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Abstract
Geometrical modelling of 3D woven composites represents a key part in both material and component design.  Using current modelling techniques it can be difficult to correctly mesh unit cell (UC) models and apply the necessary periodic boundary conditions (PBCs), often with sacrifices made in idealisation of the weave architecture.  
An automated voxel meshing technique suitable for modelling woven composite UCs has been developed, which is generic in nature and allows incorporation of architectural weave deformities, including tow rotations/misalignments.  The model requires node points with five independent variables to define the UC geometry, and is capable of representing a range of complex material options.  PBC application is simplified due to the grid based nature of nodes on the unit cell surfaces.  Both simple PBCs and more complex varieties (incorporating offset translations/rotations) are possible, enabling UC domain reduction (depending on weave architecture and types of deformation modelled).
Models of 2D and 3D woven composite UCs have shown that good elastic stiffness predictions can be made using voxel models, with agreement between existing finite element models, and correlation with analytical rule of mixtures based solutions.
The use of an existing smoothing technique to improve the tow/matrix interface by moving tow surface nodes has provided mixed results.  In some cases (dependent on both mesh refinement and geometry), this technique has reduced the artificial peak stresses caused by 90° voxel ‘steps’ at the interface.  However at other times, there has been limited improvement from use of this smoothing technique.  A new surface improvement algorithm has therefore been developed, using node movements and splitting of elements to improve tow geometry matching.  This has removed artificial peak stresses at voxel ‘steps’; however, in its current form, it produces spurious stress concentrations due to element surface incompatibilities.  A range of suggestions are made to combat these issues.
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	Parameter along length of tow 

	
	A centre of a voxel in the grid

	
	The point normal to  on a PP

	
	Global co-ordinate value on the  axis

	
	Global co-ordinate value on the  axis

	
	Global co-ordinate value on the  axis

	
	Normal distance between  and a PP

	
	Number of PP describing a tow

	
	Major axis parameter describing ellipse

	
	Minor axis parameter describing ellipse

	
	Local co-ordinate at  tangential to tow

	
	Local co-ordinate at  along cross-section major axis

	
	Local co-ordinate at  along cross-section minor axis

	
	Unit vectors in the  direction

	
	Rotation angle of ellipse

	
	Intercept/extrapolation of  to ellipse surface

	
	Co-ordinate transformation matrix from  to 

	
	Elastic modulus in direction 

	
	Poisson’s ratio in plane 

	
	Shear modulus in plane 

	
	Failure index for matrix failure

	
	Failure index for fibre kinking

	
	Failure index for splitting

	
	Failure index for fibre tensile failure

	
	Longitudinal tensile strength

	
	Longitudinal compressinve strength

	
	In-situ transverse shear strength

	
	In-situ transverse tensile strength

	
	Slope co-efficient of longitudinal shear strength

	
	Slope co-efficient of transverse shear strength

	
	Angle of friction

	
	Dilation angle

	
	Flow or yield stress ratio

	
	Normal component of traction

	
	Longitudinal shear component of traction

	
	Transverse shear component of traction

	
	Normal vector in directin 

	
	Direct stress in direction  in a co-ordinate system rotated by 

	
	Shear stress in plane  in a co-ordinate system rotated by 
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[bookmark: _Toc329878928]Introduction
[bookmark: _Toc216627229][bookmark: _Toc329878929]Woven Composites
The use of composite materials as replacement for many engineering alloys in domains such as the aerospace, maritime and automotive industries is not surprising when the benefits they present over their more traditional counterparts are considered[1].  2D UD composites as well as 2D and 3D woven material, shown in Figure 1, can display significantly higher stiffness in the in-plane directions than traditional engineering materials, as well as being lightweight and allowing for weight savings in components where overall product/component weight is critical.  Their ability to maintain their superior strength characteristics in extreme environments makes them particularly suitable for applications under extreme loading and temperature conditions; in particular, fan and rotor blades [2, 3].

[image: ]
[bookmark: _Ref301530253][bookmark: _Toc315743777]Figure 1 – Various 2D and 3D woven composite examples

2D woven composites have been in use for over 50 years.  Requirements on impact critical areas (such as wing leading edges) mean that any composite used here must have high impact tolerance, which is where the 2D weave limitations become more apparent.  For the latter, although the fibre reinforcement in the in-plane directions gives increased in-plane mechanical properties, the lack of strength in the through-thickness direction and relatively weak bonds between layers leads to poor impact damage resistance and severely reduced mechanical properties post-impact.  Post impact, the result could lead to total component failure from delamination due to low interlaminar shear strength. This is particularly a problem in any components that will be subject to large interlaminar shear forces in a common load case situation, or where interlaminar failure may result from impact that can be reasonably expected as a matter of course (bird strikes etc).  Interlaminar properties can be improved using toughened resins; however the improvement seen is not always enough to prevent delamination and critical damage upon a small impact.

In essence, all 3D woven materials include through-thickness binder fibres to link together different layers of in-plane fibres.   The inclusion of the binder tows increases the interlaminar toughness of the material, making it less susceptible to failure through delamination and more resistant to ballistic [4] and low velocity impact [5].  This leads to an increase in interlaminar toughness, with a 3D woven material able to withstand up to 60% higher impact energy before damage initiation occurs than a 2D laminate of similar constituents [6].  The binder tows prevent the growth of cracks along the layer interface under post-failure loading; hence the overall area of damage from any impact is reduced.

The binder tows can be woven to link layers together in a large number of different methods, meaning there is great scope for tailoring of material to an individual design case.  However, this can lead to large development times in deciding which weaves are most appropriate.  Some research has been undertaken to begin development of optimisation algorithms and software to aid in the setting of each variable although this is still a relatively under-developed area [7].  Another disadvantage of 3D woven materials is a limitation in the different levels of anisotropy possible.  Whereas in-plane anisotropy can be tailored in UD laminates by careful consideration of lay-up angle of each ply, most 3D woven materials consist of in-plane tows orientated solely at 0° and 90°, due to the loom weaving process of manufacture.  This removes the possibility of use in areas in which the desired material anisotropy is not achievable with available looms.

[bookmark: _Toc329878930]Modelling of woven composites
The mechanical properties of 3D woven composites can, to a certain extent, be predicted using computational methods. The method for obtaining reliable elastic and fracture properties via a computational route, using finite element analysis (FEA), can be split into 3 broad sections:

1) Weave generation – pre-existing geometry generation software can be employed, or weaves can be drawn using data obtained from micrographs.
2) Mesh generation – to create meshes which do not suffer from excessive element distortion or highly refined areas with small elements, novel meshing techniques or algorithms must be used.
3) Model analysis – the resulting elastic and fracture property predictions must be gathered, and validated against experimental results.

This route has also been identified by other researchers, in particular Lomov et al, with the development of the woven composites ‘roadmap’ [8] and numerical analysis tools.  All requirements for a complete framework are shown in a flowchart in Figure 2.

[image: ]
[bookmark: _Ref301923997][bookmark: _Toc315743778]Figure 2 – Wisetex/Meshtex unit cell modelling flow chart [9]

All of the components above are important in establishing a complete framework for woven composite analysis.  Although there are numerous pieces of geometric modelling software available [10-15] finding a method which integrates a robust meshing engine, with complete implementation of all required information for finite element analysis of a woven unit cell, is less easy.  Although many geometry modellers are capable of modelling different levels of geometric deformities within a weave, there are few which are able to use those geometric representations to produce a finite element mesh without failure of the meshing algorithm, or the necessity for idealisation of the weave geometry.

[bookmark: _Toc329878931]Objectives
The objective of this work is to establish a framework in which finite element models of complex woven composite architectures can be produced, outlined by the following requirements:
· It should enable model generation to be both robust and simple.   
· The ability to model tow misalignments and other deviations from standard weave schematics should be included.  
· There should be no restrictions placed on the positioning of tows within a unit cell due to either modelling or meshing considerations – the technique should offer no restrictions to any geometric input desired.  
· All stages mentioned in Figure 2 should also be considered, such as implementation of correct boundary conditions and integration with finite element packages.  
· Complete implementation should also include adjustment of material orientations to match any tow misalignments modelled.  

[bookmark: _Toc329878932]Structure of thesis
Chapter 2 presents the details of a range of novel meshing techniques that have been implemented for composite analysis, and assesses their ability to produce 3D woven meshes in a robust manner.  Some example models are compared, and the voxel method is selected to implement.
Chapter 3 details the voxel technique implementation.  It covers definition of the weave in terms of its geometry (both tow paths and cross-sections) and then calculation of individual element orientations.  A range of demonstration models are presented to illustrate aspects of the technique developed such as variation in cross-section and associated material orientations.
Chapter 4 contains details of the user interface used for both the geometry modelling aspect of the framework, as well as the meshing areas and associated finite element based requirements (element types, loading etc).  Implementation of boundary conditions and association of material properties are also included.  It shows the development of a front end for the work presented in Chapter 3.
Chapter 5 covers the elastic modelling of both 2D and 3D weaves produced through the methods and software developed in Chapter 3 and Chapter 4.  Model geometry details are presented for all unit cells.  For the plain weave example, mesh convergence, smoothing effects and the effects of unit cell reduction are looked at, and finally 3D woven unit cell moduli are produced from the voxel modelling framework from the 3D weaves analysed.
Chapter 6 expands on the range of weaves defined in Chapter 5 and includes analysis of failure initiation within each UC/rUC.
Chapter 7 gives the overall conclusions of the thesis, and presents any avenues for further work.

[bookmark: _Toc329878933]. Modelling approaches for woven composites
[bookmark: _Ref209957314][bookmark: _Toc216627230][bookmark: _Toc329878934]Unit Cells
To analyse a section of a complex woven geometry (such as a sheet to be used for component manufacture) with explicit modelling of the weave would require a substantial amount of computational power (looking towards parallel processing and supercomputers), as well as a large amount of time for each analysis to run.  In order to reduce these burdens, it is possible to reduce the size of the analysis down to the smallest section which can represent the material as a whole.  This is the unit cell (thorough definitions are provided in section 2.1.1).  The importance of this concept is vast.  It will allow different weaves to be analysed and compared against each other in a short space of time, and for accurate geometries to be inputted into numerical analysis calculations (such as finite element structural analysis or fluid dynamics flow calculations) without excessive numbers of elements/grid points that require potentially unavailable resources.  For these reasons, it is the concept which will be used in all models throughout this research.  It is important to note that the use of unit cells requires the use of periodic boundary conditions at the unit cell faces to ensure accurate representation of an enclosed sample of material.  These will be further discussed in section 5.4.3.

[bookmark: _Toc216627231][bookmark: _Ref297647571][bookmark: _Ref303082211][bookmark: _Toc329878935]Definitions
There are differing opinions as to the exact definition of a unit cell and other related terms, so for clarity, the definitions used throughout the report are stated.  These definitions are also used by some other works on the subject of unit cells within 3D composites [16-19].
A unit cell (UC) is a periodically repeating unit of material structure that can be used to minimise finite element model size whilst producing accurate representation of material response.  It is the smallest pattern which can be tessellated simply with translations in order to create an infinite sheet of material.  
In order to reduce further FE model size, a UC can be sub-divided down into “subcells”.  This will consist of the minimum unit that can be rotated/translated and copied to assemble the original unit cell [19].  The number of subcells contained within a UC is therefore dependent on the translational and rotational symmetry of the UC geometry.

A representative volume element (RVE) is used to define an area of material which is larger enough to be statistically representative of material conditions/properties.  In general, it can be envisaged as the collection of unit cells needed to include every relevant material defect, whilst maintaining a correct level of defect distribution.  A perfect (defect free) RVE would therefore be the same as a UC.  Figure 3 shows the progression of identifiable volumes within a woven composite, in descending size order.

[image: ]
[bookmark: _Ref190673342][bookmark: _Toc315743779][bookmark: _Ref209956911]Figure 3 - Identifying RVEs and UCs from fabric weaves [16]

[bookmark: _Toc195702989][bookmark: _Toc329878936]Multiscale Approach
As a method for assessing mechanical properties of composites, the multiscale approach has been used on numerous occasions [8, 18].  It is illustrated in Figure 4.
1. By analysing first the microscale, individual fibres and matrix are discretised.  Properties for elements sets within larger models can be produced which take into account the effect of small details.  These can include the effects of exact alignment of fibres and the effect of crack density within matrix regions, for example.
2. These global properties on the micro-scale can then be fed into the mesoscale models as local properties.  Here, the homogenised properties of the fibre etc can be used in analysis to produce an accurate response of a unit cell, or comparatively small area, taking into account fibre crimping, misalignments or cross-sectional area changes.
3. After homogenisation, the global mesoscale unit cell properties can be applied as local properties on the macro-scale to full lamina in larger material or component models.  This enables a full representation of the final material that would be impossible to achieve if only the macro-scale was used.

The unit cells which will be investigated through this thesis are an example of mesoscale modelling, using a micromechanical failure criterion for the constituents and with unit cell sizes ranging from around 5mm – 5cm.

[image: ]
[bookmark: _Ref190681056][bookmark: _Toc315743780]Figure 4 – Multi-scale analysis approach flowchart [18]

Multiscale modelling can also be used for modelling of small components in situ within a larger model, or areas of small detail on a single component.  In these cases, a more refined mesh of the detailed volume is created, and information is passed across the boundaries between the detailed volume and larger volume in both directions.  This allows the application of loading to the detailed region via the large model edges (through suitable coupling equations) and also allows the influence of the detailed volume to pass back to the main model.

[bookmark: _Toc216627233][bookmark: _Toc329878937]Current Woven Composite Models
[bookmark: _Toc216627234][bookmark: _Ref297733199][bookmark: _Toc329878938]Analytical Models
Two of the most common 3D woven materials, both in terms of engineering use and research conducted upon them, are the orthogonal weave and angle interlock weaves.  Figure 5 shows schematic diagrams of these materials.  Variations on the angle interlock weave shown in Figure 5b can be achieved by altering the descent of the warp tows only partially through the thickness of the material before beginning their ascent.  In this way, many iterations of angle interlock can be achieved.
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[bookmark: _Ref299371727][bookmark: _Toc315743781]Figure 5 – a) Orthogonal and b) full through thickness angle interlock weave schematic [20]

Among the first and most notable use of UCs with woven composites, is the work by Whitney and Chou [21], who used an extension of lamination theory and work on braided composites to create a micro-cell approach to modelling an angle interlock weave (Figure 6a).  Initially, warp and weft tow paths are separated out to create micro-cells (Figure 6c and Figure 6d).  Then a unit cell is re-assembled from these micro-cells (assumed as individual laminas), with parameters assigned to each lamina defining its position relative to the UC mid-plane.  With a known transformation vector between the micro-cell and UC, the complete UC A/B/D matrices are established from the summation of individual matrices for each lamina calculated using in-plane properties modified by the known transformation for each micro-cell.

[image: ]
[bookmark: _Ref299377138][bookmark: _Toc315743782]Figure 6 – Whitney and Chou modified lamination approach [21] to model a) an angle interlock weave, with b) showing 2 sections through the material. In c), all warp yarn paths along sections A and B are shown, and d) shows all weft yarn paths between the 2 sections.

An alternative method is the mosaic model by Ishikawa et al.[22], shown in Figure 7.  This model simplified plain, twill and harness satin weaves into simple tiles patterns, neglecting fibre continuity and through-thickness shear effects.  Further developments to this by the same research group lead to the fibre undulation model for plain weaves, followed by the bridging model for satin weaves [23, 24] shown in Figure 8.
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[bookmark: _Ref190673521][bookmark: _Toc315743783]Figure 7 - Idealisation of weave as used in the mosaic analysis model [22]

[image: ]
[bookmark: _Ref190673892][bookmark: _Toc315743784]Figure 8 - Idealisation of weave in a) fibre undulation model and b) bridging model [23, 24]

The fibre undulation brought improvement in correlation of elastic properties with finite element and experimental results due to its ability to model softening due to the interlaced sections.  It was better able to model the non-linear material response after initial damage. Following on from this, the fibre undulation model was adapted to analyse satin harness weaves (which have interlaced regions at a greater distance from each other than plain or twill weaves).  Using the concept that both sides (B and D in Figure 8b) of interlaced regions act as “bridges” between the higher stiffness straight tow sections either side (A and E in Figure 8b), the model allows for better analysis of undulating woven areas.  Both the models proposed performed well when compared against experimental data.
For all the models mentioned, analysing misalignments and significant deviation of tows from idealised locations has been an area notable in its absence.  To be able to analyse weaves with any type of misalignment or other types of defects, numerical methods can offer improved flexibility over a wide range of possible architectures.

[bookmark: _Toc216627235][bookmark: _Ref297733200][bookmark: _Toc329878939]Numerical Models
The Unit Cell Continuum (UCC) approach was proposed by Foye [25] in the early 1990s, to use unit cells and reduced unit cells (referred to in his work as subcells) as an analysis method for all types of complex geometry composites.  The proposed unit cells were developed much like previously described in section 2.1, with subcells (rUCs) formed, and suitable periodic boundary conditions defined (these will be further explained in section 5.4.3).
For each subcell as defined by Foye, a set of homogeneous elastic properties were devised, taking into consideration the volume and orientation of the fibres within the subcell around each integration point.  These properties were then transformed and rotated, depending on subcell symmetry, to form a complete UC model.  The major problem with this solution was the large differences in elastic moduli between the resins and fibres, causing numerical instabilities during analysis.  To combat this problem, modifications were implemented by Gowayed et al. [17].  Their solution was to locally smear the properties in the composite before reassembling the subcells back to the original UC.  By doing this, they reduced the extreme size differences between elements within the global stiffness matrix, and hence removed the instabilities.  The smearing was carried out using the self-consistent fabric geometry model, enhanced by the same authors in previous works.  Predictions produced from the combination model matched experimental in-plane strengths well, whilst runtime remained low.  An illustration of the technique is shown in Figure 9.

[image: subcells]
[bookmark: _Ref209957357][bookmark: _Toc315743785]Figure 9– Subcells used in the adapted UCC method [25]

Lee et al. [26] have used high degree of freedom (DOF) FE models to simulate 3D woven materials.  They have predicted stiffness values for an orthogonal weave (Figure 10a) with variations in binder spacing (Figure 10b) and filler waviness (Figure 10c).  The FE models used are highly uniform in their tow structure, and only use a square cross-section tow, shown in Figure 10.  Although attempts have been made to improve both the models and predictions from them using near-sinusoidal filler yarns and incorporation of knockdown factors to modify FE input in-plane stiffness, this represents a significant restriction to the modelling approach in that the models produced are not representative of the actual architecture of the infused panel.  Binder paths are represented only in orthogonal directions, and there is no provision for modelling deformations due to weave compaction or the ‘regular irregularities’ that are often noticeable in micrographs.  Agreement with experimental stiffness predictions is achieved, although previous works by Tan et al. [27] using the same modelling method have shown that a lack of correctly modelled waviness results in poor failure strength predictions, in this instance, in the transverse direction where waviness is not considered at all.  It is apparent that correctly capturing both the amplitude of the waviness as well as any misalignments of the tows can have a substantial impact in this way.  Whitcomb et al. [28]  performed tests on 2D plain weave materials to identify the effect of tow waviness on the performance of the weave.  They concluded that the effects of waviness were significant in the reduction of in-plane properties, to the extent of an almost linear modulus decrease with increasing waviness in a given plane, as well as causing strain concentrations in local regions where the waviness is most pronounced.  It is prudent to assume that any waviness effects within 3D woven materials will have a similarly large effect on material stiffness.  Therefore, care should be taken to include as much detail on tow waviness as possible.

[image: ]
[bookmark: _Ref299367987][bookmark: _Toc315743786]Figure 10 – a) 3D Orthogonal weave incorporating b) varied tow spacing and c) filler waviness [26]

The use of the finite element method has without doubt greatly aided in the analysis of complex engineering components and materials.  However, creating a generic tool which reliably produces suitable woven material meshes has proved challenging.  A range of solutions have been presented [10, 12-15] that have attempted to automate the meshing process, with varying degrees of success.  Some of these pre-processing frameworks are further discussed in Section 5.1 but are briefly introduced here for completeness.  Young et al. [15] have used a ‘hybrid meshing approach’ involving pentagonal elements (available through degeneration of a hexahedral element to form a point from 4 co-incident nodes).  To match the hex-mesh used in the tow volumes with a tet-mesh used in the matrix regions, a wrapper of pentagonal elements has been created at the material interfaces, and used to ensure continuity across the material transition regions (Figure 11).  Although this has been demonstrated for simple 2D weaves and unidirectional tows, it has not been shown to perform under high crimp conditions, or to adapt cross-sections as seen in micrographs.  WiseTex [14] has been developed at the University of Leuven, and offers modelling based on its own CAD style interface, where 3D solid models can be produced.  MeshTex uses WiseTex geometry to produce finite element models for analysis in Ansys or SACOM FE codes [9, 11].  An example shown in Figure 12 is an orthogonal woven composite UC.  However all modelled weaves are still significantly idealised.  Difficulties in meshing misalignments and varying tow cross-sections are identified, specifying that they were ignored in modelling to facilitate mesh generation [11].  The software is not freely available for testing hence its performance in more complex situations cannot be readily verified.

[image: ]
[bookmark: _Ref299370732][bookmark: _Toc315743787]Figure 11 – Single tow meshed with a ‘Hybrid Meshing Approach’ showing a) a hex-meshed tow, b) the transitional pentagonal element layer and c) the tet-meshed matrix region [15]

[image: ]
[bookmark: _Ref303022015][bookmark: _Toc315743788]Figure 12 – 3D orthogonal weave modelled and meshed with WiseTex [14] and MeshTex [9, 11] showing a) the full unit cell and b) just the tow mesh

A different approach proposed by Cox et al. [29] is the binary method.  This is a finite element based method where tows are modelled simply as 2D beam elements passing through a regular, solid element mesh representing the composite matrix (Figure 13).  The warp and weft tows are coupled to the matrix using coincidental nodes, with some deviation between the two allowed on failure initiation.  The binder tows are coupled using springs, directly to nodes on the tows around which they are weaving, to further reduce the model complexity.  This introduces a problem in that there is no detailed geometric representation of the tows, and hence calculating accurate stresses within them can be complex.  The minimum mesh size that can be chosen is one in which any geometry changes within the binder tows can be captured to a suitable degree of accuracy along the length of an effective matrix element.  If geometry changes occur within the length of an element, then the element effective properties must be modified to take this into account.  As the mesh size is varied, there is no apparent convergence between the models, and as such, the technique is very mesh dependent [29].

