite element analysis, the edge naaled corner nodes of the unit-cell model meet twahoee
groups of constraint equations for surface nodesilsineously. However, these equations are nopigmident to
each other. Before applying the periodic boundawgdiions, the constraint equations of the nodeshase
positions should be merged into independent equatio

(2) Under non-periodic meshing condition, the magppoint of a master node on the slave plane igusobin
the position of a node but within an element. Wastablishing the linear constraint equation, tlspldicement of
the mapping point can be obtained by interpolatimg nodal displacement of the element which sudsuhe



mapping point.

(3) Imposing the general periodic boundary condgito the free meshing unit-cell model, realistiaia and
stress fields as well as reasonable stiffness airdgih properties can be obtained. It is proved the general
periodic boundary conditions are suitable for treefmesh of complicated microstructure model ang tan
reduce the difficulty of meshing and improve theality of mesh generation. Therefore, it should relaust and
effective approach in future meso-scale finite @athanalysis of textile composites.
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Table 1 Stiffness and strength properties of cturestts

Er (GPa) E(GPa) Gr2(GPa)Grs(GPa) 112 En(GPa) m  X7(MPa) Xc(MPa) S(MPa)

T300 230 40 24 14.3 0.26 3528 2470
Matrix 3.5 0.35 80 241 100

Table 2 Predicted elastic constants of unit-ceith weriodic mesh and free mesh

Elastic constants / Gpa Periodic mesh Free mesh
Ex 10.55 10.62
E, 10.55 10.61
E, 17.42 17.50
Gy 17.80 17.80
Gy, 17.80 17.79
Gy 11.52 11.54
Xy 0.30 0.30
2x 0.56 0.56
2y 0.56 0.56

Table 3 Predicted strength parameters and faituméns of unit-cells with periodic mesh and freesime

Strength / MPa Failure strain / %
Periodic mesh Free mesh Periodic mesh Free mesh
S 88.50 90.77 e, 1.20 1.24
S 88.59 91.41 e, 1.20 1.24
S 277.75 283.87 €, 2.00 2.00
Sa 275.16 274.14 9., 1.60 1.60
Sy 275.03 273.77 9, 1.60 1.60

Sy 228.99 225.91 g 2.10 2.10
Xy