[image: ]
[bookmark: _Ref190674030][bookmark: _Toc315743789]Figure 13 - Structure of tow and matrix mesh in Cox’s binary model [29]

Extending work by Cox et al [29], embedding of 3D solid elements within a 3D matrix domain has been performed by Jiang et al. [30], using a technique known as Domain Superposition (DST).  This involves coupling of all nodes of 3D elements to the matrix mesh, with suitable interpolation functions governing the response of tow elements.  Material properties for the embedded 3D elements must also be modified to ensure the correct properties exist within the tows.  Further detail is available in Section 3.1.1.
A different approach to producing more accurate model geometries utilises a ‘digital element method’ developed and implemented for textile materials by Wang et al. [31] and enhanced by Zhou et al. [32] .  The digital element model developed by Wang et al. [31] consists of a number of frictionless beam elements connected in a chain by pins to represent fibrous yarns, which can be woven together to model a dry fibre mat.  However, this assumes a constant yarn cross-section throughout the fabric, as each digital element is assigned a single cross-section.  Considering each of these digital elements as a single fibre instead of a yarn, a group of these digital elements can then be placed together to form yarns and a woven fabric system produced.  The result of this ‘multi-chain’ model by Zhou et al. [32] is demonstrated in Figure 14 with a 3D braided yarn.

[image: ]
[bookmark: _Ref298941970][bookmark: _Toc315743790]Figure 14 – Braided yarn created using multi-chain digital elements [32]

The basis of the multi-chain model by Zhou et al. [32] is for geometry modelling of dry fibre mats and preforms.  An attempt to use this technique to produce finite element models for resin infused panels was conducted by Mahadik et al. [33], shown in Figure 15a.  Although the tow crimp and localised resin pocket volume have been well predicted, significant differences between tow cross-section shapes are observed, visible in Figure 15b.

[image: ]
[bookmark: _Ref298945111][bookmark: _Toc315743791]Figure 15  – a) Formation of compacted weave due to applied tension (thermal load) and b) discrepancies in micrograph tow cross-sections and those produced using multi-chain digital elements  [33]

Continuing with novel finite element model creation, voxel models provide a simple method of producing complex shapes based on a volume comprised of hexahedral elements.  The technique utilises standard mesh elements to approximate a solid tow volume; however, given the regular grid nature of the mesh, automation of model generation is greatly simplified if a suitable way of providing geometry information is established.  This method will be discussed at length in Section 3.1.2.
[bookmark: _Toc216627232]
[bookmark: _Ref303082145][bookmark: _Toc329878940]Defects and Accurate Weave Generation
Design for 3D woven composites is often based around UCs of idealised architectures, as demonstrated by many of the existing modelling solutions presented in sections 2.3.1 and 2.3.2.  However, once the woven material mats have been impregnated and cured, their final geometry is often remarkably different to the intended one. The binder tows weaving between the in-plane fibres sufficiently alter the in-plane fibre geometry to the level where the material may not perform as expected.  This effect, alongside fibre crimping, can cause the final weave architecture to be significantly different from that which was intended [34].  This effect has been shown to alter the tensile strength of the composite in the in-plane directions, and reduce it by up to 20% compared to a UD composite with the same number of fibres in the loading direction [35] [36].  It is therefore important that these effects should be taken into account when creating any model of a 3D woven composite, and this should be made as easy as possible. 
Micro-CT scanning and microscopy can be used to look directly at the manufactured composite [37], in order to get important insight in to how these and other defects are distributed within the UC.  It is important for RVE modelling that the frequencies of defects are recorded, so that they can be included in numerical models depending on their statistical likelihood of occurrence.
Voids are also common within the resin rich areas, and could provide the necessary initiation point for failure where the UC is weakest.  To predict useful and realistic material properties, it is necessary to include defects such as these into FEA models, so that designers can have confidence that they are not overestimating the ability of the material to perform towards the top end of its capabilities.  Depending on the weave style and infusion parameters used, different composite panels will experience different levels of voids.  Figure 16 shows micrographs from Mahadik et al. [38], illustrating large voids in regions under the warp binder tow, visible in both warp and weft planes.  It is also interesting to note that their volume appears to be fairly consistent, as does their location of occurrence, making them suitable for inclusion in a RVE model.
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[bookmark: _Ref299717317][bookmark: _Toc315743792]Figure 16 – Micrographs showing large voids in an angle interlock resin infused panel [38]

[bookmark: _Toc329878941]Summary
In order to analyse a range of woven materials in an efficient manner, it will be necessary to establish an adaptable, reliable technique for model generation.  Due to the difficulties in achieving a non-idealised model of an infused 3D woven panel using standard finite element pre-processing packages, development and extension of novel numerical techniques will provide the best available route to rapid generation of high quality woven material models.

[bookmark: _Toc329878942][bookmark: _Ref195349638][bookmark: _Toc195702988][bookmark: _Toc216627240]Meshing Methods and Model Generation 
[bookmark: _Toc329878943]Introduction
As interest in composite materials has grown, more modern techniques for their analysis have also appeared.  The techniques focussed on in this section are the Domain Superposition Technique (DST) and voxel meshing.  DST removes the problems of explicit matrix modelling, and whilst the voxel meshing technique still explicitly models both, it does so in a way that is able to avoid element distortion and degradation problems found in normal meshing.  Across a range of modelling methods, the use of a multi-level approach has made it possible to introduce high levels of detail into material properties and characteristics when analysing at a large scale, without sacrifices of computational efficiency.  Both techniques can be used to produce meso-scale homogenised UC properties for use within component models.

[bookmark: _Ref301925038][bookmark: _Toc329878944]Domain Superposition Technique (DST)
DST has been implemented for woven composites in a number of works recently [30, 39].  The basic principle behind the technique is to generate the tow mesh and the matrix mesh independently, and couple the two together so that their movement relative to each other is the same.  By generating the meshes independently, any regular mesh suitable for the tows can be used, depending on desired mesh coarseness.  The weave architecture will also govern the size of the tow mesh, as adequate surface mapping must be achieved.  Assuming an even, regular, high quality mesh can be achieved on the tows, this mesh is then coupled with an even, regular matrix mesh consisting of regular sized brick elements, meshed over the size of the required global domain.
The basis of DST stems from research carried out on mesh superposition started in the 1990s [40, 41].  Here, the technique was known as s-method finite element analysis.  It was implemented in order to reduce model size whilst retaining the benefits of a fine mesh in areas where stress and strain gradients change rapidly, hence producing results with desired accuracy.  The lack of necessity of matching boundaries for the superimposed mesh makes it highly attractive for analysis of complex structures.  It has been shown that [42] the superposition of mesh inside the notch on a notched specimen (Figure 17) under tensile loading produces more accurate strain results than the coarse global mesh, without the necessity for mesh refinement all over the model.  Further work also addresses similar techniques [43, 44]. 

[image: ]
[bookmark: _Ref190681208][bookmark: _Toc315743793]Figure 17 - An illustration of mesh superposition inside a notch - a) original coarse mesh, b) fine mesh suitable locally but not globally, and c) proposed combination mesh after superposition [42]

The new models approach the technique in a slightly different way, varying material properties of the tows to ensure correct constitutive stiffness after coupling [30].  The position of tow nodes can be located within the global mesh, and then coupled based on displacement interpolation functions, which regulate the movements of the tow and matrix nodes relative to each other.  These functions ensure that the superposition of the tows happens correctly to achieve the correct response.  Through the application of these coupling equations, and correct setting of tow material properties, a full model of any woven composite can be generated and analysed without meshing issues (Figure 18).  In order to ensure correct stiffness characteristics for all elements, the global domain elements are modelled using elastic matrix properties , as defined simply by the resin/matrix material in use.  
	
	[bookmark: _Ref301925608](1)


Here,  is the stiffness matrix associated with the global grid mesh, as shown in Figure 19.  The tow elements are assigned constitutive properties based on the difference between the tow elastic properties  and the matrix properties, giving a new, modified stiffness matrix for those elements within the tows.  
	
	(2)

	
	(3)

	
	[bookmark: _Ref301925585](4)

	
	[bookmark: _Ref315710348](5)


On coupling of the tow mesh and the global mesh (Eq.(5)), the combination of the tow and global stiffness properties leaves the elements with the tows defined as having tow stiffness properties (Eq. (4)).  The global regions not intersected by the tow mesh will have matrix stiffness properties as previously mentioned in Eq. (1).  This method of generating FE models through superposition has already been implemented within commercial FE software such as Abaqus (as “embedded elements”), hence provides a quick, simple method to begin unit cell analysis. 
Within research carried out using this technique, there is very close correlation between properties obtained from standard FE meshing and DST.  Analysing the results in Table 2 (modelling results taken from work by Nakai et al [39] of a plain weave unit cell, Figure 18), there are very low percentage errors recorded in most elastic properties.  Table 3 presents works by Jiang et al [30], and shows the ability DST has in reducing model size.  For the DST model, only 5% as many nodes are needed compared to the standard FE model (Figure 19 shows both models used in the analysis).  Between the two models, the unit cell stiffness shows only 1.8% error.  The stress distribution levels are also closely predicted (Table 3 and Figure 20), clearly showing the benefits of this technique when listed alongside node numbers, with the maximum difference in stress predictions of 3.8%.
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[bookmark: _Ref190681307][bookmark: _Toc315743794]Figure 18 – a) mesh components for superposition model and b) traditional FE mesh for comparison [39]
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[bookmark: _Ref297759728][bookmark: _Toc315743795]Figure 19 – Plain weave model [30], displaying both a) DST and b) standard FE meshes

[bookmark: _Ref193112709][bookmark: _Ref193112707][bookmark: _Toc315743954]Table 2 – Elastic property errors in DST model by Nakai et al [39]
	Property
	Standard FE
	DST 
	% difference

	
	40.304
	40.597
	0.727

	
	40.304
	40.597
	0.727

	
	4.855
	4.920
	1.339

	
	1.517
	1.640
	8.108

	
	1.517
	1.640
	8.108

	
	2.185
	2.236
	2.334

	
	0.431
	0.430
	0.232

	
	0.052
	0.052
	0.000

	
	0.108
	0.099
	8.333



[bookmark: _Ref193112731][bookmark: _Toc315743955]Table 3– Elastic property errors and mesh information for DST models Jiang et al [30]
	Property
	Standard FE
	DST (0.5x0.5)
	% Difference
	DST (1x1)
	% Difference

	
	19.21
	18.87
	1.770
	19.29
	0.416

	Normalised 
	8
	8.3
	3.750
	7.9
	1.250

	-
	-
	-
	-
	-
	-

	Number of nodes
	15766
	855
	94.577
	4528
	71.280
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[bookmark: _Ref190681493][bookmark: _Toc315743796]Figure 20 - Contour plots comparing performance of DST to standard FE [30] 

The DST method has also been shown to be convergent [30], hence results are not mesh-dependent as long as a suitable initial mesh is identified as a starting point. Finally, it is important to mention that that tow interpenetration is not an issue within DST.  In the models above, both the DST models and the FE models have been run with a resin rich gap between nodes, , in order to facilitate creation of the regular FE mesh (specified as 
 by Jiang et al. [30], not specified but still present in Nakai et al [39], where  is the thickness of the tows).  With DST, this gap is no longer required as interpenetration can be handled.

[bookmark: _Ref209960930][bookmark: _Toc216627241][bookmark: _Toc329878945]Voxel Modelling
A voxel can be described as a small cube, of equal side length, giving it a perfect aspect ratio for use in FEA.  The voxel modelling mesh consists of regular shaped hexahedral elements, each of which are defined as belonging to either a set of matrix elements or a set of tow elements.  The tow elements can be selected based on material domain identification functions (MDIFs).  The inputs for these functions are dependent on defined cross-sections swept along a pre-defined centreline through a 3D array of elements. Figure 21  demonstrates this technique with a 3D composite weave.

[image: ]
[bookmark: _Ref190681650][bookmark: _Toc315743797]Figure 21 - 3D woven composite meshed using the voxel technique with interface subdivision [45]

Voxel Mesh Element Refinement
Voxel modelling has been used on numerous occasions for woven composite modelling [18, 45-47], using element subdivision at the fibre/matrix interface to create more accurate surface mapping.  While this has been shown to produce good results, it is very computationally expensive.  Further details on interface refinement can be found in Kim et al. [45].  The size of the elements at the edges could also lead to an increase in FEA runtime, as the runtime in explicit FE codes is controlled by the size of the smallest element within the model.  After all element subdivision has been achieved, there is still a problem with the angular surface when considering crack initiation and propagation along the interface, as well as stress concentrations at the corners that may distort the crack propagation path.
Along the fibre/matrix interfaces, there will be elements consisting of both materials.  To improve surface mapping, these elements can be refined by subdivision, and the newly created elements can then be either added to an appropriate element set, or refined further.  Theoretically, refinement can continue infinitely, approaching the scenario of single material voxels in all cases.  In practice, this is not possible, and it is usual for the refinement to be halted based on sufficient percentages of elements included in the voxel, or the size of the smallest voxel in the model.  Refinement can take place in a number of manners, which will be outlined below.
The simplest interface refinement method is the grid-based method, which can be thought of as an earlier version of the voxel meshing technique.  Figure 22 indicates the method used to create the top boundary of a geometric curved surface.  The elements overlapping the boundary are removed, and the elements then closest to the boundary are split (in this case, a triangular mesh is used).  The nodes closest to the boundary are then moved vertically so as to lie on the boundary, giving an improved geometric representation.  Although the refinement here improves surface mapping, there are still a number of elements that would not be ideal in FE analysis, especially if fracture paths are likely to occur in their vicinity.  Elements with poor aspect ratio are known to deflect fracture damage [46] and so where possible, this should be avoided at any interfaces.

[image: ]
[bookmark: _Ref190682696][bookmark: _Toc315743798]Figure 22 - 2D grid based interface refinement example [48]

The grid method can also be implemented for 3D models using octree grids (Figure 23), with the same subdivision approach.

[image: ]
[bookmark: _Ref190682820][bookmark: _Toc315743799]Figure 23 - 3D octree grid based interface refinement example [48]

Another approach is to employ interface refinement in all those voxels containing a mixture of materials, with continual refinement rather than mesh manipulation.  This can take the form of selective refinement, constrained selective refinement or adaptive refinement [45] (Figure 24).  Selective refinement (Figure 24a) is the simplest of these three.  Voxels are split based on the criterion [45]
	
	[bookmark: _Ref297562486][bookmark: _Ref190690448](6)


where  is a user defined constant selected depending on the purity of voxels allowed after refinement and  represents the volume fraction of matrix in a voxel.  If criterion (6) is true, the voxel will be refined.
Constrained selective refinement (Figure 24b) has the same basis as selective refinement, but with additional meshing constraints that prevent adjacent elements from being more that one hierarchical step away from each other.  This removes the numerical inaccuracies generated from large element size discrepancies.  When a voxel is selected for refinement, any other elements around are checked, and refined as necessary.  This spreads the refinement away from just the interface, and lowers the size gradient.
The final refinement method to be discussed is adaptive refinement (Figure 24c).  Unlike the previous two, adaptive refinement considers all elements and refines them in order of importance, based on a virtual strain energy criterion.  Calculating the sensitivity of virtual strain energy to refinement for each element allows the strain energy errors associated with elements in the model to be reduced where they are greatest.  Once all elements have been ranked by the criterion, refinement can take place, in areas where it is most required.
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[bookmark: _Ref190683071][bookmark: _Toc315743800]Figure 24 – Mesh refinement techniques – a) selective, b) constrained selective, c) adaptive [45]

Hanging nodes are defined as the extra nodes created on the edges of elements after refinement (Figure 25).  If not acted upon, these can cause displacement discontinuities within the model.  These can be dealt with by tying their displacements to the two master nodes (nodes from the original pre-refined element edge ends).  In this way, new Generated nodes belong to a slave set for a particular edge, with two master nodes.  If an element is refined again, the slave nodes become master nodes for any new slaves within the new slave set for their edge.  If the large element to an edge with a slave node is also refined, then the slave node is removed from the slave set and set as a free node, as there is then mesh continuity.
Due to generation of new nodes at the cell boundary, in some cases it may be necessary to create virtual nodes on opposite sides to apply periodic boundary conditions.  Displacement continuity can be ensured by the generation of virtual nodes on opposite edges to ensure master nodes can be set free.  Once this has occurred, displacement across the boundaries will be continuous as master nodes will act with the same displacements as their virtual partner, and the slaves will be forced to follow.

[image: ]
[bookmark: _Ref301925950][bookmark: _Toc315743801]Figure 25 – Nodal hierarchical structure on dealing with hanging nodes post refinement [45]

In all cases, in order for refinement to be efficient it is important to choose an initial mesh that is suitable, and does not include elements realistically too large for the architecture to which they are being applied. This is due to its iterative nature.  Results using the model in Figure 21 with different refinement methods [45] show constrained-selective to be the quickest to converge; however there was around a 5% calculated error in tensile modulus.
As an alternative to dealing with hexahedral elements and the associated problems with hanging nodes, it has been shown [47, 49] that it is possible to employ a similar technique using tetrahedral elements.  As the refinement subdivides initial square elements along diagonals into triangles, hanging nodes can be avoided (Figure 26).

[image: ]
[bookmark: _Ref301926036][bookmark: _Toc315743802]Figure 26 – Nodal hierarchical structure when using a base triangle mesh [47]

Using this method, coupled with an adaptation similar to the grid method, smoother surfaces and more accurate surface mapping of the weave architecture can be produced.  Each node is assigned a proximity radius.  If a material boundary falls within this radius, the node can be adjusted to sit on this line.  If not, then the element is refined, and further adjustments may be made to new nodes that now contain an interface within their proximity radius.  The use of a proximity radius as opposed to direct moving of nodes means that the elements cannot become excessively distorted.  Figure 27 shows a woven architecture meshed with tetrahedral elements, clearly showing improved surface mapping over the hexahedral model in Figure 21.
With both hexahedral and tetrahedral model types, there still exists the problem of smallest element size being prohibitively small due to meshing of volumes between fibres.  However this is also dependent on voxel purity parameter  (Eq. (6)) required.

[image: ]
[bookmark: _Ref190683201][bookmark: _Toc315743803]Figure 27 – Tet-mesh of the same geometry displayed in Figure 21 [47]

There are different options available for dealing with the remaining mixed voxels.  Either a micro-scale unit cell can be generated to compute homogenised properties for the elements, or a mixing rule can be applied to them, such as Voigt-Reuss/rule of mixtures.
Considerable research on voxels was undertaken with emphasis on precise modelling of the weave architecture, at the expense of the computational power requirements [45, 47].  This resulted in models with very small elements, taking a large amount of CPU power, memory and time.  Although this may be suitable for applications where high degrees of numerical accuracy are considered crucial, it is important to consider that in reality, the natural defects occurring within the material will cause scatter in elastic and fracture properties.  In essence, results to very low degrees of error are not necessary, as they will not be mimicked by measured experimental data or design experience.  The selection of an appropriate mesh, and appropriate voxel purity constant  will allow more efficient weave analysis.

[bookmark: _Ref301927516]Voxel Mesh Smoothing
In addition to mesh refinement, there are other methods that can be used to improve the surface mapping.  An alternative method for creating a better interface surface can be taken from the field of biomedics.    Based on work mainly on trabecular bone structure by Boyd et al [50], it is possible to apply a degree of automated smoothing to the voxel mesh.  This could potentially lead to less mesh refinement at the interface, and less refined models.  Biomedical research involving this technique has been carried out for many years using both hex-mesh [50-52] and tet-mesh [53].  Comparisons between hex and tet methods have also been undertaken [54].  The latest of these [50] involves the use of smoothing algorithms in order to create a better surface.  The algorithm has been implemented for 10 iterations in Figure 28, and the difference is highly visible. The algorithm takes only a few seconds to run on a basic desktop PC.
The graphs displayed in Figure 29 indicate the suitability of different mesh types to smoothing.  There is clearly a larger change in volume fraction when using tet-mesh (2.2%), which is undesirable.  The comparative 0.09% shown in Figure 29 for hex-mesh indicates that fibre tow volumes can be modelled correctly.  The changes in surface area see tet-meshing suffer less than hex-, although this is no surprise due to the inherent ability of a tet-mesh to better follow the surface contours. 

[image: ]
[bookmark: _Ref190683462][bookmark: _Toc315743804]Figure 28 - Trabecular bone voxel model – a) no smoothing and b) after 10 smoothing iterations [50]
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[bookmark: _Ref190684525][bookmark: _Toc315743805]Figure 29 – Area and volume changes of models after smoothing for a) hexahedral elements and b) tetrahedral elements [50]

[image: ]
[bookmark: _Ref190684800][bookmark: _Toc315743806]Figure 30 – Different resolution/mesh types – a) high res. hex-mesh, b) low res. hex-mesh, c) high res. tet-mesh, and d) low res. tet-mesh [54]

Comparisons between tet- and hex-mesh models [54] show the performance differences between the two.  For these comparison cases, smoothing algorithms were not applied, but as it has been shown they are computationally inexpensive, they can be considered as not adding significant CPU time to the model.  In addition, due to the control of node movements so as to avoid distortion, there should be no increase in finite element processing time.  Figure 30 shows the models that were run, and Table 4 displays the model data and run time for models a, b and d.  Clearly, the tet-mesh analysis time is a lot longer at the same resolution as the hex-mesh model, although looking at the error estimates from these models in Table 5, the advantages of better surface mapping with the tet- model can be seen.
The benefits of automated smoothing become more apparent when CPU time is considered.  Although the natural mapping of the surface is an advantage using tet-mesh, it is clear that it takes a much longer time to process each model.  The bone cells analysed (Figure 30) show higher geometric complexity than those that can be expected within a woven composite, and unlike the bone case displayed, mesh refinement can be carried out only on areas in need.  These factors will both reduce the element number in comparison to the above tet- mesh case, however tet-meshing will still require greater computational resource.

[bookmark: _Ref193174885][bookmark: _Ref193174882][bookmark: _Toc315743956]Table 4 – Comparisons using hex- and tet- meshes [54]
	Specimen
	Property
	Hexahedron
	Tetrahedron
168 

	
	
	28 
	168 
	

	1
	# elements
	770419
	3626
	46922

	
	CPU min
	410
	1
	111

	2
	# elements
	478293
	569
	37035

	
	CPU min
	272
	0.3
	84

	3
	# elements
	272182
	209
	22780

	
	CPU min
	236
	0.2
	41



[bookmark: _Ref193174920][bookmark: _Toc315743957]Table 5 – Elastic property errors using hex- and tet- meshes [54]
	Specimen
	Property
	Hex 168
	Tet 168

	1
	Moduli
	-3%
	-6%

	
	Degree of anisotropy
	-4%
	9%

	
	von Mises Stress (avg.)
	-9%
	-12%

	
	von Mises Stress (st. dev.)
	-12%
	4%

	2
	Moduli
	-84%
	-40%

	
	Degree of anisotropy
	69%
	-3%

	
	von Mises Stress (avg.)
	-83%
	-38%

	
	von Mises Stress (st. dev.)
	537%
	-4%

	3
	Moduli
	-86%
	-41%

	
	Degree of anisotropy
	18%
	22%

	
	von Mises Stress (avg.)
	-93%
	-46%

	
	von Mises Stress (st. dev.)
	1513%
	-19%



When fracture properties are considered, one of the most likely failure areas is along the fibre/matrix interface.  With the application of the smoothing algorithm, the interface becomes much better able to act as a fracture surface.  With the harsh 90° angles of the original hex-mesh, predicting fracture and crack propagation would be much harder.

[bookmark: _Toc216627243][bookmark: _Toc329878946]Meshing Method Selection
Some simple models (Figure 33) have been generated through Abaqus CAE in order to confirm the reliability of the techniques mentioned above.  

[bookmark: _Toc329878947]Initial Method Comparisons
A study was undertaken to directly compare tied, embedded and voxel meshed models in Abaqus 6.81[55].  For ease of manually generating voxel meshes, a simple, single orthotropic tow model (shown in Figure 32, with material properties as given in Table 13) was chosen.  For all models, the element size was consistent, with a seed length (distance between nodes) of 1.4.  Each model type can be seen in Figure 33.  Table 6 gives a summary of the number of elements required in each model for the same level of mesh refinement.  By its very nature, the embedded element technique will require great element numbers to produce a mesh of equivalent refinement compared to the voxel mesh.  The basic matrix mesh for the embedded model is equivalent to the entire voxel model, with extra elements required for the tow.  All models were run with an implicit linear FE code.

0. [bookmark: _Toc266279360][bookmark: _Toc267332857][bookmark: _Toc329878948]2.2      Element Type 
For all analyses, a three-dimensional brick element type is used. The element is an eight-node hexahedral element with reduced integration (Figure 31). It has eight nodes and only one integration point located in the geometric centre of the element.  

[image: C:\Users\SerraeMoura\Pictures\Imagem12.png]
[bookmark: _Ref310516767][bookmark: _Toc267332858][bookmark: _Toc267334636][bookmark: _Toc315743807]Figure 31 – Nodal arrangement on a C3D8R 8-Node hexahedral brick element

[bookmark: _Ref215893624][bookmark: _Toc315743958]Table 6 – Element information for all models
	Model
	# elements
	Element type

	Tied
	33030
	C3D8R

	Embedded
	41040
	C3D8R

	Voxel
	27000
	C3D8R



[image: ]
[bookmark: _Ref301926637][bookmark: _Toc315743808]Figure 32 – Single tow unit cell model showing geometry, loading (green) and boundary conditions (purple)

All models were subjected to simple axial strain of 2.5%, with one fixed end but allowing for Poisson’s contraction (loading and boundary condition information is shown in Figure 32).  Table 8 indicates the level of each stress in the models, and the percentage deviation from the tied model.  Stress measurements have been taken along the centre of the cylindrical tow, to eliminate any effects of stress concentrations near the surface.  

[bookmark: _Ref301886141][bookmark: _Ref301886137][bookmark: _Toc315743959]Table 7 – Orthotropic material properties
	Fibre Direction
	 (GPa)
	 (GPa)
	

	11
	220
	-
	-

	22
	13.8
	-
	-

	33
	13.8
	-
	-

	12
	-
	9
	0.2

	23
	-
	4.8
	0.47

	31
	-
	9
	0.013

	Matrix
	4.4
	1.6
	0.38



[bookmark: _Ref216085428][image: benchmark models]
[bookmark: _Ref216086035][bookmark: _Toc315743809]Figure 33– Benchmark models for a) tied, b) embedded and c) voxel meshes

[bookmark: _Ref215893644][bookmark: _Toc315743960]Table 8 – Stress levels in the tow for all models
	Model
	σ 11 (MPa)
	% from tied
	σ 22 (MPa)
	% from tied

	Tied
	5498
	-
	-9.31
	-

	Embedded
	5487
	0.2
	-59.81
	642

	Voxel
	5498
	0.0
	-9.74
	4.5






Clearly, the voxel model provides a much closer correlation with the tied model than the embedded model in both cases, although the difference for is very small.  However, for , there is a clear problem with the stress predicted by the embedded elements, as it is much lower than the stress predicted by the tied model.  The voxel model is not as closely correlated as with , however it is still acceptable.
The runtimes for each model are shown in Table 9, and graphically in Figure 34.  These results indicate that the voxel model is the most computationally efficient, with the embedded model performing significantly worse than both the voxel and tied model.  This may be due to the larger number of elements needed to obtain an equivalent mesh refinement, but the embedded constraints used have also contributed to this increase. 
Both runtimes and initial mechanical performance predictions indicate that there are significant problems associated with the use of embedded elements, and that voxel meshing can be used to predict stress fields within models faster than using traditional meshing techniques of equivalent mesh density.  The additional constraints and elements needed for the DST technique, even if correctly implemented, would cause a large increase in the runtime of the model (in the order of the doubling of the voxel runtime indicated in Table 9).  In order to identify the nature of the discrepancies seen through using embedded elements, a more in depth analysis will be carried out.  Along a similar line, a further voxel model will allow more extensive checks of the technique to take place.

[bookmark: _Ref215893688][bookmark: _Toc315743961]Table 9 – Runtime comparisons for tied, embedded and voxel simple composite models of equivalent mesh refinement
	Model
	Runtime 
(CPU seconds)
	% time increase on traditional meshing

	Tied
	57.5
	-

	Embedded
	80.6
	40 %

	Voxel
	40.6
	- 30 %



[image: graph - runtime]
[bookmark: _Ref215893708][bookmark: _Toc315743810]Figure 34 – Time taken for analysis completion of tied, embedded and voxel simple composite models

[bookmark: _Toc195702991][bookmark: _Toc329878949]Abaqus Embedded Element Method Testing
[bookmark: _Toc195702992]Introduction
Embedded elements are available within Abaqus for use with both /Standard and /Explicit analyses. They were initially implemented to aid in the modelling of reinforced concrete, by allowing the user to specify reinforcing (rebar) 2D elements and to embed them within 3D solid elements, while Abaqus took care of nodal constrains between the two.  The constraints implemented involve removing all 6 degrees of freedom (DOFs) from the slave (embedded) region, and assigning them translational displacements (based on interpolation functions between nearest host region nodes) in 3D.  
It is now possible to use a range of elements as both the host regions and the embedded regions, in particular solid-in-solid.  This would remove the need for explicit modelling of the matrix as tows can be embedded within a solid matrix cuboid, in a similar method to that of DST.

Composite Model Testing
Although numerous verification models are presented within the Abaqus Verification documentation [56], a small number of models were created as part of this study to test the ability of solid-in-solid embedding.  It was thought worthwhile due to the initial creation of the constraint type for rebar elements, and not 3D solid reinforcements, and due to the increase complexity of this situation over the verification cases.  Initially, a range of tied models was compared to a range of embedded models.  The edge lengths were varied in a small mesh sensitivity study, to see what level of embedded element refinement was needed to achieve good correlation with the tied models.  Once this level had been established, the run times of each analysis could be compared, to check for computational expense.
The models created were based on geometry exported from TexGen [13] (see section 5.1.1), illustrated in Figure 35.  The geometry is designed to test the ability of the constraints to model elements embedded close to each other and to provide a representative architecture.  In order to reduce the modelling time, orthotropic material properties were not assigned to the fibres, nor were periodic boundary conditions applied, as the desired outcome was not exact elastic properties of a woven composite cell, merely a functionality check of the embedded constraints.  A regular tied FE mesh was produced to find a suitable benchmark against which to measure run time.  This model used explicitly modelled tow and matrix volumes, with tied constraints between the tow and matrix adjacent surfaces.  To then ensure that the results for the benchmark model were correct, more refined tied mesh models were run for tied model verification.
Table 10 indicates the meshes that were assigned to each model, with relevant distances indicated in Figure 37.  Loading and constraint conditions, as well as material properties, were consistent throughout.  Nodes along the plane  were fixed in 6DOF, and a uniform displacement 1 was applied to all nodes along .  A small gap was left between the tows to prevent touching or interpenetration during the analysis, to facilitate the creation of the regular FE mesh (an example of which is shown in Figure 36 for each constraint type).  Abbreviations have been used as follows: (E ) indicates an embedded model of a given reference number , (T ) indicates a tied constraint model of a given reference number .
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[bookmark: _Ref192472451][bookmark: _Toc315743811]Figure 35 – TexGen model geometry

[bookmark: _Ref193112757][bookmark: _Toc315743962]Table 10 – Mesh details for all models (complemented by Figure 37)
	Model
	Matrix edge length (Mel)
	Tow edge length (Tel)
	Mel/Tel

	T 1
	0.35
	0.35
	1

	T 2
	0.2
	0.2
	1

	T 3
	0.15
	0.15
	1

	E 1
	0.8
	0.25
	3.2

	E 2
	0.4
	0.21
	1.92

	E 3
	0.3
	0.21
	1.44

	E 4
	0.15
	0.21
	0.72

	E 5
	0.15
	0.13
	1.15

	E 6
	0.4
	0.50
	0.8
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[bookmark: _Ref192472656][bookmark: _Toc315743812]Figure 36 – a) Tied FE model and b) embedded FE model
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[bookmark: _Ref195607107][bookmark: _Toc315743813]Figure 37 – Edge lengths of a) matrix (Mel) and b) tow elements (Tel)

Results from each model are displayed graphically (Figure 39 and Figure 40).  In both cases, the stress values are taken from a path plotted along the top surface of the centre tow (indicated in Figure 38).  Care was taken during mesh generation to ensure that there would always be nodes along the same line. Figure 39 shows stress in σ11 for tied and embedded models based on increasing mesh refinement.  It is clear to see that there is good correlation between all the tied models, and generally close agreement with these by models E 4 and E 5.  However, the other embedded models, although having similar qualitative shapes, do not accurately reflect the quantitative amplitude of the stresses.  Checking the levels of mesh refinement, it is clear that a possible reason for the agreement of E 4 and E 5 is that they have the highest mesh refinement of all embedded models.  Another possibility in establishing correlation is the ratio between the element edge lengths of the matrix and the tows.  

[image: ]
[bookmark: _Ref195606851][bookmark: _Toc315743814]Figure 38 – Weave tows displaying path from which stresses have been extracted (top 3 tows not shown for clarity)

To create suitable tied surfaces, it was necessary for both tow and matrix edge lengths to be the same on the tied models, as corner approximation resulted in excessive surface interpenetration if different edge lengths were used.  This would cause the models to fail.  However this was not necessary for the embedded models as the constraints could be applied without the need for identical edge lengths.  The edge lengths could be varied to try different combinations of edge length ratio, hence the range of meshes displayed in Table 10 is not identical for tied and embedded models.  They are all, however, within close proximity of each other, and cover a similar range.  Models E 4 and E 5 were the best performing embedded models, and also had ratios closer to 1 than most of the other embedded models, so a further model was proposed (see Table 11).  The aim of this model was to create a model with edge length close to 1, with a good level of refinement, to see if this improved behaviour when compared to a similarly refined model with a different ratio.

[bookmark: _Ref193112772][bookmark: _Toc315743963]Table 11 – Additional embedded model to correct edge ratios
	Model
	Matrix edge length (Mel)
	Tow edge length (Tel)
	Mel/Tel

	E 7
	0.3
	0.29
	1.02



Figure 40 shows the additional E 7 model alongside E 6 (as a general embedded comparison) and the tied models. The correlation is clearly not significantly improved with the correction in edge ratios.  This leads to the conclusion that the improved embedded results were a direct consequence of improved mesh refinement.
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[bookmark: _Ref190770175][bookmark: _Toc315743815]Figure 39 – Variation in σ11 along top surface of centre tow, model references in Table 10

[bookmark: _Ref190770056]
[image: ]
[bookmark: _Ref192918895][bookmark: _Toc315743816]Figure 40 – Variation in σ11 along top surface of centre tow, model references in Table 10 and Table 11

As the results in Figure 39 and Figure 40 have been taken from a discreet line of nodes, it is important to consider whether the differences noticed between the refined and non-refined embedded models are due to the location of chosen nodes.  They could be due to a high stress gradient in the circumferential direction of the tow - if the central nodes suffered from a particularly high localised stress, but the average stress of the tows were comparable, then the technique may yet prove suitable.  To check for localised peak stresses, the circumferential stresses were measured at 2 rings, one towards the fixed end of the model, and one towards the free (Figure 41).  The comparison has been made between refined models (E 4 and E 5) which correlate with standard results, and non-refined, non-correlating models (E 2 and E 3).  The results are presented in Figure 42 and Figure 43.  Stresses σ11 closest to the fixed end show similar graphical shapes between E4/5 and E2/3, but the non-correlated models appear to have exaggerated curve amplitude.  The average stress around this path is also higher for the non-correlated models (Table 12).  Looking at σ11 around the free end path, the same is true.  There are also no examples of isolated peak stresses around the original node paths.  From this comparison, conclusions can be drawn that the original stress data has not been skewed due to the particular node path selected.

[image: ]
[bookmark: _Ref191383971][bookmark: _Toc315743817]Figure 41 – Root and tip paths on central tow

[image: ]
[bookmark: _Ref191382912][bookmark: _Toc315743818]Figure 42 – Root path results showing σ11, model references in Table 10.  Red lines indicate ‘converged’ models.

[image: ]
[bookmark: _Ref191382915][bookmark: _Toc315743819]Figure 43 - Tip path results showing σ11, model references in Table 10.  Red lines indicate ‘converged’ models.

[bookmark: _Ref193112974][bookmark: _Toc315743964]Table 12 – Average stresses in embedded and regular models
	Root Path Averages:
	
	
	Tip Path Averages:
	

	Model
	Stress
component
	Average (Pa)
	 
	Model
	Stress
component
	Average (Pa)

	E2
	
	2488
	
	E2
	
	1657

	E3
	
	2255
	
	E3
	
	1505

	E4
	
	814
	
	E4
	
	427

	E5
	
	811
	
	E5
	
	415



Knowing the level of refinement needed in order to obtain suitable embedded model results, attention was then turned to the run times of the analyses, in order to establish if using embedded elements could warrant a reduction in overall processing time.  Figure 44 addresses the run time for all models.
Taking into account only those models producing suitable result correlation, the run time for the embedded models is around 80 times that of the benchmark tied model.  This renders the technique unsuitable in this case as the time penalty in analysis more than negates the saving in model pre-processing.  The highly refined models were also running at the extremes of the performance level of a standard desktop PC (Intel Core2 1.8GHz processor, 3GB RAM), with more refined analyses impossible due to the limitations of 32-bit technology and limited memory addressing.  If larger or more complex weaves were to be modelled, it may prove impossible to obtain correct results without the use of better machines (using 64-bit processors and 64-bit OS, allowing the use of >3.2GB RAM) or remote processing.  While both of these may be available, it is not ideal and further increases the number of steps and considerations that must be made to run these models.
 [image: ]
[bookmark: _Ref191371922][bookmark: _Toc315743820]Figure 44 – Abaqus/Standard analysis runtimes (model IDs from Table 10 and Table 11). C indicates convergence.

[bookmark: _Toc329878950]Voxel Modelling Testing
The models consist of a single carbon fibre tow within an epoxy resin matrix (Table 13 indicates material properties used).  A standard finite element model has been used for comparison.  This consists of an explicitly modelled matrix region around a circular tow, with tied constraints applied at the tow/matrix interface to connect the two regions.  The geometry is the same as specified in Figure 32.
The results for an axial direction tensile strain test case are presented in Figure 45 and Table 14, for a range of mesh refinement levels.  A tow fibre volume fraction of 60% is assumed to calculate FEA tow material input data for the tows in Figure 45.

[bookmark: _Ref193112871][bookmark: _Toc315743965]Table 13 – Orthotropic material properties
	Fibre Direction
	 (GPa)
	 (GPa)
	

	11
	220
	-
	-

	22
	13.8
	-
	-

	33
	13.8
	-
	-

	12
	-
	9
	0.2

	23
	-
	4.8
	0.47

	31
	-
	9
	0.47

	Matrix
	2.89
	1.6
	0.33



[image: ]
[bookmark: _Ref209960152][bookmark: _Toc315743821]Figure 45 – Tied (a – d) and voxel (e – h) models at a range of mesh refinements

[bookmark: _Ref209960225][bookmark: _Ref209960223][bookmark: _Toc315743966]Table 14– Single tow unit cell stress level comparison in tied and voxel models
	Model Type
	# elements
	UC Fibre volume fraction
	 (MPa)
	% from tied

	Tied
	1180
	0.265
	3329
	NA

	
	4608
	
	
	

	
	9600
	
	
	

	
	68880
	
	
	

	Voxel
	1000
	0.264
	3329
	0

	
	4096
	0.263
	3330
	+0.03

	
	8000
	0.258
	3330
	+0.03

	
	64000
	0.268
	3330
	+0.03



Analysing the peak stresses recorded, the voxel model performs in a similar manner to the traditional tied model, with a comparable overall model fibre volume fraction.
Similar models were also analysed at differing mesh densities, with no mesh dependency being found (and minor discrepancies due to a slight variation in fibre volume fraction of the unit cell and inherent FE numerical errors).  From these results, the voxel technique presents itself as a suitable method for composite modelling.  There is currently no way to automatically create voxel meshes within Abaqus, and although allocation of elements into fibre/matrix groups can be done by hand, it is not practical for complex weaves, either considering the time taken or the difficulty in maintaining accuracy.

[bookmark: _Toc329878951]Voxel Mesh Smoothing
To reduce the peak stresses caused by 90° corners on voxels at the tow/mesh interface, a smoothing algorithm [50] is applied, as described in section 3.1.2.2. The mesh smoother being used has been developed specifically to address the issue of mesh shrinkage when adjusting surface topology, a common problem for other smoothers.  As an example, Figure 46 indicates volume reduction when a mesh is smoothed using an existing algorithm in the VTK toolkit (a commonly used open source algorithm library).  In summary, the chosen smoothing algorithm has performed well for highly complex voxel models illustrated in the medical field, where complex models have been smoothed well.  

[image: smoothing2]
[bookmark: _Ref209960969][bookmark: _Toc315743822]Figure 46 – Mesh shrinkage from smoothing

Considering the effect of voxel smoothing on the tow surfaces, Figure 49 demonstrates that stress levels within all tows have been reduced.  A 3 tow unit cell model has been analysed. The tows in this model are 40mm long, with a radius of 4mm and tow spacing of 2mm.  The mesh seed length is 1.  The matrix region is 40x40x10 (Figure 47).  Material properties used for the fibres and matrix are the same as presented in Table 7. 10 iterations of the smoothing algorithm has been applied to the model, and a 2.5% tensile strain applied as a displacement in the tow longitudinal direction.  

[image: 3 cylinders dim]
[bookmark: _Ref216615597][bookmark: _Toc315743823]Figure 47 – 3 cylinder unit cell showing model dimensions

Stress results have been extracted from the tow cross-sections.  The smoothed tows demonstrate lower peak stresses (Figure 49).  Figure 48 shows enhanced detail of part of the surface for both smoothed and unsmoothed meshes.  For the unsmoothed model, the change across the small length of interface is high, ranging from highest (5526 Pa) to lowest (5511 Pa) stress in the cross-section; however for the smoothed case, the stress gradient is much less severe, with a change of only a few Pa (5495 to 5489 Pa), less than half the range of cross-section stresses.  The interface stress for the smoothed tow is also lower overall, with no interface stresses above 5500Pa.

[image: stress concentration 1]
[bookmark: _Ref214270502][bookmark: _Toc315743825][bookmark: _Ref214259242]Figure 48 – Enhanced tow surface detail showing high stress gradients in non-smoothed tow opposed to low gradients in smoothed tow

[image: stress reduction x]
[bookmark: _Ref301927712][bookmark: _Toc315743824]Figure 49 – Mises stress levels across tow cross-sections for smoothed and unsmoothed models (measurements in MPa)

[bookmark: _Toc216627244][bookmark: _Toc329878952]Conclusions
With consideration of the techniques suggested above along with UC modelling requirements, a decision has been made to develop a modelling strategy along the lines of the voxel modelling technique.  This has been based on the following reasons in particular:
· Traditional mesh generation in standard finite element software is problematic when applied to woven composites, particularly for 3D woven composites and for the resin-rich areas between tows.
· The requirement for control of nodes at UC boundaries makes the meshing even more difficult to achieve.
· Existing commercial DST type frameworks have returned unreliable results when used to test examples of woven composites.
· Assigning interface conditions for failure prediction would be a difficult task using embedded elements, as there is no direct “interface” between the matrix and tow regions.
· Voxel meshing always results in a regular nodal distribution on all sides, ideal for PBCs.
· With the addition of smoothing, the mesh is improved at the tow/matrix interface, reducing peak stresses caused by 90° corners of hexahedral voxels and improving tow topology.
The interface is explicitly defined by a set of nodal co-ordinates, and as such, any degree of contact or cohesion can be assigned to model the existing and developing interface frictions.
Although each technique has merits, the voxel meshing technique covers the greatest proportion of modelling requirements whilst maintaining flexibility in meshing any type of weave architecture.  It has therefore been decided that a voxel modelling framework will be developed to allow automatic generation of finite element models for any given weave architecture, to establish both elastic and if possible fracture properties.  From modelling the initial geometry volumes, a completely defined mesh needs to be created.  The model must then allow for full orthotropic orientations of fibres on an element-by-element basis if misalignments are to be properly handled, as well as automate the use of PBCs for any loading case requested by the user.  Using a voxel technique, all these issues can be addressed with ease to put together a singular framework for woven composite analysis.  The grid nature and associated fixed relations that are therefore brought to elements within the model mean that a robust framework can be created that can handle any woven geometry.

[bookmark: _Ref303033525][bookmark: _Toc329878953]The Voxel Allocation Method
[bookmark: _Toc329878954]Background
Generating a voxel mesh for a 3D woven composite requires determining for each voxel whether it belongs to the matrix or to a tow, as well as defining local material directions for the latter. This section presents the mathematical model for voxel allocation and definition of local material coordinates.  This has been implemented in Matlab [57], and, from the geometric description of the tow path and cross-section, it produces the data required for a finite element analysis as detailed below.

[bookmark: _Toc329878955]Tow Path Description
[bookmark: _Toc329878956]Background
The path that a tow may take is defined with a spline curve created based on a set of user-specified node points.  The benefit of using splines is the resulting reduced polynomial order required to adequately interpolate between tow nodes compared to a single higher order polynomial.  This also helps to avoid spurious peaks known as Runge’s phenomenon [58] when using high order polynomials.  Careful control of node points may result in acceptable single polynomial interpolation, however given that a desired tow shape can be defined by any non-uniform set of nodes, the necessity of this control renders standard polynomial interpolation inadequate.  Maintaining the required continuity (there must be no spatial discontinuities between individual polynomials, and at node points, the tangents and curvature of touching polynomials must be equal) can be achieved using  3rd order polynomial expressions.
The coordinates of the tow nodes defining the spline path can either be obtained from ideal geometry or extracted from micrographs, allowing, for instance, modelling of tow misalignments and other path defects if desired.  
A spline comprised of 3rd order polynomials will allow for correct continuities, and maintain a low order for acceptable interpolation errors and algorithm efficiency.  The type of 3rd order spline interpolation most suitable depends largely on the number and position of tow nodes defined.

[bookmark: _Toc329878957]Bezier Splines
Bezier splines are continuous curves comprised of numerous individual polynomials in Bezier form, defined by  prescribed points , known as knots.  An example shown in Figure 50 shows cubic Bezier curves and the four knots used to define their paths.

[image: ]
[bookmark: _Ref297247459][bookmark: _Toc315743826]Figure 50 – An example Bezier curve, showing how the curve is developed for a four knot, cubic example in a), b) and c) with , and d) showing a complete Bezier spline with appropriate continuity comprised of two distinct Bezier curves.

The general form of a degree n Bezier polynomial can be expressed as
	
	(7)


A cubic Bezier curve can also be expressed parametrically as
	
	(8)


where .  As demonstrated in Figure 50a, b and c, the path of the curve is defined by the normalised distance along each vector , and starts and finishes at  and  parallel to  and  respectively.  In order to ensure point continuity when using  Bezier curves () in a spline,  (and  () of adjacent curves must be matched:
	
	(9)


As at the start and of curves, the curve tangent is defined by the vectors mentioned above, to ensure tangent continuity, the locations of 4 points must lie on the same straight line with equal vector lengths  and  (should the points be collinear but with uneven lengths, geometric tangent continuity is ensured, but not parametric).  Curvature continuity is also a required condition across spline curves:
	
	(10)

	
	(11)


The tangents at  and  are not defined by the above continuity equations, and can be controlled as required depending on desired tow conditions by setting them as separate values or as equal in the case of a periodic tow:
	
	[bookmark: _Ref297219031](12)


Bezier splines are often used for engineering curve generation and to produce computational curves in CAD and vector based graphics.  Associated with Bezier curves are b-splines and NURBS (Non-Uniform Rational Basis Splines).  B-splines (basis spline) are a generalisation of Bezier curves, where along with control points , a set of knots  are also specified that gives local control to a region of the curve.  NURBS are also a generalisation of Bezier curves, and are specified in a similar manner to Bezier curves.  They are a more adaptable version of a b-spline, with the inclusion of a weighting factor  at each point that can be used to alter the influence of a point .  
	
	(13)


However, as they don’t pass directly through the specified knots, they become harder to specify for a user. 

[bookmark: _Toc329878958]Cubic Splines
A general cubic spline  can be defined as a set of individual polynomials  to  passing through a set of nodes  to 
	
	(14)


Overall,  individual cubic polynomials require definition.  Therefore,  conditions are required to fully define the desired line.  At all nodes, Eq. (15) will provide a total of  conditions.  At internal nodes displacement, tangent and curvature continuities must be ensured, giving a further 3 conditions.
	
	[bookmark: _Ref296612919](15)

	
	(16)

	
	(17)

	
	(18)


This creates a total of  conditions, leaving 2 further conditions required.  These can be established on the outer nodes  and  using a range of controls.  Using ‘natural’ cubic spline end conditions results in a spline of minimum curvature.
	
	(19)

	
	(20)


Periodic end conditions provide a link between the ends of the splined curve, enforcing continuity across the ends to ensure that there are matched tangents and curvature.  This is ideal in situations of repeated unit cells, where a tow modelled is only a portion of a complete tow.
	
	(21)

	
	(22)


However, in situations of offset symmetry and more complex offset periodic boundary conditions, periodic end conditions may hinder an attempt to create the necessary tangents at the UC edges, as one tow may need to be matched with a separate, independent tow.  In this case, an ideal solution would be to create a link between offset tows, to enforce continuation.  This is akin to specifying directly the tangents required at  and , as is known as clamped end conditions.  Here,  and  represent tangents chosen to match with the correct offset tows.
	
	(23)

	
	(24)


When the performances of Bezier and natural cubic splines are compared, little difference in spline shape is noticed between splines generated to match 2D woven composite paths [59].  Both perform identically for materials such as Chormarat 150TB (a plain weave material, Figure 51a), with a root mean square distance () between the computer generated spline and the μCT image tow centreline being identical for both, at 6.20x10-3mm.  For Chomarat 800S4-F1 (a 4 harness satin weave material, Figure 51b), there is a difference in  between the yarn path and the Bezier curve of 9.59x10-3mm, and for the periodic spline of 17.4x10-3mm, with both performing acceptably.  Similar effects to the above are observed when creating tow paths for plain woven polyester and cotton materials.  

[image: ]
[bookmark: _Ref296663061][bookmark: _Toc315743827]Figure 51 – a) Chomarat 150TB showing identical Bezier and Periodic Cubic representation and b) Chomarat 800S4-F1 micrograph showing associated spline paths [59]

There seems to be little difference in the performance of Bezier curves over periodic cubic splines in these woven cases.  How the performance varies for 3D woven materials is unknown, and without a range of material micrographs with which to compare, no particular advantages can be seen.  However, the use of periodic end conditions is undesirable when modelling any offset/partial unit cells (2D or 3D woven), regardless of the method of spline generation chosen.  Overall, natural cubic splines have been chosen for unit cell generation.  These allow the use of offset PBCs, whilst minimising the additional information required from a user, who with careful selection of nodes, can still create any tangents required at a UC edge through specification of a node outside the UC boundary to control the shape of the curve crossing the edge.  With further developments, the option to use clamped end conditions would be beneficial, and is easily implemented through specification of 2 end point tangents per tow.

[bookmark: _Toc329878959]Parameterisation Type
There are several possible options for generation of the required natural cubic splines, falling into parametric and non-parametric categories.  Accumulated chord length (Eq. (25)) is a frequent choice for spline generation.  According to Lee, [60] its use stems from its similarity to arc-length parameterisation.  However in the case of spline generation, the curve does not yet exist, hence the desire for arc-length parameterisation is questioned – why should the curve conform in such a way?  An alternative parameterisation technique was then developed – the centripetal scheme – still based on chord length, but resulting in improved interpolation results.
Both scheme splines are described using the parameter .  Numerically, for a point  along the tow path, the corresponding parametric variable  is evaluated as
	
	[bookmark: _Ref271294272](25)


for the accumulated chord length, and as
	
	[bookmark: _Ref271294210](26)


for the centripetal scheme.  
The centripetal scheme (calculated as the square root of accumulated chord length) is a reliable parametric scheme for producing smooth splines without undulation where there are large size differences between node co-ordinates in a direction (through-the-thickness), whilst a relatively linear progression exists along the others (in-plane).  
This tow node distribution can often been seen when looking at binder tows within a 3D woven panel.  Using a non-parametric spline (or a parametric spline with no parameter dependence on node site location) may produce spurious peaks in splines around these sites, which can be eliminated if chord length approaches are used for parameter generation.  Figure 52 shows a non-parametric curve, and two parametrically generated alternatives, using two different chord length based schemes (centripetal and accumulated chord length).  In this case, the accumulated chord length approach produces an undesirable looping effect, which can be countered by using the centripetal scheme.
[image: ]
[bookmark: _Ref245805195][bookmark: _Toc315743828]Figure 52 – Improvement in curve generation when using centripetal method parameter generation, using an example originally from Lee[60] and Brodlie[61].

[bookmark: _Ref314168791][bookmark: _Toc329878960]Shortest Distance from a Point to the Centreline of a Tow
Determining whether a voxel is inside or outside a tow requires calculating first the shortest distance from a point to the centreline of a tow. Therefore, a vector of the closest distance to the tow is calculated, allowing for the cross-section of the tow at that point to be aligned with the minimum distance vector, when finally a check on a given voxel can occur.  It is therefore important that this minimum distance vector be found accurately to correctly include or exclude those voxels that reside very close to the surface of a tow.
Given a tow point-distribution, a number of piecewise polynomials (PPs) are generated, with the form of general cubic equations defined parametrically as:
	


	[bookmark: _Ref245797657](27)



[image: ]
[bookmark: _Ref315802823][bookmark: _Toc315743829]Figure 53 – A tow path definition for a generic tow – a) distance  from point  to point  on the centreline of a tow; b) coordinate  of point  which minimises this distance

For each PP from each tow, point  corresponding to the shortest distance  of a point  to the PP line (see Figure 53) can be found by minimising
	
	[bookmark: _Ref331154791][bookmark: _Ref245798076](28)


Where  is calculated from the positions of point  and the established parametric relations:
	
	[bookmark: _Ref303033464](29)


Since  will be 6th order in  and therefore  a 5th order polynomial in , there are, in total, 5 local minima; each real root of  from Eq. (28) is used to calculate corresponding value for  and the smallest root is selected, thus defining point .  For each point  within the domain (the domain is defined as a grid of voxels created within specified limits, encompassing the centre point of each voxel, ), after all distances  for  have been calculated for each of the  PPs which compose a tow, it is verified whether each intercept point  is within the limits of validity of the  PP.  The limits of validity are defined as the values of  that apply to the end nodes of the PP used in the spline generation.  By comparing  to the limits, point  can be identified as inside or outside the limits.  

[image: ]
[bookmark: _Ref209960325][bookmark: _Toc315743830]Figure 54 –Points P with intercept point C within the highlighted PP.

If it is identified as inside these limits, then the point (and respective data) is carried into the rest of the calculation. Otherwise, it is discarded (Figure 54). Finally, the intercept point  and the associated PP are selected as 
	
	(30)



[bookmark: _Toc329878961]Cross-section Description
[bookmark: _Toc329878962]Types of Cross-section
There are various cross-sections that can be used to describe the tows, some of which are discussed in work by Sherburn[59].  Although each individual tow features cross-sections which have non-uniform edges, for the sake of simplicity of modelling they can be broadly classed as lenticular, power elliptical (as a special case of a super ellipse), and elliptical (as a special case of a power ellipse) as shown in Figure 55.

[image: ]
[bookmark: _Ref240966878][bookmark: _Toc315743831]Figure 55 – a) Elliptical, b) lenticular and c) power ellipse cross-sections fitted to tows within a twill weave micrograph

A lenticular cross-section is formed from the intersection of 2 arcs with opposite side centres of curvature.  The lenticular section can be modified to produce a non-symmetric, biased lens using a distortion parameter to alter the relative positions/intersections of the 2 arcs.

A “power ellipse” is a reduction of the ‘super ellipse’ case through variation of power  for a single co-ordinate (opposed to both in the super ellipse), and provides a method of varying a elliptical style cross-section from a lenticular type shape (with ) to a rounded square/rectangular shape ().  It is illustrated in Figure 56, and is defined as:
	
	[bookmark: _Ref297038850](31)



A classical ‘ellipse’ shape is merely a particular instance of a power ellipse where .
	
	(32)



[image: ]
[bookmark: _Ref297044466][bookmark: _Toc315743832]Figure 56 – Variation in cross-section using Eq. (31) to generate a power ellipse (shown for a quarter ellipse, with )

The simple elliptical cross-section captures the tow shape suitably, whereas the lenticular assumption of a fine tip might not always be sufficiently accurate.  A power ellipse is also a good approximation to typical cross sections, but is more complex than an ellipse, with the added complexity not necessarily justified by comparison to actual micrographs of real tow cross-sections.  An ellipse is therefore used to define the tow cross-section in most situations, however a simple alteration of  will allow the use of a power ellipse. 

[bookmark: _Toc329878963]Cross-section Variables
Figure 57 shows an example of a 3D woven composite panel[62], which shows clearly that, in practice, tows can deform and twist due to the weave. For this reason, the semi-axes of the ellipse ( and ) as well as its orientation in space (defined through an angle ) are variables which are spline-interpolated from nodal values just like the coordinates  of the tow centreline.

[image: ]
[bookmark: _Ref242872007][bookmark: _Toc315743833]Figure 57 – Photographs indicating the change in cross-section of binder tows in an orthogonal woven panel from a) a through thickness section and b) panel top surface [62].

[bookmark: _Toc329878964]Rotational Coordinate System Attached to the Tow Centreline
Referring to Figure 53 to establish  for a given initial point , for the point  the unit vector in the tow direction (Figure 58) can be defined as 
	
	[bookmark: _Ref258004902](33)


Initially neglecting any rotation of the cross section, the two other unit vectors in the plane of the cross section are defined as
	
	[bookmark: _Ref299713572](34)

	
	(35)



[image: ]
[bookmark: _Ref209960853][bookmark: _Toc315743834]Figure 58 – Calculation of principal material directions using unit vectors

To update the unit vectors in the plane of the cross-section when cross-section rotation occurs (angle of rotation ), the rotated axes can then be defined by:
	
	[bookmark: _Ref257983845](36)

	
	[bookmark: _Ref257983847](37)


The local coordinate system for the centreline of a cross section is then defined through the three orthogonal unit vectors . 

[bookmark: _Toc329878965]Tow Surface and Allocation
As a result of Equations (28) to (37), the process of allocation has been reduced from a 3d problem to a 2D problem.  For a point , the intersection point  between the ellipse and line  (or extrapolation of the line ) is determined (Figure 59). The coordinates of point  in the coordinate system  are given by
	
	(38)

	
	(39)


where
	
	(40)


From these coordinates, the distance  can be found as:
	
	[bookmark: _Ref303032822](41)


If , the point is within the ellipse, and its local material directions are calculated as detailed next.

[image: ]
[bookmark: _Ref315799872][bookmark: _Toc315743835]Figure 59 – Obtaining point  to determine whether point  is a) outside or b) inside the tow

[bookmark: _Ref314168468][bookmark: _Toc329878966]Local Coordinate System Attached to Each Point in a Tow
The local material coordinate system at a point  will differ from that of the corresponding tow centreline due to the additional dependence of  in . Note that the latter three variables are themselves a function of  (see Figure 60). The full derivative of  with respect to  then becomes
	
	(42)


Noting that
	
	[bookmark: _Ref258601891](43)



[image: ]
[bookmark: _Ref258001804][bookmark: _Toc315743836]Figure 60 – Variation in parameters when cross-section subject to rotation and deformation.

Eq. (43) can be written as
	
	[bookmark: _Ref258601842](44)


The first term on the RHS of Eq. (44) can be obtained directly from the polynomials in the spline interpolation. The second term can be obtained from rigid body rotation.
	
	(45)


To obtain an expression for the following terms, the transformation matrix from coordinate system  to  is needed, and can be written as
	
	[bookmark: _Ref314168485](46)


Point  expressed the  coordinate system is then given as
	
	[bookmark: _Ref258602288](47)


where the subscripts indicate in which coordinate system the variables are written and  indicates the transpose of the previously calculated transformation matrix.  The terms  and  in Eq. (44) can be calculated easily in the coordinate system . In fact, 
	
	(48)


Noting that, for a given material point  in the cross section, the ratios  and  are constant, it is clear that:
	
	(49)

	
	(50)


where it is emphasised that  and  are the coordinates of point . Since the objective is to write Eq. (44) in the coordinate system , the following transformation is finally carried out:
	
	(51)

	
	(52)


Substituting all terms back into Eq. (44) results in Eq. (53), of which all parameters can be readily calculated.
	
	[bookmark: _Ref258004368](53)


The unit vector defining the longitudinal material direction at point  can then be written as
	
	(54)



Figure 61 visualises the individual local longitudinal vectors for a simple straight tow with deformations.  The variation of in-plane directors is also illustrated.

[image: ]
[bookmark: _Ref258011645][bookmark: _Toc315743837]Figure 61 - Local longitudinal material directors for elements in straight tow model subject to a) rotations and b) cross-section changes

[bookmark: _Ref315797774][bookmark: _Toc329878967]Tow Path Corrections
As noted by previous authors [59] and dealt with above, the method of prescribing a constant vector  with which to define cross-section alignment is not entirely robust.  While the tow is travelling in a directly vertical direction (parallel to ), an alternative vector must be supplied, in order that Eq. (34) should still produce a valid response.  This can be achieved without difficulty within any numerical algorithm simply by checking the initial vector of tow direction and using the appropriate parts of Eq. (34) as required.

[image: ]
[bookmark: _Ref286057303][bookmark: _Toc315743838]Figure 62 – Numerical errors occurring at points where tow direction is tangent to  in a) Texgen and b) Matlab voxel modeller (node points (0,0,0),(5,0,0),(5,0,5),(10,0,5))

Whilst this ‘suitable alternative’ may be simple for a user to input in these situations, as has been suggested as a potential solution to this problem [59], there are other situations in which this problem of cross-section modelling can cause significant differences between the desired weave, and the modelling outcome.  Consider the following situations, illustrated with a constant cross-section, and no prescribed rotations (Figure 63).
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[bookmark: _Ref286056826][bookmark: _Toc315743839]Figure 63 – An inclined circle, with points (0,0,0),(5,-1,0),(5,0,5),(0,1,5),(0,0,0) that should generate a elliptical torus volume.  However, twisting is present in both a) Texgen and b) Matlab voxel modeller

It is clear from the tow nodes and paths in Figure 63 that the ideal shape requested here is that of an elliptical torus, inclined slightly in the y-direction.  At no point does this central path pass through a point where , as there is always a component contributed from variation in the y-direction, so at no point is the scenario seen in Figure 62 observed.  However, there is a very noticeable difference between the intended shape and the actual surface geometry in some regions.  Defining ,  and  as the ,  and  components of , the geometry problems are around the areas where .  As the situation develops along the tow length, it is assumed that the tow is passing along in the  plane, hence  should be aligned with the -direction.  Although there is no numerical breakdown and  can be calculated, there is a rapid rotation of  in areas where  as
	

	(55)


even when the desired orientation is no different from the situation
	
	(56)


Correcting this is achievable through user definition of a suitable cross-product calculation vector at the node points, which can be interpolated along the length of each spline.  However, as a simpler and easier alternative, the user could also directly input the direction of either vectors  or , and allow calculation of the missing direction and full, accurate definition of each cross-section orientation, regardless of the tow path.  Figure 64 indicates the same shape as Figure 63, but this time with a user-specified .  This has allowed the desired shape to be modelled correctly.
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[bookmark: _Ref286061811][bookmark: _Toc315743840]Figure 64 – Elliptical torus volume created with node specified  vectors.  View
 from a)  plane and b) isometric view

In short, although scenarios in which  are obvious in modelling and can be controlled by specifying a separate vector for that situation, it is not enough to avoid the more subtle issue of yarn twisting.  Therefore, in order to fully define the tow and remove this issue, the user must specify an additional orientation vector at each node.  It is also not possible to prescribe a conditional check algorithmically (such as that for ), as there is potential for either situation to be correct (one as demonstrated using an elliptical torus, but equally possible is a situation in which the tow continues through the material in an alternative orthogonal plane, where this rotation would be correct).
 These rotations will not be present in very simple weaves that do not have large out of plane movements or through-thickness descents, and so use of a  vector to generate the cross-product will provide suitable volumes.  However, for modelling 3D weaves, or weaves with misalignments, the above examples indicate that it is wise to take precautions against this behaviour (such as defining ) as its effects can be severe.

[bookmark: _Ref303033953][bookmark: _Ref303082338][bookmark: _Toc329878968]Variable Fibre Volume Fraction in Tows
[bookmark: _Ref295999641][bookmark: _Toc329878969]Introduction
It has been noted by numerous authors [8, 63-65] that for materials based on a bundle of fibres infused with resin, that there is no constant fibre volume fraction for that tow bundle.  This includes both longitudinally, along the length of the tow and transversely, at any point across its cross-section.  From micrograph observations, this effect is obvious (Figure 65a and b [66])
One of the first attempts to measure this phenomenon is by Summerscales et al [65].  This work focuses chiefly on the fvf increase in areas where there are warp and weft tows crossing, causing compression of the fibres and a localised fvf increase.  Figure 65a [66] shows a micrograph of a woven carbon composite, with highlighted areas clearly showing regions of denser fibre packing (red) and areas with visible matrix pockets (blue).  These coincide in a regular manner across the unit cells present where tow crossings occur.  Figure 65b [66] illustrates a similar effect, but this time focussing on the transverse direction of the tow (also visible in Figure 65a and assessed by Summerscales et al., but less clear).
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[bookmark: _Ref294659434][bookmark: _Toc315743841]Figure 65 – Micrographs [66] showing a) easily visible variation in longitudinal fvf noted by Summerscales et al. [65] (red areas highlighting high fvf regions, and blue regions containing low fvf areas with visible matrix pockets) and b) tow cross-section micrographs showing a decrease in fvf towards the tow surfaces (indicated by red regions).

Figure 66 (adapted from the original paper) attempted to quantify the difference in strain along a tow associated with the localised fvf changes, which the authors have used to complete understanding of previous research [65].
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[bookmark: _Ref294659216][bookmark: _Toc315743842]Figure 66 – Strain variation along a woven tow due to effects of changing local fvf, caused by crossing warp/weft tows, reproduced from Summerscales et al. [65]

From the results obtained by a statistical analysis of apparent fvf counted by grey pixel density, it is clear that the fvf varies significantly both longitudinally and transversely.  Overall, the effect is quantified for the weaves presented, but very few global conclusions can be drawn based on the limited nature of the research.  However, this research has been extended and implemented in a range of models by Koissin et al. [64] and Crookston et al. [63].
Koissin et al have implemented a system which incorporates both transverse and longitudinal variation in fvf within the WiseTex modelling framework.  The material studied was a tri-axial braided carbon-fibre composite panel that had been manufactured using the resin transfer moulding (RTM) technique.  They began to further quantify the local fvf variation existing in nesting layers of braid.  As well as establishing a similar relationship to Summerscales between fvf and areas of crossing tows, the transverse variation across the tow cross-section was also considered.  These cross-section studies revealed a decrease in fvf from the centre of the tow to the surface, with a difference of ~15% across the cross-section for an average tow, and a maximum fvf close to, but not at, the tow centre.  Figure 67 has been generated from data present in the original work, with the addition of a 4th order polynomial trendline to capture the changing fvf analytically.  Using a least squares method of generating a best-fit line, a 4th order polynomial best captures the measured distribution.
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[bookmark: _Ref294660901][bookmark: _Toc315743843]Figure 67 – Average cross-section fvf distribution as measured by Koissin et al. [64], with a 4th order polynomial least-squares trendline approximating the measured profile.

These variations were then built into finite element models using the WiseTex framework.  Results show an improved stress field across the tow, with a reduction in the peak stress concentration at the tow tip, in line with experimental results that do not show this area to be involved in damage initiation.
The same works have been implemented into voxel models created by Crookston et al. [63].  They have coupled variable fvf both transversely and longitudinally (based on data by Koissin et al. [64]) with an adaptive mesh refinement technique, as well as with a conventional finite element mesh.  There was good agreement between both numerical models and material samples placed under similar strain, with numerically calculated unit cell stiffnesses falling within the measured experimental range of , and a 2 layer voxel model showing good stress/strain correlation with 2 layer plain weave samples.
An additional advantage of reduced element stiffness at the tow surface is that these elements should exhibit a lower stress than if a constant fvf is assumed, resulting in a lower stress gradient across the tow/matrix boundary.  This will further aid in reduction of the stress concentrations occurring at voxel corners at the edge of the tow, and reduce interference in failure initiation predictions.

[bookmark: _Toc329878970]Implementation
Although there are no current works showing variable fvf in 3D woven composites similar to those being investigated here, it is likely that a similar phenomenon occurs, due to the similar nature of woven materials, and frequent use of a similar manufacturing process.  Observations of sections through orthogonal and layer-to-layer woven material show there is obvious transverse variation, but whether the profile recorded by Koissin et al. is valid for these different materials is not known.  It is therefore left up to the user as to whether they chose to use data from Koissin et al. as a basis for the transverse fvf variation, or choose to measure more accurate data suitable for their particular weave.
For similar reasons, a uniaxial transverse variation has been implemented, opposed to the arguably more accurate bi-axial model demonstrated by Koissin et al.  The level of approximation and idealisation that is used in order to model any weave means the effect of the smaller 2nd parameter for fvf variation is very small compared to the errors introduced due to the selected geometry, and even more so with the increase idealisation required for the most complex 3D weaves.
Longitudinal fvf variations have not been included, although this would make a sensible and useful extension to this area of this framework in the future.
Integrated into part of the voxel allocation process, each voxel is assigned a normalised distance between the centre and surface based on the values for  and  calculated previously (Eq. (29) and Eq. (41), Figure 59).
	
	(57)


These values are accumulated for all voxels within a tow, creating a searchable array of all normalised surface distances.
The data measured by Koissin et al., shown in Figure 67, (or any other user measured distribution data) is used to generate (by method of least-squares), a polynomial best fit line of any desired order (depending on the data used, a range of orders may be acceptable).
	
	(58)


Where  is the normalised distance from tow centre to tow surface, and  is the corresponding fvf value.  Using this polynomial, the minimum and maximum values of the fvf () can be found, assuming that the minimum will be at  (the tow surface) and the maximum will be close to the tow centre, at distance ,
	
	(59)

	
	[bookmark: _Ref308445366](60)


where the value of  used to calculate  is the closest positive root to 0.  As  has been recorded away from the tow centre on occasion, it is necessary to use Eq. (60) rather than just  in calculation.  Intervals are then created linearly across the range of  calculated, to allow discreet groups of elements to be assigned modified material parameters.  Modified parameters include stiffnesses, Poisson’s ratios and strengths (all longitudinal and transverse) as well as the in-plane shear strength, all through a rule-of-mixtures style calculation.  As an example, a modified longitudinal tow stiffness () for a single interval with   and   representing the discreet interval limits is calculated as  
	
	[bookmark: _Ref295128013](61)


Where  does not equal 0, a final discreet group is included to cover the fvf reduction between  and .  As this is seen as a relatively small change in fvf (if it is present at all), this is modelled as a linear reduction and hence only covered by a single modified material.  Figure 68 shows the interval selection in detail for a 4th order polynomial fit to Koissin et al. measurements where 9 unique tow materials will be created.
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[bookmark: _Ref295223914][bookmark: _Toc315743844]Figure 68 – Material fvf intervals produced using a 4th order least squares polynomial fit of Koissin et al. ’s [64] data

After each tow material has been created, it is then possible to establish the final volume fraction of each tow, and the final volume fraction of the unit cell knowing the number of elements assigned to each fvf interval.  Figure 69 shows, for a varying tow shape, the variation in fvf across the cross-section based on Koissin’s data, including how the variation changes as the cross-section changes along the tow length.
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[bookmark: _Ref296094952][bookmark: _Toc315743845]Figure 69 – a) Variable cross-section tow, b) showing longitudinal section A and c) showing cross-section sections B, C and D at various points along the tow.  Colour contours indicates fibre volume fraction (from low (blue) to high (red))

0. [bookmark: _Toc329878971]Usage Examples
A simple voxel model has been used below to illustrate the reduction in surface stresses and modified stress distributions within the tow that occur when using a non-constant fibre volume fraction across the tow cross-section.  The geometry used is shown in Figure 47.  An average fvf of 0.7 has been assumed for all tows, based on fibre and matrix properties shown in Table 13.
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[bookmark: _Ref310013122][bookmark: _Toc315743846]Figure 70 – Stress distributions within tows in a 3 tow voxel model using a) constant fvf across the tow cross-sections, b) with variable fvf across the tow cross-sections and c) variable fvf across the tow cross-sections including 10 smoothing iterations

[bookmark: _Ref310013463][bookmark: _Toc315743967]Table 15 – Tow stiffness and surface stress result comparison with the use of variable fibre volume fraction
	Model
	Global model fvf
	Longtidutinal Stiffness (GPa)
	Tow surface peak stress (MPa)

	Constant fvf
	0.364
	81.92
	3873

	Variable fvf
	0.361
	81.17
	3767

	Variable fvf and smoothing
	0.361
	82.13
	3638




As shown in Table 15, the average fvf of all models in Figure 70 is not largely altered by the use of vfvf (a difference of <1%), with stiffnesses for all models remaining almost constant.  There has however been a reduction in the peak stresses at the tow surface through the use of vfvf, by 3%, from 3873 to 3767.  When coupled with the smoothing technique, this stress reduction increases to 6%, providing both improved geometry and an improved tow surface stress profile on which to obtain stress-based failure initiation predictions.

[bookmark: _Ref260060625][bookmark: _Toc329878972]Exploration of Capabilities
[bookmark: _Toc329878973]Background
This section explores the capability of the algorithms developed to generate complex paths and geometries in instances of woven composites as well as more generic cases whilst always keeping accurate material directions.  While these are not necessarily examples of direct practical interest, they are ideal to highlight features which are more subtle, albeit important; on woven composite applications (the colours used are for visualisation purposes only).

[bookmark: _Toc329878974]Complex Splines – Fibre ‘Knot’
As a demonstration of a complex, fully 3D spline path, a ‘knotted’ fibre has been created.  It is constructed from 9 tow nodes, arranged in a looping pattern, displayed in Figure 71a.  The node distributions used are (3.1, 0.76, -0.05), (4.05, 0.46, 0.15), (4.3, 1.56, 0.05), (4.15, 1.46, 0.75), (3.4, 0.86, 0.65), (4.15, 1.16, -0.35), (4.725, 0.96, 0.05), (4.1625, 1.16, 0.5), (3.1, 1.46, 0.35). The respective FE mesh is shown in Figure 71b, with smoothing applied.  
The ability to capture these loops demonstrates the true 3D nature of the splines that can be created, and with reference to other composite types, hints at the ability to capture complex parts of knitted weaves and non-crimp fabric stitches, whilst including cross-section alteration as required.
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[bookmark: _Ref263761204][bookmark: _Toc315743847]Figure 71 – a) Matlab generated tow path splines (blue) and tow nodes (red) and b) the resulting smoothed ‘knot’ mesh (constant circular cross-section)

[bookmark: _Toc329878975]Complex Shapes with Rotation - Möbius Strip
A Möbius strip is a single sided, single boundaried, non-orientable surface, obtained by attaching the ends of a rectangle, with one end rotated by 180°.  Figure 72a shows a Möbius strip, generated in Matlab, and Figure 72b a node distribution that is capable of representing it.  Using Cartesian co-ordinates, this forms a plain circle in a single plane.
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[bookmark: _Ref251862543][bookmark: _Ref252270478][bookmark: _Toc315743848]Figure 72 - a) Matlab generated Möbius strip and b) Möbius path line with highlighted nodes (2.7, 2.7, 2.5),(7.3, 2.7, 2.5),(7.3, 7.3, 2.5),(2.7, 7.3, 2.5),(2.7, 2.7, 2.5)

The node distributions outlined in Figure 72b, coupled with a rotation distribution at the nodes of [0 45 90 135 180] °, have been used to generate the voxel mesh shown in Figure 73.  The single edge of the Möbius geometry is clearly visible, highlighted by the plotted local longitudinal material directors along the edge.

[image: ]
[bookmark: _Ref252270562][bookmark: _Toc315743849]Figure 73 – Smoothed Möbius solid constructed of hexahedral voxels with associated arrows indicating the local longitudinal material direction

[bookmark: _Toc329878976]Change in Cross-section - ‘Seashell’ Expanding Helix
Other complex geometry models that can be handled by the voxel allocation technique include helixes, spirals and springs, demonstrated in Figure 74a using an expanding single helix forming a conch, or ‘seashell’ volume.  This is an enhanced version of a conical spiral, demonstrating the ability of the voxel algorithm to alter cross-sectional area of tows as well as handle complex curves.  The node distribution displayed in Figure 74b is (0,0,10), (0,0.5,9.6), (0.5,0,9.4), (0,-1,9), (-1,0,8.4), (0,1.5,7.6), (1.5,0,6.6), (0,-2,5.4), (-2,0,4), (0,2.5,2.4), (2.5,0,0.6), (0,-3,-1.4).  The cross-section is circular and expands smoothly, with  and  ellipse parameters set equally to [0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3].
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[bookmark: _Ref252906941][bookmark: _Toc315743850]Figure 74 – a) Matlab generated parametrically defined seashell and b) node pattern input for creation of voxel seashell

Figure 75 shows the final voxel model, this time unsmoothed, with a simple contour field applied for clarity.  The fluidity of the seashell volume as well as the increase in cross-section has all been correctly captured, even at a relatively low mesh refinement.  
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[bookmark: _Ref252907149][bookmark: _Toc315743851]Figure 75 – a) Isometric view of seashell and b) top and side views, modelled with a voxel size of 0.2

The principles indicated here will significantly increase the ease of generating unit cells with improved geometries when modelling woven materials, as demonstrated in the next section.

[bookmark: _Ref260060629][bookmark: _Toc329878977]Woven Composite Modelling Application
[bookmark: _Toc329878978]3D Woven Orthogonal Panel
In order to demonstrate the ability of the voxel technique to model real weaves, the example shown in Figure 57 has been created and presented in Figure 76 and Figure 77.  The ability to capture the rapidly changing cross-section of the binder tow (shown here as the central weft tow), as well as other tow deformations observable in the actual panel has been clearly demonstrated.  
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[bookmark: _Ref257131358][bookmark: _Toc315743852]Figure 76 – The modelled region of the orthogonal woven panel[62], alongside a 3D solid version (of the tows only).

Both tows parallel to the binder (top and bottom warp stuffer tows, Figure 77c) have been subjected to a ±5º twist (similar to observed deflections) in order to compact the weave further.  Every tow has been deviated from a standard orthogonal path where deformations around other tows (around binder ascent/descent), or compaction of the weft stuffer tows by the binder has occurred.  Figure 77a indicates the initial geometry inputs, where deviations in the initial path data from straight can easily be seen.  Geometric data was measured directly off the woven panel surface, reconstructed for initial visualisation (Figure 76), before being used to create a voxel model in Matlab.
[image: ]
[bookmark: _Ref255569730][bookmark: _Toc315743853]Figure 77 - Top layer of an orthogonal woven panel, showing the tows only (i.e. not the matrix)

[bookmark: _Toc329878979]2D Plain Weave Panel Unit Cell
As a further example of the modelling technique, including a demonstration of periodicity, a 2D plain weave model has been created.  Two warp and two weft tows are modelled, producing a unit cell that can be repeated with translation of the original UC (Figure 78).  It is also possible to model a smaller UC.  The red highlighted area in Figure 78 shows a quarter UC, and the yellow highlighted area shows a sixteenth, both possible using a combination of translations and rotations on numerous cell boundaries.
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[bookmark: _Ref296957659][bookmark: _Toc315743854]Figure 78 – a) Solid model of a plain weave unit cell and b) a voxel model of the same geometry, tessellated to indicate periodicity (red and yellow highlighted regions indicate other, smaller reduced unit cells possible).

[bookmark: _Ref315742249][bookmark: _Toc329878980]Voxel Allocation User Interface
[bookmark: _Ref301924844][bookmark: _Toc329878981]Introduction
To build individual geometries from scratch within the existing environment for each new woven architecture would involve a great time penalty.  Therefore, one of the objectives of this project is to develop auto-meshing procedures which can be used to efficiently create geometrical and structural models of any desired 3D woven material. One way of automatically generating the required 3D weaves may be to use textile modelling software such as TexGen or Wise Tex, which contain pre-built routines that, with a few required inputs, can generate either a geometric model or a FE mesh with little trouble.  These will be reviewed below.

[bookmark: _Ref301926769][bookmark: _Ref301926773][bookmark: _Toc329878982]TexGen
The University of Nottingham has developed TexGen [13] as an open source project, written in Python (programming and development details can be found elsewhere [12, 59]).  Using the GUI it is possible to develop any architecture required, although use of python scripting will allow for manipulation of further variables.  It is particularly useful for generating 3D weave models, as shown in Figure 79.  The use of Python allows additions and developments of subroutines, making it ideal for adapting to particular requirements of a given model.  Another benefit of using Python is its integration with Abaqus.  Abaqus possesses the capability to import Python scripts.  Models can therefore be generated using TexGen and Python, and imported using the Python scripting option in Abaqus provided the TexGen function library has been referenced.  TexGen also includes facilities for exporting volume meshes to various file formats.  It will export an Abaqus input (.inp) file that can be imported to regenerate a specified mesh, further reducing the manual workload within Abaqus.

[image: ]
[bookmark: _Ref190688516][bookmark: _Toc315743855]Figure 79 - a) TexGen geometry model [67] and b) fibre and matrix mesh of a 3D weave [13]

A .vox voxel mesh file is also a possible export, however this code is not currently suitable for importing into Abaqus (it was developed for an in-house program at Leuven University).  
Research carried out using TexGen unit cell models [59] has shown good correlation between experimentally gathered results and those predicted through FE.  Table 16 illustrates the elastic properties for the 3D weave in Figure 79a, both experimentally and through FE (Mori-Tanaka method results from work by Gommers et al. [68]).  Normalised properties are calculated due to a change in Vf brought about through modelling).  The material used was a carbon/epoxy material system (AS/3501-5A).
The results show good correlation between properties, with the differences partly due to the imperfect nature of the test samples, as well as the discrepancies in fibre volume fraction.






[bookmark: _Ref193184173][bookmark: _Toc315743968]Table 16 – Comparison of FE results using TexGen auto-generated model [59]
	
	Experimental ( = 0.524)
	Mori-Tanaka ( = 0.498)
	 FEM
( = 0.462)
	FEM (Normalised)

	 (GPa)
	23.2±3.2
	26.6
	21
	23.7

	 (GPa)
	-
	26.3
	24.7
	28

	  (GPa)
	-
	6.85
	8.25
	-

	
	-
	0.122
	0.095
	-

	
	-
	0.199
	0.174
	-

	
	-
	0.053
	0.062
	-



To create more realistic cells, it is necessary to include both geometric defects that arise through the manufacturing process and those that are possessed by the constituents from the start.  TexGen has the ability to create weaves with a variety of defects (including waviness, misalignments and yarn cross-sectional area changes) when used from the Python interface.  Figure 80 illustrates this to an extreme.
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[bookmark: _Ref190688595][bookmark: _Toc315743856]Figure 80 – TexGen tow showing large cross-section fluctuations [13]

Overall, TexGen offers many options in terms of geometry generation, with also the potential for mesh generation and Abaqus integration.  
To create a complete FE model in Abaqus, any model generated in TexGen can be exported as an IGES or STEP CAD file, and imported into Abaqus CAE.  Although for most weaves this import process was successful, for some weaves, problems were found (such as facetted faces or incomplete volumes) that lead to either poor imported geometries, or entire failure of the geometry import.  For those models that were imported, meshing of the tows generally processed without too much trouble, however meshing of the remaining matrix volume often proved very difficult.  For complex weaves with small distances between tows, there were frequently found to be very poor aspect elements that had been generated by the Abaqus meshing algorithms.  The control of surface nodes to allow application of periodic boundary conditions (PBCs) was also challenging.  The initial nodal distribution was not hard to achieve on a particular surface, but propagation of a suitable mesh through the matrix volume based on these nodes often caused severe distortions in parts of the matrix volume mesh.  Although these problems are not direct issues with TexGen itself, they do mean that it is difficult to see a progression route using this method in order to achieve appropriate models.

[bookmark: _Toc329878983]WiseTex
WiseTex is a software package similar to TexGen, which generates any composite weave geometry models for use with FE analysis (Figure 81).  Further detail on the development and full functionality of the program can be found in work by Verpoest & Lomov [14, 69], from Leuven University.  Unlike TexGen, WiseTex is not open-source, and only a demo version is available online without the purchase of a full license.  Several research papers by the developers of the software package have been published to highlight its potential in woven composite analysis.  Of note, Desplentere et. al. [37] have produced work using WiseTex to generate a range of models based on recorded material defects.  Based on µCT scans, a library of defects was drawn up, upon which a selection of FE models was generated, each containing a different statistical distribution of defects.  500 models were generated for each fabric modelled in the paper, and using a Monte-Carlo analysis, the defect distribution within the material was related to the deviation of mechanical properties from the baseline values.  The variation in in-plane mechanical properties was found to be within a similar range as that observed during experimentation (Young’s modulus – 5% range), with non-negligible property differences caused by variation in fibre spacing.  Shear results however were not successfully predicted.
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[bookmark: _Ref289270707][bookmark: _Toc315743857]Figure 81 – Some WiseTex generated fabric weaves [69]

WiseTex has a similar GUI to TexGen, with 3D weave modeller working in a similar manner, showing 2D and 3D weave diagrams and manipulations.  However, there is no interface for direct coding, such as the Python interface in TexGen.  This is a considerable drawback as it is not readily integratable with FE packages except Ansys.  There is good facility for inclusion of certain defects, such as crimping, compression during manufacturing and some warp, caused by in-plane shear deformations.
Packaged with WiseTex however, is a companion meshing program called MeshTex [9, 11].  This application handles the generation of a specified FE mesh, with allowances for seed numbers along yarn cross-section and length.  It also allows the input of orthotropic material properties directly.  From MeshTex, an Ansys or SACOM input file can be generated (Figure 82).  Although MeshTex and WiseTex function very smoothly together, the functionality of MeshTex compared to that of a larger commercial mesh generator such as Abaqus is minimal.  There is however one slight advantage, in that there is the facility for easy generation of periodic boundary conditions in both in-plane and through thickness directions.  Unfortunately, although within Abaqus some translators exist for other types of input files (such as Nastran’s .bdf files), it is not present for Ansys or SACOM input files.  

[image: ]
[bookmark: _Ref192330941][bookmark: _Ref192330931][bookmark: _Toc315743858]Figure 82 – MeshTex used to create an Ansys input file

A full evaluation of WiseTex and accompanying applications is hard due to the restrictive nature of the demo version, and the limitations imposed on generating and saving modified 3D weaves in particular.  It is considered unfeasible to use WiseTex and MeshTex as a route to completion of this project, due to poor integration with available FE packages and the absence of a coding user interface.

[bookmark: _Toc329878984]TexEng - Weave GeoModeller and Weave Mechanics
Both Weave GeoModeller [10] and Weave Mechanics [70] belong to a collection of tools by TexEng Software called TechText CAD, initially developed at the University of Manchester.  Weave Mechanics provides the ability to predict plain weave fabric mechanic properties.  Weave GeoModeller is the principle CAD interface for production of woven fabrics.  However, it is rather inflexible in its approach, catering only for single layer fabrics, with textile geometry specified by orthogonal warp and weft yarns of a specified cross-section.  Figure 83 illustrates a 2D weave of a satin harness type unit cell.  Errors in rendering are clear.
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[bookmark: _Ref288575683][bookmark: _Toc315743859]Figure 83 – Satin harness woven unit cell presented in Weave GeoModeller [10]

Modelling of complex 3D geometries is therefore not possible using GeoModeller, either from a multilayer perspective or from non-orthogonal yarn paths (as either part of the weave design, or observed as defects).

[bookmark: _Toc329878985]Others to note
Listed here are some other software packages that, although not directly related to the situation and brief of this project, are worth highlighting.  The potential for their use with any output of this project may enhance the capabilities of any models produced.

Interactive Drape
Interactive Drape [71] does not provide facility for modelling textiles, but given an IGES/STEP CAD file of a given textile geometry, is able to predict its drape over a surface.  This is useful when considering the manufacturing implications of using a particular weave, if a CAD model of a weave can be produced (or exported from existing software).

DYNAFAB
Recently developed by Nilakantan[72], DYNAFAB provides a tool for creating woven material models using a wide variety of cross-sections and any desired yarn paths.  However, it is currently limited to modelling dry fabric mats only, with no ability to mesh a resin volume for analysis of infused panels.

[bookmark: _Toc329878986]Interface Objectives
In order to allow for easy use of the voxel modelling code, a graphical user interface (GUI) has been developed, to assist users in creating geometry models and following through to FE model creation.  In making an GUI, it is crucial to consider the needs of the user, and what the overall function of the interface should be, and hence what is required by the way of options and user interactions.
A list of objectives has therefore been identified.  This list covers all the key areas of the GUI that will need to be considered and implemented for an overall pleasant, complete and intuitive user experience.
· Geometry input/creation (node and cross-section information)
· Geometry visualisation
· Additional visualisation options to aid geometry refinement
· Conversion to a mesh from a volume geometry
· Extended FE/meshing options
· Materials data input and options
· Computational options
Matlab and its GUIDE (Graphical User Interface Development Environment) have been selected as a starting point for the GUI.  This allows basic construction of the interface in terms of layout and interaction to be specified visually; whilst any additional features and modifications, as well as function callbacks and creation functions, can be coded behind the graphical objects.  It will also be simple to integrate with the existing voxel modelling code, which is written in Matlab.  Matlab provides a useful array of graphical features, as well as Java based OOP (Object Orientated Programming) capabilities to create a vast library of graphical options that can be manipulated to produce a rich, interactive and highly satisfying user environment.  Using a combination of GUIDE development and programming development, fast and efficient production of a high quality GUI should be possible.  OpenGL rendering libraries can be used to display graphic objects, with hardware acceleration making the process smooth and efficient.

[bookmark: _Toc329878987]GUI Design Requirements
Figure 84 shows an initial design outline for the interface, including some of the functions determined as an absolute requirement for the interface.
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[bookmark: _Ref284949767][bookmark: _Toc315743860]Figure 84 - Initial interface outline (produced in GUIDE)

From this initial outline, it is clear that to include all the requirements in one single GUI will not be possible without severely compromising the user experience due to the number and variety of selections and button options required.  Even with simple static text lists of the required functions, the GUI would be cramped and crowded, and with implementation of these functions as pushbuttons/toggles etc, there would be significant potential for confusion.  
Of particular concern is the space requirement for the geometry modelling options, being as there may be highly complex and numerous tow definitions in any given model.  As the geometry creation and visualisation for any weave can be seen as an independent and separate operation to the creation of an FE model, it seems pertinent to separate out any geometric modelling from FE-oriented option selection.  This allows the user to open a single GUI to design models, and if they so desire, to progress to meshing or save a geometry model for later analysis.  If choosing the latter, they will not be presented with options that are unnecessary during modelling operations.  A suggested flow of data across various individual interfaces is therefore proposed in Figure 85, where progression through individual GUIs is only undertaken by the user when required, so as not to present any single interface with excessive options detracting from clarity and ease of use.
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[bookmark: _Ref289270965][bookmark: _Toc315743861]Figure 85 - GUI communications / GUI architecture

The use of extensive checks and identification of areas the user has or has not used will be necessary, and in some cases it will be necessary to implement defaults at user request should they choose not to set up a bespoke part of the model.


[bookmark: _Toc329878988]Functionality and Final Layout
[bookmark: _Toc329878989]Modeller GUI
Expanding on the initial set of objectives, a further refined list can be established and then implemented.
· Geometry input/creation (node and cross-section information)
There will be a requirement for a large number of tows, given that a weave can have any geometry the user desires.  The tows should be fully customisable, including individual ellipse parameters at each node.  It will be challenging to display all this information at the same time, given the potentially extensive nature of complex weaves, and the limited space available for visualisation of this information in the interface.  To overcome this, a dynamic dropdown menu system can be used (see Figure 86a), containing strings of all the tows in the model (created from a ‘Number of Tows’ user input).  

[image: ]
[bookmark: _Ref284985623][bookmark: _Toc315743862]Figure 86 - a) Geometry input options, b) Model visual effects, c) File system interactions, d) Camera view options and e) an example of a legend and associated tow entries
Selection of a particular tow will result in population of editable fields with the current selected tow details, or default values should information have yet to be entered.  

· Geometry visualisation
The large central area shown as ‘Visualisation Axes’ in Figure 84 has been allocated as the major display axes, in which the current geometry model will be viewed.  Each tow is identifiable as a separate colour, with an associated legend entry.  
To generate the plots, a cubic spline interpolation is carried out between the user specified nodes.  A distribution of points around the ellipse for each sector is produced (based on the ellipse parameters generated also by 3rd order spline interpolation), and the spline pieces are then divided into sectors.  By utilising the Matlab surf (x,y,z,c) command with these co-ordinates along the length of each spline piece, the full tow surface can be visualised as a continuous surface (see Figure 86e).  
In order to visualise the tow volumes, a surface mesh is generated comprising of quadrilateral surface elements.  By definition, this will result in an approximation to the constantly varying curvature of many of the tows which will be defined, both along the length of the tow and around the cross-section.  Therefore, there is a compromise to be made regarding efficiency of surface generation and model rendering compared to accurate representation of the tow surface itself.
To use the surf(x,y,z,c) command, the co-ordinates of each surface quadrilateral must be produced.  A guide number of pieces around the cross-section has been selected, .  This value allows capturing of curvature around the cross-section, without causing unnecessary surface rendering.  Figure 87 shows a range of  choices and the resultant mesh for some simple tows.  With 8 elements, neither the cross-section or tow paths are accurately captured.  Although the cross-section profile is improved using 16 elements, there is very clear linear approximation along the tow length.  This diminishes with the use of 32 elements, and again with 64 producing the best representation.  However, at 32 elements the curvature appears to be appropriately defined, with limited linearity apparent in the tow, and as the computational burden of 64 would not yield significant visual improvement, the default value of   is set at 32.  In order to keep the mesh elements as regular as possible, the surface quadrilaterals have been generated with an aspect ratio close to 1.  To do this, each piecewise polynomial length has been split into a number of elements based on the average length of an element around the cross-section, .  Initially, a sequence of angles  is defined:
	
	(62)


This in turn can be used to find co-ordinates of points at equal angles around the cross-section:
	
	[bookmark: _Ref286769784](63)


The average distance,  between these points is then computed:
	
	[bookmark: _Ref286769820](64)
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[bookmark: _Ref286174108][bookmark: _Toc315743863]Figure 87 – Effects on tow surface of a) 8 elements around cross-section, b) 16, c) 32 and d) 64

Knowing the desired side length of each element, using the arc-length () of the PP, where  and  are the limits of validity of the PP, and  is the radius vector at distance  from the origin:
	
	[bookmark: _Ref286146535](65)


It is possible to write an analytical solution to find the number of elements required along the PP length using the interpolated PP co-ordinates:
	

	[bookmark: _Ref286146566](66)


However, Eq. (66) is not simple to solve analytically, so this has been implemented by numerically approximating the PP length required:
	
	[bookmark: _Ref286146599](67)


The use of  brackets indicates a rounding to the nearest integer.  Due to the rounding necessary to fit an integer number of elements along the tow length, the error in numerical calculation of the arc length is not of high importance.
Once the ratio of arc length  to cross-section edge length  from Eq. (67) has been rounded to the closest integer, the number of divisions  can be used to produce elements with an aspect ratio close to 1.  Figure 88 illustrates the process.
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[bookmark: _Ref315802208][bookmark: _Toc315743864]Figure 88 – Generation of  from 

As Matlab defaults to colouring each surface independently, it is necessary to bring all surface objects contained within a single tow to the same colour.  Each tow is split into 2 handle sets (handles being unique object identifiers within the interface), with the first piece acting as the governing tow colour, followed by application of the same colour manually to all other pieces of the same tow in set 2.  By only defining a random colour for the first part, and maintaining a separate set of first parts, a legend can also be produced.  Matlab legends are generated by reading all point(1D)/line(2D)/surface(3D) child object handles of a current axes, and assembling them with their associated colour icon.  In this instance, it is not desirable to have many legend entries for an individual tow, which would occur due to the individual object nature of each spline point/line/surface.  To adjust the legend correctly, the ‘first piece’ handle set is extracted from the axes.Children axes property, and after a Boolean select is done between all legend handle data and the required ‘first piece’ handle set, a reduced legend output can be displayed, with a single entry per tow (see Figure 86e and Figure 89).




· Additional visualisation options
Various options exist to manipulate the appearance of the main geometry display axes to user requirements.  The menu options for these can be seen in Figure 86b (model visual effects) and Figure 86d (camera view options), with their structure and interactions displayed in Figure 89.  
Standard camera manipulation buttons are available, similar to those found in conventional CAD packages, including a custom position save/load pair.  
Model visual effects allow the user to modify the scene in order to give better clarity when looking at complex geometries.  The most important items in this menu set are those that allow either visualisation of the tow nodes and spline paths, or the surface mesh.  By allowing the user to choose whether they display these, it is easier to see the internal structure of the weave.  The surface transparency option also works towards this end, allowing both the full spline paths to be visible, whilst indicating where the edge of the tow will be through modification of the surface object ‘FaceAlpha’ property.
Further use of the surface transparency is made, through a ‘hide tow’ option.  It is used to set surface and edge ‘FaceAlpha’ and ‘EdgeAlpha’ properties on the surface objects of selected tows to 1 (totally transparent).  This provides a benefit over many other geometry modellers by allowing the user to remove any particular tows from the display area, without having to change their position or delete them from the model.  This makes it much simpler to see the interior of a complex UC to ensure the correct paths and cross-sections are in place, or to see if interpenetration is occurring.  Quick toggles are available for ‘show/hide all’ as well as for individual tows.  Any tows which are replaced on the display axes will be returned with the same surface property ‘FaceAlpha’ transparency value as is currently applied to the display axes, and with an edge property ‘EdgeAlpha’ of 0.
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[bookmark: _Ref286319382][bookmark: _Toc315743865]Figure 89 – Structure of interactive user options within Modeller GUI for an example 2 tow  model (each tow with 3 nodes, resulting in 2 PPs per tow)

Setting the domain limits is done through input of a [minimum maximum] pair of values for each axis.  The visualisation plot area is then updated with this information in the XLim/YLim/ZLim object properties.  The domain region can be turned off/on by the use of a togglebutton to improve clarity of the plot as required.  An auto-fit domain can also be used, which generates a cuboid containing all tow volumes if no domain limits are specified before plotting.

· File Operations
As with any GUI, there is a requirement for basic file system operations such as open and save.  The basic file options listed in the ‘File menu’ are displayed in Figure 86c.  The import function has been designed to allow any .mat file of suitable structure to be used to populate tow property fields and plot the saved geometry.  These .mat files can be those saved previously by the Voxel Modeller, or those written in the Matlab desktop environment and saved with an appropriate internal data structure.
The help menu doubles as an ‘about’ display box, containing information regarding documentation, and credit information regarding the author and funding partners.  It is anticipated that the program will be distributed with appropriate documentation, however there are also instructions as to obtaining information from other sources (online, conference proceedings etc).
As well as Matlab specific file saves, there is also the option to save a plain text summary of all the weave information currently residing in the GUI.  The plain text file can be used as reference for creating the weave again, or for providing weave geometry information for an instance when Matlab is not available.
Rather than use screenshots to save images of the geometry axes, a picture exporter has been included.  This enables the user to save an image of the central axes to any location.  All view effects will be included in the metafile (lighting, surfaces, transparency etc), through copying the graphic axes objects to a new figure, and saving as a .png file (utilising copyobj(findobj(‘type’,‘surface’)), getframe(cdata,rectangle) and imsave to avoid any OpenGL related renderer hardware incompatibility issues). 

· Data storage and transfer
On initialisation of the modeller GUI, a data storage container - ‘VoxelInfo’ – is set up and appended to the GUI handles structure.  The use of VoxelInfo as a class instead of simple structure allows the handle of the instance to be stored within the GUI handles structure, updated with ‘guidata’, and passes from interface to interface.  When any modelling information is defined, it is simply a case of retrieving and/or overwriting existing data using hgsetget (defined as a subclass of the VoxelInfo class), and passing the information to the current GUI to be utilised elsewhere.  Included within a VoxelInfo instance are fields for node and tow definitions, as well as all materials and boundary condition/loading information.  Additional computational and meshing options are dealt with separately.

· Continuing to mesh generation
Once the user has finalised their geometry and requires FE mesh production, the meshing options interface can be launched through a simple pushbutton (bottom right, Figure 90).  
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[bookmark: _Ref284985818][bookmark: _Toc315743866]Figure 90 - Final layout of Modeller GUI
This GUI allows the user to modify all FE related aspects of the model (materials, analysis types, element types etc).  If no mesh is desired at the current time, the user has not been overly burdened with these additional FE options due to the separation between ‘modeller’ and ‘mesher’ GUIs.



[bookmark: _Ref289273045][bookmark: _Toc315743969]Table 17 – Model information to generate geometry shown in Figure 90
	Property Field
	Tow 1
	Tow 2
	Tow 3

	x
	[1 2 3]
	[1 2 3]
	[2 2 2]

	y
	[0 0 0]
	[0 0 0]
	[-1 0 1]

	z
	[1 0 1]
	[2 3 2]
	[1.5 1.5 1.5]

	a
	1
	1
	1

	b
	0.2
	0.2
	0.2

	
	0
	0
	0

	Domain
	x = [0 4]
y = [-2 2]
z = [-0.5 3.5]



[bookmark: _Toc329878990]Mesher GUI
· Extended FE/meshing options
To reduce the amount of work that must be done to generate an FE input file by a user to achieve the model they desire, some extra finite element options have been included.  These include selection of element type, whether to use full or reduced integration elements, what material properties should be applied and what boundary conditions/loading should be applied.  There are also options for smoothing the tow/matrix interface by modifying the interface element nodal positions.  This utilises the smoothing algorithm created by Boyd et al. [50], previously described.  Any number of smoothing iterations can be requested, with the algorithm executed from a batch file composed separately for each iteration number.
To keep the user informed of the progress of the code (and also to allow for any important error information to be passed into a sensible, readable form), a scrollbox has been included which updates with text strings as the code progresses.  This also provides a short summary of each model, and the location of generated files.

· Computational options
In order to decrease the time taken to produce a mesh, an option to use the Matlab Parallel Computing toolbox (PCT) has been included.  By specifying the number of cores available for use, a matching’ matlabpool’ is created, that is used to run parts of the voxel modelling code on multiple cores in a single machine.  Due to communication overhead whilst running computations in parallel, it is only efficient to run larger ‘for’ loops in this manner, where the number of functions inside the loop is significantly time-consuming.  Table 17, Table 18 and Figure 91 demonstrate the speed up that can be achieved.

[bookmark: _Ref286796535][bookmark: _Toc315743970]Table 18 – Serial/Parallel processing data for the model drawn in Figure 90
	No. of Elements
	Serial (1 core)
	Parallel (2 cores)
	Total runtime change (%)
	Allocation runtime change (%)

	
	Total runtime (s)
	Allocation runtime (s)
	Total runtime (s)
	Allocation runtime (s)
	
	

	512
	1.84
	1.13
	3.05
	2.30
	-65.76
	-103.54

	1000
	2.96
	2.07
	3.66
	2.71
	-23.65
	-30.92

	4096
	10.62
	8.31
	8.07
	6.09
	24.01
	26.71

	8000
	19.13
	15.86
	14.01
	10.69
	26.76
	32.60

	32768
	76.54
	64.53
	49.27
	37.84
	35.63
	41.36

	64000
	153.45
	129.42
	94.77
	72.36
	38.24
	44.09

	262144
	609.28
	518.09
	385.73
	294.11
	36.69
	43.23

	512000
	1171.97
	992.05
	747.41
	569.01
	36.23
	42.64
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[bookmark: _Ref286795757][bookmark: _Toc315743867]Figure 91 – Graph demonstrating improvement in performance when using multiple cores to run certain loops in parallel

Results have been generated using matlabpool(2) on a dual core ‘mobile centrino 2’ (2.26GHz) laptop when ‘for’ loops have been substituted for independent running ‘parfor’ loops in two situations (calculation of  and comparison between  and  and subsequent allocation of tow/matrix elements).   The model used in this comparison has been detailed in Table 17.  For both single and dual core models, both the overall runtime (including the processing time for serial operations such as writing data to file) and the time taken to run simply the voxel allocation section are shown.
Taking the most refined case, the performance increase is calculated to peak around 36% of original serial total runtime.  This represents a large improvement, and will become increasingly important when larger/more complex models are run. 
The improvement in performance relative to the overall size of the model will depend on the model itself, due to dependence on the potential number of elements inside each PP, which will vary with geometries.  Figure 91 merely provides an illustration of the potential benefits involved with the use of the PCT, which are apparent even in such a simple model from relatively coarse mesh refinement levels.  It is also shown that in the majority of cases, it is more efficient to use multiple cores when available.  It is only in cases where there are fewer than ~2000 elements that runtime is impeded by communication between cores, and as these models are so quick to produce, this communication overhead is hardly noticeable.
The mesher GUI, shown in Figure 92, includes interactions with some other individual interfaces in order to obtain all required information to populate the final Abaqus input file.  These include GUIs that manage periodic boundary conditions and materials, providing the ability to import materials data from existing tools if required.
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[bookmark: _Ref289279484][bookmark: _Toc315743868]Figure 92 – Final Mesher GUI screenshot

[bookmark: _Ref301924377][bookmark: _Ref301924715][bookmark: _Toc329878991]PBC GUI
· PBC Type Selection
As there are a variety of PBC types that could be implemented depending on the type of model being created, a small interface to illustrate the selected linked regions has been produced.  The user can then make their choices and see any selected PBC regions on their weave.  Displacement can also be prescribed by through simply filling in a text field with the required model strain.
There are two major factors that must be addressed when using periodic boundary conditions (PBCs) to allow unit cell analysis - they must ensure displacement continuity between any two opposite edges, as well as equal boundary tractions on opposing edges.

· Standard Unit Cell PBCs
Many authors have implemented PBCs when using unit cells, particular for in-plane directions [8, 19, 28, 30, 39, 73-77].  However, an extra set of constraints is needed (top and bottom in the through-thickness direction) to extend this to a more general case.  This is particularly applicable for weaves where through-thickness stacking of unit cells is required, such as 2D woven laminates and certain 3D woven cases where the chosen UC does not include the panel surface.
The starting point for PBC constraints between any 2 surfaces is to express the displacement field  as 
	
	[bookmark: _Ref229409198](68)


where  represents the global (macroscopic) strain tensor and  is a reflection of the microstructure, and is unknown.  It enriches the macroscopic displacement field to reflect the microstructure within the unit cell.
Taking any two parallel surfaces of the unit cell, and , the following equations can be written:
	
	[bookmark: _Ref190690498](69)


Due to the periodicity, the value for  will be the same in both cases, hence the difference between Eq. (69) can be calculated.
	
	(70) 

	
	[bookmark: _Ref190690528](71) 


The displacement difference between two parallel sides will be a constant; hence the right hand side of Equation (29) will remain constant for any given matched nodes on the two surfaces.  This can be implemented within FE analysis as nodal displacement constraints, as long as the node positions on each surface are identical.  A detailed description of these PBCs can be found in work by Xia et al [75-77].

· Reduced Unit Cell (Complex) PBCs
The PBCs above have been proven to be suitable for analysis of standard unit cells, but it is often possible to exploit further the symmetries present within the unit cell itself in many woven architectures.  This work is based on modelling carried out by de Carvalho et al. [73, 78]  and Tang and Whitcomb [19], involving the “equivalent subcells (ES)” concept – identifying a small region of the unit cell that can be found repeated elsewhere, defined in this work as a reduced unit cell (rUC). Figure 93 demonstrates the translational symmetry present within a twill unit cell, including a mirroring of the ES/rUC in the z-direction.  With suitably established PBCs, it is possible to model this situation for both 2D and 3D weaves where this offset reduced unit cell (OrUC) is present.
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[bookmark: _Ref315803036][bookmark: _Toc315743869]Figure 93 – Definition of an offset rUC (OrUC) for a 2x2 twill warp-aligned random-shifted laminate.  The subdomains  and  are physically equivalent [78]
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[bookmark: _Ref229067152]Figure 94 – Translational reduced unit cell symmetry in a twill weave [78]

Points  and  shown in Figure 94 both have the same co-ordinates relative to their ES co-ordinate systems  and 
	
	(72) 


Therefore Eq. (73) can be used to relate their displacements, strains and stresses
	
	[bookmark: _Ref229299902](73) 


with  as a load reversal factor (± 1), used to ensure field equivalence in the instance of rotated/mirrored subcells. 
Points  and  can then be related to the global UC co-ordinate system by
	
	(74) 


and combining these to form 
	
	[bookmark: _Ref229409038](75) 


means a relationship for the stress and strain fields between the two points can be established (with  as the transpose matrix of ).
	
	[bookmark: _Ref228192780](76) 


Using
	
	[bookmark: _Ref285143406](77) 


the displacement relationships between and  can be found, where  and   [28]
These boundary conditions can be implemented within FE analysis as nodal displacement constraints, as long as the node positions on each surface are identical.    It is crucial that these PBCs are implemented on all final reduced UC based models.  A detailed description of the PBCs used for the following models can be found in work by de Carvalho et al. [78], including more complex cases of translation and rotation.

· PBC Implementation
Within Abaqus, PBCs have been implemented using the *EQUATION keyword, and using careful control of the node sets which form variables in these equations.  For standard UC analysis, three types of node set are defined – faces, edges and corners (see Figure 96a).  Node set definition is carried out once the domain limit planes have been set (Eqs.(78)-(80)), and a set  of grid points  have been created (specified using global co-ordinates).
	
	[bookmark: _Ref329884557](78)

	
	[bookmark: _Ref329884600](79)

	
	[bookmark: _Ref285143534](80)


Initially, all vertex points () can be found, by searching the set  for those points  that coincide with the outer limits of the domain:
	
	[bookmark: _Ref285143656](81)


The same can then be done for the domain edges by reducing the co-ordinate search to 2 planes instead of 3:
	
	[bookmark: _Ref285143755](82)


For each face  this co-ordinate search can be reduced to 1:
	
	(83)


By computing the range of permutations possible within the equations below, all individual corner, face and edge information can be retrieved.
Naturally, there will be a hierarchy amongst the sets such that, leading to a final set of equations for all required set definitions:
	
	[bookmark: _Ref285143785](84)

	
	(85)

	
	[bookmark: _Ref285143786](86)


Using the equation keyword, each face, corner or edge is related to its corresponding opposite entity.  By controlling the order of the nodes within the node set, it is possible to ensure that the correct nodes are linked together.  For standard UCs, ordering the node sets in the same manner (from left to right, or top to bottom of a specific face, for example) will ensure that exact mirroring takes place (Figure 95a).  
For translational reduced UCs, the same principle of node ordering within sets remains valid, with the addition of split sets used to relate different parts of the UC, instead of entire faces.  Figure 96b illustrates the split face concept, and Figure 95b illustrates how, with the same control of node ordering and split size on opposing faces, translational PBCs can be implemented.  Final identification of sets is carried out in a similar fashion as described above, with the addition of corners/edges at the desired split location.  This is applied through modifications to Eqs. (81) and (82) to include this extra criterion:
	
	[bookmark: _Ref285143879](87)

	
	[bookmark: _Ref285143868](88)


The split plane required by Eqs. (87) and (88) is defined by:
	
	[bookmark: _Ref285143842](89)


For the more complex rotated reduced UC cases, the sequence of the nodes within the sets can be altered, by simply taking an array of the node numbers in their equivalent positions, and reflecting them in the required direction:
	



	[bookmark: _Ref287344813](90)


This results in an alternative ordering of nodes, that can be used in instances of reflected or rotated UCs (Figure 95c).  The initial selection for  takes place as per Equation (86).
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[bookmark: _Ref238029079][bookmark: _Toc315743871]Figure 95 – Node ordering on opposite UC sides for a) a full UC, b) a translational reduced UC and c) a rotationally reduced UC.  Two unit cells are highlighted in each UC image.
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[bookmark: _Ref238039432][bookmark: _Toc315743870]Figure 96 – Highlighted sets for unit cells without translational symmetry and unit cells with translational symmetry, indicating visible planes as per eqs. (78), (79), (80) and (89).

These examples shown in Figure 95 have been demonstrated in 2D.  A similar situation for 3D models includes an extension of the node ordering and set-flipping on the z-direction (through-thickness).  In rotational cases, the order can now be flipped in either (or both) of the surface in-plane directions.
Within the voxel allocation program, these required sets can be identified and manipulated to be ordered correctly, to ensure the correct boundary conditions for each model.  As the regular grid structure of the voxel mesh will be symmetrical regardless of the domain size used, this domain reduction using altered PBCs can be done very simply, without significant user input other than the dimensions of the split faces or request for reflected node sets.  The uniformity of the nodes also means that reflections can be handed by a simple left/right flip of an array provided the array has been dimensioned according to the sizes of the faces being altered.
Once these sets have been defined, they are written to the input file in their established order, and equations are written to link them.  The equations will include a link to a master node, onto which any displacement can be placed.  The link between this ‘master’ node and the ‘slave’ nodesets allows the transmission of displacements to all nodes, whilst only a single node needs to be displaced directly.  This node is written as the last node in the node list, at a position of limits+1 so as to be non-coincident and non-connected to any element of the mesh.

· Input of offsets, display on GUI
Each surface plane, whether an entire face or partially split, is displayed on an axes within the GUI containing the weave, so that it is clear where any face splits have been made.  If any face splits are required, they are inputted as values of the distance into the face that the split is desired.  For example, to split a face with edges  to  in half, an offset of  is used.  The user can then plot the offset surfaces to check that the faces match as intended (Figure 97).  Once this has been done, and a suitable displacement has been supplied to the master node, control is passed back to the Mesher GUI.  Alternatively, if a 2D weave is being modelled, there is the option to use an automatic subcell creator to both reduce the domain size to the smallest rUC possible, and to apply the appropriate PBCs to enable correct analysis.  Further information on autoreduction can be found in research by Vieira de Carvalho [78].
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[bookmark: _Ref289279188][bookmark: _Toc315743872]Figure 97 – PBC GUI screenshot, showing a plain weave model where full PBCs can be applied manually, or using the "autoPBC" reduction tool to apply complex PBCs

[bookmark: _Toc329878992]Materials GUI
· Materials Data Input and Options
A simple form interface has been set up to allow input of basic elastic material properties.  There is also an option to include matrix plasticity in matrix elements, and to apply the LaRC failure criteria [79] to fibre elements (included within this is a matrix plasticity flag for internal matrix plastic deformation).  These carry independent material flags to inform the base materials GUI of requests for these different material models.  If any user defined materials are used (no matter how basic/complex), then an overarching flag is returned to the mesher GUI through the ‘UserData’ property, informing that user defined materials have been created, and which specific material models should be used.  If no user materials are inputted, then a basic set of default elastic properties will be used, as it is simple to alter the material properties directly from the input file after meshing has been completed.

· LaRC User Parameter Import
If analysis using LaRC failure criteria[80] is requested, a form interface can be populated by the user as per their individual requirements for all user defined parameters required by the LaRC subroutine.  Due to the large number of variables involved, and the fact that many will remain untouched from default, a set of initial values/defaults can be used to populate the fields.  Alternatively, a set of data can be imported from the LaRC calculation spreadsheet.  The spreadsheet can be used to calculate parameters based on individual material properties, with a VBA macro used to write out a plaintext list of all subroutine parameters.  Controls for generating and importing data (interfacing with the LaRC MSExcel workbook) have been placed within the interface to simplify the process.



· Variable Fibre Volume Fraction
As shown in works by Koissin et al. [64] and Summerscales et al. [65], there exists a significant variation in the fibre volume fraction (fvf) of a tow over the tow diameter; the yarn fibre density being higher at the core than at the surface.  This has been measured for some materials, and included in subsequent finite element models by Lomov et al.  [8] and Crookston et al. [63], as shown in Figure 98.  For instance, due to the nature of the infusion process used to manufacture woven panels, the variation of fvf within a tow will change depending on the particular infusion technique/machinery used, as well as with the weave geometry.  The potential for this variation has therefore been included within the scope of the voxel framework.  Currently, as no measurements of this property have been undertaken for any panels, a simple fvf multiplier has been applied to the fibre properties in the tows to create the correct overall fvf in the panel. 

[image: ]
[bookmark: _Ref289279355][bookmark: _Toc315743873]Figure 98 - Variable fibre volume fraction across tow cross-section [8]

If a varied fvf is required, this plain multiplier can be replaced by a suitable polynomial function defined across the tow cross-section, based on fvf observations from infused weaves.  If this is then used co-incidentally with information generated by Eq. (41) (i.e. the distance of an element from the tow surface), it is possible to determine a more specific fvf for each element, and use a more accurate multiplier for a range of groups of elements within a tow, depending on proximity to the tow surface.

[bookmark: _Toc329878993]Error Handling
· Error messages and automatic corrections
Error handling exists throughout as both dialog boxes and text displays in the GUIs to alert the user to problems with the data they have inputted.  This runs through from detection of an incorrectly structured imported file, to user input mistakes.  In summary, the major prompt points for incorrect data in the modelling phase are:
a) Attempting to open an incorrectly formatted .m file
b) Mismatch with the amount of data in the node definition fields (not enough information given for each node)
c) Incorrectly specified domain limits
d) Incorrectly specified lighting co-ordinates
e) Absence of weave name on launching mesher GUI
This list can be extended into the mesher GUI as follows:
f) Number of parallel resources requested in excess of the number physically available locally
g) Voxel size that does not divide wholly into all dimensions of the domain (and an associated warning that the model is very coarse if a large voxel size is chosen compared to domain size, even if the chosen size is possible)
h) Non-specified material properties
i) Non-specified PBCs/loading
For the materials and PBC GUIs:
j) Incorrectly specified material property
k) Request for plasticity/damage model without input of parameters
l) Request for complex PBCs without input of translational/rotational locations
m) Inappropriate translational location
n) Incorrect format of loading strain
In general, the error messages will present with a dialog box informing the user that progress is not possible until the error has been corrected, and display of a text string error message in the appropriate location.  In some cases, in addition to a warning message to the user, default settings are suggested as a replacement automatically, or the fields can be default populated by clicking the appropriate pushbutton.

· Defaults
For those situations where a lot of data input is required, such as inputting materials information (in particular that for user subroutines), a default set of properties can be used to populate fields, enabling the user just to tweak any variables pertinent to their particular analysis.

· User notifications
As there are some optional settings, such as user defined material properties, loading and boundary conditions, if these have not been specified, the user is notified before allocation commences.   There is then the option to specify if required or to continue using pre-programmed defaults.


[bookmark: _Toc329878994]Woven Composites – Elastic Modelling
A range of weaves have been subject to analysis using the voxel technique.  In all cases, a unit cell has been identified, with offset PBCs used to ensure stress and displacement continuation.  Where appropriate, this unit cell has been altered to the smallest rUC possible.  Comparisons have been undertaken against data obtained experimentally, and simple rule of mixtures calculations, where appropriate.
In order to more accurately reproduce the correct stress field at the interface between tows and matrix, and to reduce unnatural localised stresses as a result of element geometry, a smoothing algorithm [50] has been applied to the voxel mesh.  PBCs [78] have been used in all cases.

[bookmark: _Toc329878995]2D Weaves
[bookmark: _Toc329878996]Plain weave
In order to compare the voxel modelling technique to those already used in woven composite modelling, a model has been created based on existing plain weave geometry shown by Jiang et al. [30].  Figure 99 and Table 19 show the plain weave geometry; the referenced work should be consulted for further model detail.  The geometry has been replicated as accurately as possible, including the large matrix rich regions at the UC surfaces.  In reality, the tows would be a lot closer to the UC surface, but in order to maintain the same UC fibre volume fraction for comparison, this region has been left.  Voxel predicted stiffnesses have been compared to both the DST method developed by Jiang, and a traditional FE model from the same work.  The material properties used over all models are shown in Table 20.
[image: ]
[bookmark: _Ref238398272][bookmark: _Toc315743874]Figure 99 – Plain weave UC based on geometry from Jiang et al. [30]

[bookmark: _Ref312085779][bookmark: _Toc315743971]Table 19 – Geometry information relating to plain weave UC shown in Figure 99 from Jiang et al [30]
	Parameter
	Size (mm)

	
	1.68

	
	1.68

	
	0.25

	
	0.66

	
	0.066



[bookmark: _Ref301185418][bookmark: _Toc315743972]Table 20 – Material inputs for plain weave FE models from Jiang et al [30]
	
	 (GPa)
	 (GPa)
	 (GPa)
	
	
	
	 (GPa)
	 (GPa)
	 (GPa)

	Tows
	138
	9
	9
	0.3
	0.3
	0.3
	6.9
	6.9
	6.9

	Matrix
	3.5
	-
	-
	0.35
	-
	-
	-
	-
	-



As the plain weave contains many properties typical of woven geometries and is simple and quick to model, various convergence tests have been carried out.  This enables an assessment of the voxel method and smoothing techniques to ensure their robustness across a range of modelling parameters.  All models use properties defined in Table 20, with a displacement corresponding to a homogenised strain of 2.5% applied in the weft direction.  PBCs are applied, but only in-plane, with free top/bottom surfaces.  The model consists of hexahedral elements C3D8R, run using an implicit linear FE code.

[bookmark: _Ref310350385]Reduced Unit Cell (rUC) 
The plain weave lends itself very well to complex UC reduction, with a rUC of 16th the size of a full UC possible using a combination of translations and reflections.  Figure 100 illustrates a sequence of reductions possible to achieve the smallest rUC.  This allows a very high refinement to be carried out using the voxel method, whilst keeping the overall model size to a level where computational time is not excessive.  In order to illustrate the effect of this reduction, models have been run at each of the 3 reduction stage shown in red (Figure 101 and Figure 100) with the stiffness and stress results compared below in Table 21.

[image: ]
[bookmark: _Ref238399000][bookmark: _Toc315743875]Figure 100 – Plain weave UC reduction levels (full UC, half UC and 1/16th UC)

[image: ]
[bookmark: _Ref310265430][bookmark: _Toc315743876]Figure 101 – a) Full UC, b) half UC and c) 1/16th UC voxel models, modelled with voxel size of 0.01 (purple tow in weft direction)

[bookmark: _Ref310265396][bookmark: _Toc315743973]Table 21 – In-plane stiffness moduli calculated for a plain weave UC and associated rUCs
	Model
	# elements
	Stiffness modulus (weft)

	Full UC
	705600
	19.33

	 rUC
	352800
	19.33

	 rUC
	44100
	19.33



Stiffness results from the unit cell sizes analysed show as expected that there is no impact on the predicted material stiffness when using a rUC instead of a full UC model (Table 21).  This enables the use of any type of reduced unit cell (be it trUC, using only translations, or complete rUC, being the smallest including rotations) knowing it will give reliable stiffness predictions.  The potential reduction in the number of elements required in the model is the area that sees most benefit, with required element number reduced by 93.75% in this case through rUC use.  The reduction when using a trUC is less, however still significant at 50%.  The size of the reduction will vary with weave geometry, as the trUC/rUC size depends on the type of UC reduction possible for any given geometry dependent on internal similarities and symmetries.  All reductions are dependent on implementation of the appropriate complex PBCs as described in Section 5.4.3.

Mesh Refinement Convergence
Refinement convergence testing was carried out using a 1/16th rUC, as tested in Section 6.1.1.1, as it has shown to be acceptable for use.  The smaller UC size allows for an increased refinement level whilst keeping the model size suitable for creation on a desktop PC (a similarly refined full UC such as Figure 101a would contain 45 158 400 elements, and would have been impossible to model without the use of distributed computing resources).  Only finite refinement levels exist for any given model, as it is necessary for the length of each domain dimension to be exactly divisible by the voxel edge length.  3 models have been generated to test refinement stiffness convergence, with voxel sizes of 0.01, 0.005 and 0.0025 (Figure 102).

[image: ]
[bookmark: _Ref310364453][bookmark: _Toc315743878]Figure 102 – 1/16th UC with refinement from a) coarse (0.01 voxel size), b) medium (0.005 voxel size) to c) fine (0.0025 voxel size)

[bookmark: _Ref310364551][bookmark: _Toc315743974]Table 22 –Stiffness moduli results for different refinements of a plain weave rUC
	Voxel size
	# elements
	Stiffness modulus (weft)

	0.01
	44 100
	19.33

	0.005
	352 800
	19.33

	0.0025
	2 822 400
	19.33



For all refinement levels tested, the stiffness recorded for the rUC has remained constant, illustrating no mesh size dependency when analysing woven material unit cells, shown in Table 22.  Therefore, the use of an adequate refinement to capture any geometric details should be used, but there is no need for further refinement beyond this level to achieve correct material stiffness predictions. 

Technique Comparison
Based on previous test cases, a final plain weave model based on geometry specified by Jiang et al.[30] (Figure 99) has been created, using a 1/16th rUC, smoothed with 10 iterations, modelled with a voxel size of 0.001, creating a model containing 44 100 elements (Table 23 also includes a full UC for comparison).  This will enable comparison of voxel generated unit cells to those created using traditional meshing techniques (hex- element tows and tet- element matrix mesh), as well as the DST technique developed and presented in Jiang et al[30].

[bookmark: _Ref309831602][bookmark: _Toc315743975]Table 23 – UC moduli for plain weave FE models
	
	Voxel Models
	DST [30]
	Traditional FE [30]
	Rule of Mixtures

	
	Full UC - 705600 elements
	rUC – 44100 elements
	
	
	

	 (GPa)
	19.33
	19.33
	19.29
	19.21
	25.4

	 (GPa)
	19.33
	19.33
	-
	-
	25.4



The voxel meshing technique has predicted in-plane stiffness values for the plain weave geometry expressed above within 1% of that achieved by a standard finite element mesh, and almost identical to the value predicted by DST.  All are significantly lower than the RoM predicted values, as expected, given that no tow undulations were included within the RoM calculations.  With a weave where every tow is subject to undulations, it difficult to capture any semblance of true geometry with such a crude analytical analysis measure.  For the RoM calculation, the tows were presumed to run orthogonally straight through the UC, with no in-plane movement at all.
The number of elements used in the rUC voxel model is limited by the requirement of exact division of the UC domain dimensions, hence appears significantly larger than the number of elements used within the DST model.  The DST model uses 6923 elements compared with 44 100 voxel elements (6.4 times as many), and traditional FE has 23430 (1.9 times as many).  Adjustment of the domain size to 1.7x1.7x0.25, if appropriate (depending on physical size of UC and measurements made of panels) would allow use of a coarser voxel size of 0.025, resulting in a rUC containing 2890 elements (2.4 times fewer than DST, and 8.1 times fewer than the traditional finite element model).
However, whilst it is of advantage to reduce the number of elements within the analysis in order to increase the speed of analysis, no information is given by Jiang et al. as to the runtime of any DST models.  The time penalty associated with additional DST constraints is unknown, and hence it is difficult to identify whether the significant reduction in element number compared to either the voxel technique or traditional finite element analysis is beneficial.  The use of a rUC has however reduced the total element count to 6.25% of the initial value, had a full UC of the same refinement been used.
Although this reduction technique could be applied directly to either traditional FE meshing or DST to reduce their model sizes, correctly arranging and ordering nodes within commercial FE packages is challenging and time-consuming compared to the automatic system implemented using the voxel mesher.




[bookmark: _Toc329878997]3D Weaves
[bookmark: _Ref302683966][bookmark: _Toc329878998]Angle Interlock Weave
An angle interlock (AI) weave presented by Mahadik et al. [38] (also discussed in Section 2.3.3, Figure 16) has been modelled using the voxel method combined with a reduced unit cell.  A unit cell has been chosen that ignores the surface effects of the material, and looks at the material structure deeper within the sheet, similar to analysis of a central ply within a 2D woven structure.  Figure 103 shows how the rUC is chosen from the idealised structure.  If no weave deformities or tow deviations were included, this would represent an appropriate rUC for analysis, given correct boundary conditions to rotate the weft direction alignment.  

[image: ]
[bookmark: _Ref302130100][bookmark: _Toc315743881]Figure 103 – Angle interlock weave schematic, highlighting a potential rUC (red box, tessellated to indicate periodic nature), and the associated changing in-plane orientation required.

However, when looking at weft tow distribution, it is clear that there is not a uniform distribution of tows (Figure 104), and that when these tow rotations and misalignments are modelled (Figure 105), the initial reflective symmetry assumption is incorrect.  As per the initial definitions used in Section 2.1.1, this argument leads towards the modelling of a RVE, rather than a traditional UC/rUC.  It is therefore necessary to expand the initial rUC to incorporate the newly identified periodic unit.  Offsets are still used to reduce the model where appropriate, as shown in Figure 106.  For all finite element analyses of this model, rUC PBC translational offsets of  and  are used.

[image: ]
[bookmark: _Ref302130070][bookmark: _Toc315743882]Figure 104 – Actual distribution of weft tows seen on a micrograph x-z slice through an angle interlock panel [38].  Tow outlines added to aid structure identification.

[image: ]
[bookmark: _Ref302130050][bookmark: _Toc315743883]Figure 105 – Angle interlock weft tows (with periodic units highlighted in red boxs) in a) idealised model rUC and b) misaligned RVE

[image: ]
[bookmark: _Ref302130019][bookmark: _Toc315743884]Figure 106 – Angle interlock weave schematic highlighting RVE required to include weft tow misalignments (yet still utilising rUC concepts through x-y plane offsets to minimise model size)

[image: ]
[bookmark: _Ref301448386][bookmark: _Toc315743886]Figure 107 – Angle interlock weave node positions (all weavers are duplicates, offset through thickness)

The final RVE model geometry is detailed in Figure 109 and Figure 107 and associated Table 24 and Table 25.  Both smoothed and unsmoothed models were run (Figure 108), with a range of smoothing iterations applied – 0, 5 and 10.  In all cases, the voxel size used was 0.02, and the total fvf of the RVE is 0.33.  This is towards the lower end of potential fvfs recorded by Mahadik et al. [38], but within the standard manufacturing range for a weave of this style.  Table 26 shows the material properties used in the 3D woven FE models, with an average tow fvf of 0.7 assumed throughout.  All models were subject to a homogenised strain of 2.5% individually in each direction, to calculate both in-plane and out-of-plane global RVE stiffnesses.

[image: ]
[bookmark: _Ref301448416][bookmark: _Toc315743887]Figure 108 – Angle interlock voxel RVE

[bookmark: _Ref301448495][bookmark: _Toc315743977]Table 24 – Node locations for weaver specification in angle interlock weave (dimensions labelled in Figure 107)
	Node
	 co-ordinate
	 co-ordinate

	
	0
	0.5

	
	0.5
	0.45

	
	1.07
	0.31

	
	2.08
	0

	
	3.09
	-0.31

	
	3.66
	-0.47

	
	4.16
	-0.53



[bookmark: _Ref301448491][bookmark: _Toc315743976][image: ]
[bookmark: _Ref301448366][bookmark: _Toc315743885]Figure 109 – Angle interlock RVE geometry description

[bookmark: _Ref315802431]Table 25 – Geometry parameters for angle interlock weave (locations shown in Figure 109)
	Parameter
	Value

	
	1.94

	
	8.32

	
	0.66

	
	0.6

	
	0.3

	
	0.98

	
	0.175

	
	0.65

	
	0.15

	Offset
	0.63



By running the model with a range of smoothing applications, it allowed us to see the limits of achieving improved surface matching with element distortion.  Table 27 shows calculated stiffness moduli from the voxel models with basic rule of mixtures calculations for comparison.  Rule of mixtures stiffnesses are calculated according to 

	
	[bookmark: _Ref311417369][bookmark: _Ref313591249](91)

	
	[bookmark: _Ref302870075][bookmark: _Ref313591251](92)

	
	[bookmark: _Ref302870076][bookmark: _Ref313591253](93)



where ,  and  are the volumes of tows in the respective ,  (in-plane) and  (through-thickness) directions and  and  are the longitudinal and transverse stiffness moduli of the tows (adjusted for the correct tow fvf).  Warp and weft tows were assumed to be straight and in-plane, with no misalignment.  Incorporation of stiffness from the angled binder tows is handled under the assumption of contributions to  and .
Experimental data [81] has also been obtained for an AI weave and can be used as a guideline, however the exact nature of the AI style used for these samples is not known, therefore too close a comparison is not justified.
Variable fvf was calculated using a 4th order polynomial function based on data presented in Section 4.9, as no improved measurements could be obtained from the micrographs.



[bookmark: _Ref229385654][bookmark: _Toc315743978]Table 26 – Material inputs for angle interlock FE models 
	
	 (GPa)
	 (GPa)
	 (GPa)
	
	
	
	 (GPa)
	 (GPa)
	 (GPa)

	Fibres
	220
	13.8
	13.8
	0.2
	0.47
	0.47
	9
	9
	9

	Matrix
	2.89
	-
	-
	0.33
	-
	-
	-
	-
	-



[bookmark: _Ref229065733][bookmark: _Toc315743979]Table 27 – Angle interlock RVE elastic properties
	
	Voxel (# smoothing iterations)
	Rule of Mixtures
	Experimental [81]

	
	0
	10
	
	

	 (GPa)
	42.57
	42.07
	48.1
	65.99

	 (GPa)
	33.39
	32.86
	38.9
	49.42

	 (GPa)
	5.99
	5.99
	6.45
	-



The UC stiffness predicted by the voxel models show lower than the simplistic predictions of the rule of mixtures, 11% and 14% in in-plane directions, and 7% through thickness. This is an expected outcome as rule of mixtures does not accurately take into account tow undulation and distortion that has been included within the voxel model in the in-plane directions, and is increasingly obvious in the warp () direction, where the greatest misalignment levels have been recorded.  Through the thickness of the panel, an over-prediction of  using RoM has occurred due to the assumption of constant angled binder tows.  No consideration has been given for regions in which the binder changes directions (where there is little significant through-thickness contribution to stiffness).
The relatively low fvf modelled here is likely to be responsible for the lower stiffnesses of the panel compared to those achieved experimentally, as commonly panels are manufactured with >50% fvf.  Improvement and more accurate representations of tow waviness and misalignments in particular are likely to be regions in which the finite element models can be improved in order to more realistically capture woven material behaviour, as this will allow improved compaction of tows, and modelling of panels with higher fvf.
Improvement of fvf could also be achieved for this weave by improved cross-section representation for weft tows.  When observations are made of the weave cross-sections, it is clear that while warp tows and binders may be adequately represented by high aspect ellipses, the weft stuffer tows have a more ‘square’ profile (Figure 16), which would increase the weft tow volume and overall UC fvf if improvements to the cross-section profile were made.
When designing a 3D weave, it is common for equal volumes of warp and weft stuffers to be included, in a similar manner to creating a balanced 2D weave (such as a standard plain, twill or harness satin 2D weave, all of which are balanced).  However in 3D weave cases, contributions from the binder to the in-plane weft direction stiffness results in an imbalanced swing in stiffness towards the weft direction.  Much of this imbalance is due to the weft binders, although there is also an imbalance contribution from the warp tows due to their misalignment.  Table 28 details the levels of imbalance recorded for the angle interlock model used in this section, for the voxel finite element models, the corresponding rule of mixtures calculations, and experimentally obtained AI stiffnesses.  Although the higher fvf of the experimental weave panel results in higher stiffnesses and hence the difference in actual stiffness between in-plane directions cannot be compared, it is still interesting to compare the percentage of in-plane imbalance recorded.

[bookmark: _Ref310262081][bookmark: _Toc315743980]Table 28 – Angle Interlock weave imbalance
	
	Imbalance (MPa)
	Imbalance (%)

	Experimental
	16.57
	25%

	RoM
	9.2
	19%

	Voxel
	9.19
	22%



From Table 28, an imbalance of 25% recorded experimentally has been closely approximated by the voxel models.  Further improvements of tow undulation modelling, both for binders and warp stuffers, is likely to increase this imbalance towards the experimentally obtained value.  Comparison with rule of mixtures results shows a lower predicted imbalance, due to both previously mentioned errors in approximation of binder paths and lack of misalignments.  The extent to which both of these contribute to this difference is unknown, although given the size of the differences between RoM and voxel results for in-lane stiffness is similar, they are both likely to have significant contribution.
Looking further into failure modelling, it will also be necessary to include resin dry areas of the weaves that occur, as well as existing micro-cracks which may develop during the curing process as there is potential for these to act as initiation sites for failure.

[bookmark: _Ref312291665][bookmark: _Ref313591002][bookmark: _Toc329878999]Orthogonal Weave
The orthogonal weave modelled in the following section is based on a panel created by Dowty propellers  for the IPSoFACTo project [62].  It consists of straight warp and weft tows, with a binder passing through the complete thickness of the panel at intervals of 4 tows, without weaving whilst in-plane (hence the naming of the weave as ‘orthogonal’ due to the nature of the binder geometry).  Figure 110 shows the idealised form of the weave, with a potential rUC identified by the red box.

[image: ]
[bookmark: _Ref302426286][bookmark: _Toc315743888]Figure 110  – Orthogonal weave schematic with marked rUC

Based on the idealised structure, it would be possible to model a small volume of the UC.  However, looking at images taken of the final composite panel once the dry weave has been infused with resin, it is clear that there is a marked difference between idealised and actual geometries.  In the same manner as the angle interlock weave in section 6.2.1, it is not possible to create the UC identified in Figure 110 if variations in weft yarn paths are included.  Therefore an RVE must be chosen that covers these periodic misalignments.  Figure 111 and Figure 112 show deviations of warp and weft tows from their original orthogonal orientations.  The warp tows are forced to deflect around the binders as the binders descend, as can be seen by the increase in gap between warp tows in the areas where the binder moves out of plane.  If not modelled, the overall width of the warp tows would have to be reduced to prevent interpenetration of warp and binder tows.

[image: ]
[bookmark: _Ref302684041][bookmark: _Toc315743889]Figure 111 – Orthogonal weave warp tows showing misalignments, with orthogonal panel surface for comparison

In the same manner, misalignments in the weft tows occur where they are pulled together as the binder constricts them.  This also results in a large gap between tows where there is through thickness binder movement.  This is partially filled by a small increase in the width of the tows in this area (shown in Figure 112 as the orange and blue tows), but results in a large resin rich volume to the left of the blue tow.  This resin rich region can be seen repeatedly on the surface of the orthogonal panel.

[image: ]
[bookmark: _Ref302684048][bookmark: _Toc315743890]Figure 112 – Orthogonal weave weft tows showing misalignments, with orthogonal panel surface for comparison

Figure 113 shows the variation in thickness of a binder tow as it moves through the thickness of the panels, and the approximation possible using variable tow cross-sections along the length.  

[image: ]
[bookmark: _Ref302684021][bookmark: _Toc315743891]Figure 113  – Orthogonal weave binder showing variable cross-sections (created with voxel modeller in blue), with orthogonal panel cross-section for comparison

The final RVE is shown schematically in Figure 114, and as a geometric model of yarns in Figure 115.  The rUC translational PBC offset values used in all orthogonal models are  and .

[image: ]
[bookmark: _Ref302684060][bookmark: _Toc315743892]Figure 114 – Schematic of orthogonal weave highlighting RVE required to include weft tow misalignments (yet still utilising rUC concepts through x-y plane offsets to minimise model size)

[image: ]
[bookmark: _Ref302684067][bookmark: _Ref302685242][bookmark: _Toc315743893]Figure 115 – Final RVE modelled with voxel modeller, shown on top of orthogonal panel image

A voxel model has been created from the geometry shown in Figure 115.  Variable fvf has been included across the tow cross-sections, with an average fvf of 0.7 within each tow.  As with the angle interlock weave, due to difficulty in reading precise vfvf variation from the images available, the same vfvf distribution data (Section 4.9) has been used to calculate the cross-sectional fibre distribution.  Full material inputs are shown in Table 29.  The voxel size used is 0.1, and the final voxel model is shown in Figure 116.

[bookmark: _Ref302685179][bookmark: _Toc315743981]Table 29 – Material inputs for orthogonal FE models 
	
	 (GPa)
	 (GPa)
	 (GPa)
	
	
	
	 (GPa)
	 (GPa)
	 (GPa)

	Fibres
	220
	13.8
	13.8
	0.2
	0.47
	0.47
	9
	9
	9

	Matrix
	2.89
	-
	-
	0.33
	-
	-
	-
	-
	-



[image: ]
[bookmark: _Ref302685375][bookmark: _Toc315743894]Figure 116 – Final voxel model of orthogonal weave

To calculate both in-plane and through thickness RVE stiffness, the model in Figure 116 was analysed under 3 different loading conditions, each with a strain of 2.5% in a different direction.  Comparisons have again been undertaken against a rule of mixtures calculation, produced using Eq. (91), Eq. (92) and Eq. (93).  Warp and weft tows are assumed to have no misalignments and the binder tows are assumed to travel simply horizontally and vertically (no curvature in transition regions between in-plane and out-of-plane positions).

[bookmark: _Toc315743982]Table 30 – Orthogonal weave RVE elastic properties
	
	Voxel (# smoothing iterations)
	Rule of Mixtures

	
	0
	10
	

	 (GPa)
	41.41
	40.56
	43.0

	 (GPa)
	38.93
	38.17
	41.1

	 (GPa)
	6.07
	6.07
	5.72



The UC stiffness predicted by the voxel models show lower than the simplistic predictions of the rule of mixtures, 4% and 5% in in-plane directions, and 6% through thickness.  Overall, the levels of geometry distortion included in this orthogonal model are larger in both warp and weft directions than those implemented in the AI model in section 6.2.1.  This is illustrated by the increased discrepancy between voxel and RoM stiffness measurements.  The higher percentage differences between RoM and voxel predicted in-plane stiffnesses are therefore expected. 
As there are no significant angular or complex paths taken by the binder tows, there is a very close match between the rule of mixtures and voxel predicted through-thickness panel stiffness.
Although significant tow deviations have been included, the fvf of the panel modelled is still at the low end of panels commonly manufactured (~32%).  There is scope to significantly improve this value to achieve better predictions for higher fvf panels, and to improve the modelling of compacted tows and further tow deformations.

0. [bookmark: _Toc329879000]Obtaining Improved Weave Geometry Information
Although measurements for construction of the RVE were taken directly of surface images of the orthogonal infused panel, within the voxel models there are still large resin rich regions in undesired areas.  This is not a limitation of the voxel meshing process, but an inherent problem with gathering of infused weave geometry information from microscopic observations, and it is likely due to an incorrect cross-sectional tow area and a lack of compaction of the weave.  It is harder to model highly compacted weaves with the correct cross-sections without interpenetration, and through the use of a single cross-section type.  The variation of cross-section, although modelled in many instance as a change in elliptical parameters or rotation, may not be flexible enough to deal with areas of warp/weft interference and the resulting non-regular cross-sections that have no corresponding simple geometric representation.  
Although the solid geometry has been matched well with the weave surfaces, within the weave structure there may be deformities not visible which have not been modelled to enable adequate weave compaction.  To improve the solid geometry model (to bring it closer in line with the expected constituent fractions), it will be necessary to identify tow geometries in greater detail.  This can be done through techniques such as CT scanning of samples, or through microscopy imaging of a UC/RVE at a range of intervals through the thickness of a sample.  Compilation of these images can then result in the establishment of a solid geometry model which is inclusive of an improved interior RVE structure.  This technique is called serial sectioning.
As no 3D woven panel samples were available to image and assemble for a solid geometry, serial sectioning has been applied to a 2D woven unit cell as a test case, to establish the feasibility of the technique on composite UC samples using simple microscopy.  Figure 117 shows an example section of the specimens used.

[image: ]
[bookmark: _Ref302956326][bookmark: _Toc315743895]Figure 117 – Polished surface section of a potted weave specimen showing surface notches and reference rods

The sample has been polished and imaged at 0.5mm intervals through the UC.  To make sure the images were all correctly lined up when being assembled, some reference marks were added.  These consisted of fine pencil leads set into notches in the specimen surface.  This gave a number of constant points throughout the depth of the UC, allowing a fixed co-ordinate system to be established in each image.  This allowed accurate alignment of all images taken.  A software package called SurfDriver [82] has been used to reassemble the images.  Tows were identified and outlined manually, with SurfDriver handling the interpolation between the same identified regions on each image.  The final reconstructed UC is shown in Figure 118.

[image: ]
[bookmark: _Ref302956875][bookmark: _Toc315743896]Figure 118 – 3D geometric representation of a 2D woven UC reconstructed from image slices

Although the technique is time-consuming, in situations where it is not possible to CT scan a sample, serial sectioning presents a viable alternative to information gathering about the interior geometry of a woven UC. 
[bookmark: _Toc329879001]
Conclusions
The Voxel modelling approach has demonstrated the ability to automatically model different 2D and 3D woven composite architectures. This includes mesh generation, material orientation, tow surface identification and definition of periodic boundary conditions, i.e. all information needed for finite element analysis.  Mesh smoothing has produced an improved tow/matrix interface, without the need for complex mesh adjustments or large changes in fibre volume fraction.  
Results achieved for 2D weaves have shown good correlation with those results achieved through other meshing methods where the geometry used has been simple to represent with basic tow cross-sections and simple, orthogonal tow paths.  Stiffnesses have been matched for plain weave unit cells[30] to within 1%.
Results achieved for 3D weaves have shown reasonable correlation with analytically calculated rule of mixtures approximations, although the modelling of idealised (albeit improved) weave architecture has resulted in lower fibre volume fraction unit cells, and hence lower stiffness measurements than have been recorded experimentally.  The speed with which the model runs allows faster generation of full 3D woven composite FE models (in Abaqus), and the analysis time itself can also reduced in comparison to traditional meshing models due to unit cell reduction and automatic implementation of simple equation-based PBCs.
Although many misalignments of tows have been included within 3D weave models, there is still a significant difference in the overall fvf of the unit cells analysed.  In order to improve the accuracy of the UC geometries to increase tow compaction/UC fvf, it is necessary to further interrogate samples of woven panels to retrieve detailed information regarding the internal structure of the UCs.  As illustrated here, micrograph images used to produce voxel models in the above work have proved to be insufficient at capturing details other than at distinct points within a UC, or the panel surfaces, whose tows may be subject to peculiar distortions due to their surface location.  Serial sectioning through the use of simple micrograph sections has proved to be a useful technique that can be used to obtain internal UC geometry, using commonly available apparatus.


[bookmark: _Toc329879002]Woven Composites – Failure Modelling
[bookmark: _Toc329879003]Introduction
As mentioned in the general discussion on 3D woven composites, one of the major benefits of the additional through-thickness reinforcement that 3D weaves provide is improved failure and post-failure performance.  This makes them potentially useful in many situations where integrity of a structure is paramount, even after a high energy impact or other structural failure cause.  However, to fully utilise these materials to their maximum, we must have an understanding of their performance, strength and their limitations regarding both initiation and propagation of damage through the material at all scales.  Due to the nature of their reinforcement structure having any desired fibre orientation at any point in the unit cell, physically based failure criteria for woven composites are virtually non-existent.  This emphasises the need to mesh these reinforcements explicitly and accurately, to allow the application of microscale-based models.  Applying these micro-scale modelling techniques to meso-scale models allows the expertise and understanding from many years of research to be applied to any unit cell.  By treated each element within a woven tow as a single extract of a UD composite material aligned according to the unique element orientation, a complex, direction changing tow can be subject to damage analysis according to any desired failure criteria. 
At the micro-scale, failure of an individual fibre or cracks within a matrix region can be analysed using a variety of methods.  Damage analysis uses either stress and energy based failure criteria for a range of failure modes to determine both the mode and location of failure within a model (in-plane location as well as the particular lamina which has failed).  Calculation of damage propagation within a unit cell volume is the eventual aim of this framework development.  Preceding full damage propagation however, it is first important that the initiation predictions are correct to enable correct propagation predictions to be made, hence only failure initiation predictions are generated in this chapter.  The potential for expansion remains, once confident results for initiation can be made.

[bookmark: _Toc329879004]Failure Modes
In order to apply an existing UD based damage model to woven geometries, the model used must be capable of damage analysis in a triaxial stress state, rather than many who assume only in-plane effects.  While this may be suitable in single plies and laminates subject to only in-plane loads, it is not suitable when element orientations are potentially orthogonal to the loading direction.  Furthermore, the use of a physically based damage model allows all expert knowledge of failure processes at the microscale to be applied to meso-scale models, simulating real physical interactions while retaining all detail about the modes and directions of failure at any point within a woven UC model.  It also allows for the inclusion of damage mode based failure analysis, where a range of physical mechanisms can be modelled to detect different failure modes that are seen to occur in experimental samples under different loading conditions.
Fibre tensile failure is perhaps the mode of failure which is mitigated most by enhancements in weave structure.  Normally, UD or 2D woven panels which experience fibre tensile failure are considered to have failed catastrophically, and potentially dangerously, with disintegration and splintering of material common due to the large amount of energy released upon failure.  Figure 119 shows a panel where fibre tensile failure has occurred [83].   

[image: ]
[bookmark: _Ref313927257][bookmark: _Toc315743897]Figure 119 – Failed CFRP specimens showing fibre tensile failure, and disintegration of material due to rapid brittle fracture[83]

In many conditions, this disintegration of material is unacceptable, such as in a turbine compressor where solid material passing through the rest of the engine may cause explosive failure of the entire system.  Through-thickness binder tows act to hold constituents of the panel together, improving post-failure panel integrity.

Fibre compressive failure is normally witnessed within composites as kink bands forming in regions of initial fibre misalignment to the loading direction.  Figure 120 shows the development of a kink band from initial defect to full development as the compressive failure propagates through the panel [84].  Their development is related to shear failure of the matrix in regions around the fibres, leading to localised buckling of the fibres and eventual fibre failure.

[image: ]
[bookmark: _Ref313928096][bookmark: _Toc315743898]Figure 120 – Kink band development starting with a) misalignment of fibres through to e) full kink band formation in loaded compact compression specimen [84]

Matrix tensile failure results in a fracture plane perpendicular to the loading direction, and can result in fibre splitting at this fracture surface, as shown in Figure 121 [85].

[image: ]
[bookmark: _Ref313927567][bookmark: _Toc315743899]Figure 121 – Matrix tensile failure visible as transverse cracks across the specimen width.  Crack density is related to specimen thickness  [85]

Matrix compressive failure is governed by the shear behaviour of the resin used, and results in failure surfaces at an angle to the loading direction (Figure 122 [86]).  This angle can be predicted through use of the Mohr-Coulomb law to identify the plane of maximum shear stress and contributing normal stress due to friction, and commonly results in fracture planes of 53° in many modern technical fibre/resin systems [87, 88].

[image: ]
[bookmark: _Ref313927009][bookmark: _Toc315743900]Figure 122 – Matrix failure caused by shear stresses developing under uniaxial compression, with a clear 53°  angle of fracture plane visible [86]

Delamination is normally associated with a reduction in bending stiffness of laminated panels due to inter-laminar failure (Figure 123[89]), and as such is not directly applicable to 3D woven composites.  However, delamination effects at the tow/matrix interface can be captured using techniques similar to that of inter-laminar delamination, such as cohesive elements or cohesive contacts, if desired.  The presence of through-thickness reinforcement can also halt the progress of delamination, as shown in Figure 123 using z-pin reinforcement [89].

[image: ]
[bookmark: _Ref313927380][bookmark: _Toc315743901]Figure 123 – Delamination spreading between layers of a laminated composite, reinforced by z-pins [89]

[bookmark: _Toc329879005]The LaRC Failure Criteria
A number of potentially suitable candidates exist for application to voxel UCs[80, 86, 88, 90-92].  On comparison of failure envelopes generated by these models, it can be seen in 
Figure 124 that both LaRC04[86] and Puck et al. [88] achieve good agreement with experimental results for biaxially loaded specimens in the  stress plane.

[bookmark: _Ref314011833][image: ]
[bookmark: _Toc315743902]Figure 124 –  failure envelopes and WWFE test data for unidirectional composite
E-Glass/LY556 [86]

Improvements made to LaRC04 [86] and implemented in LaRC05[80], in particular to fibre kinking models by Gutkin et al.[93] have resulted in improvements in the failure envelope predictions.  The criteria is able to differentiate between regions of fibre compressive failure (as a result of high shear stresses) and failure regions related to kinking/splitting failure under combined shear/compressive loading.  It is also able to capture non-linear behaviour in regions of high shear better than other existing criteria with a physical kinking model basis[93] when the plastic response of the matrix is altered.
Comparisons of experimental results and analytical stress predictions by a range of models show that LaRC05 is able to predict well stress interactions between direct and shear stresses to produce an improved failure envelope compared to other existing criteria.
The LaRC failure criteria allows prediction of failure initiation within fibres and matrix in both tension and compression, using physically based criteria to predict instances of fibre tensile failure, kinking and splitting failure and matrix shear failure[80, 86].  Implementation and integration with commercial finite element programs is possible using either implicit or explicit user-subroutines as user-defined materials or user-defined damage criteria, where appropriate.  Within Abaqus, explicit implementation of LaRC05 using *vumat and implicit implementation using *umat are available for use within the voxel framework.  It is also possible to use an implicit implementation alongside *damage initiation as an alternative method to predict damage initiation in Abaqus releases past 6.11.  For all output variables, failure is predicted when .
The failure criterion for fibre tensile failure ( is given by Eq. (94), as simply a maximum stress criteria based on the longitudinal stress in the element and its stated longitudinal tensile strength ().  The output variable for this type of failure is SDV11.  An example of fibre tensile failure applied to a simple tow is shown in Figure 125. In this model a tensile load was applied longitudinally.
	
	[bookmark: _Ref313896490](94)
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[bookmark: _Ref313896722][bookmark: _Toc267332849][bookmark: _Toc267334631][bookmark: _Toc315743903]Figure 125 – Example of fibre tensile failure initiation using LaRC

When tows are subject to compression, fibre splitting and kinking criteria are used to predict failure.  The same criterion, shown in Eq. (95) is used to predict both splitting and kinking failure. The distinction between the two is based on the magnitude of longitudinal compressive stress  with  for splitting and  for kinking where  is the longitudinal compressive strength. With respect to Eq. (95),  denotes shear stress in a given direction,  denotes the in-situ transverse shear strength and  denotes the in-situ in-plane transverse tensile strength, with  representing shear strength slope co-efficients.  The output variables for fibre kinking and splitting are respectively SDV9 and SDV10.  Figure 126 shows an example of fibre kinking predictions in a simple tow.  Compression was applied longitudinally. 
	
	[bookmark: _Ref313897203](95)
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[bookmark: _Ref313901973][bookmark: _Toc267332850][bookmark: _Toc267334632][bookmark: _Toc315743904]Figure 126 - Example of fibre kinking failure using LaRC

Matrix compressive failure is predicted by the failure criterion given in Eq. (96), and can be seen in output data variable SDV8. With respect to Eq. (96),  denotes shear stress within the model, and  the normal component of stress.  Figure 127 shows an example tow subject to longitudinal compression, resulting in compressive matrix failure.
	
	[bookmark: _Ref313902156](96)
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[bookmark: _Ref313902382][bookmark: _Toc267332848][bookmark: _Toc267334630][bookmark: _Toc315743905]Figure 127- Example of compressive matrix failure using LaRC

[bookmark: _Toc329879006]2D Woven Failure Modelling
[bookmark: _Ref314669172][bookmark: _Toc329879007]2x2 Twill
The material investigated here is a 2x2 twill weave, modelled using a 1/4th rUC. The rUC domain dimensions are 2.091×2.091×0.459, with both tows and matrix regions shown in Figure 128.  To permit the use of a rUC, rotationally symmetric PBCs have been used with this model to apply a compressive load to the rUC under quasi-static conditions, along the global  direction.

[image: ]
[bookmark: _Ref310438036][bookmark: _Toc315743906]Figure 128 – 2x2 Twill 1/4th rUC showing a) matrix region and b) woven tows

Analyses were conducted using two different voxel refinements. An initial coarse mesh was created, using a voxel edge length of 0.051 (15129 elements).  The second was more refined, with a voxel edge length of 0.0255 (100860 elements).

Material Information
The material modelled for the matrix was characterized by the manufacturer properties, whereas the tow was a homogenization of the fibre and matrix properties, with an assumed fvf of 60%.  Tow elastic properties are given in Table 31, with parameters used for the LaRC05 subroutine given in Appendix B.

[bookmark: _Ref310566992][bookmark: _Toc315743983]Table 31 – Orthotropic material properties for tows
	Fibre Direction
	 (GPa)
	 (GPa)
	

	11
	165
	-
	-

	22
	8.4
	-
	-

	33
	8.4
	-
	-

	12
	-
	5.6
	0.34

	23
	-
	2.8
	0.5

	31
	-
	5.6
	0.34



For the matrix, an elastic-plastic model was used. According to work conducted by Vyas et al.[94], the matrix behaviour can best be defined by an isotropic elastic behaviour and by a Drucker Prager plasticity model, exhibiting pressure dependent plasticity variation.
The elastic behaviour is defined by the modulus of elasticity and the Poisson ratio.
The Drucker Prager plasticity model was defined by the dilatation angle ψ, the flow or yield stress ratio κ and the angle of friction β and an associated hardening law. 
This hardening law is defined by the plastic part of the material’s stress-strain curve, taking the first point of definition as the matrix yield stress. The stress-strain curve of the material was obtained by extrapolation based on the shape of the stress-strain curves of similar materials.

[bookmark: _Toc315743984]Table 32 – Matrix material properties, including Drucker-Prager plasticity information
	[bookmark: _Toc267333081]Property
	Property value

	
	3.760 GPa

	
	0.39

	
	23.0031

	
	0.778

	
	23.0031

	
	Stress (MPa)
	Yield (MPa)

	Drucker Prager Hardening Data
	39.48
	0

	
	82.5659
	1.15

	
	133.473
	2.55

	
	179.406
	3.95

	
	210.781
	5.15

	
	230
	6.35



[bookmark: _Toc266279366][bookmark: _Toc267332864]FE Solver Information
The choice of the numerical solver was determined by the failure criterion used. Since LaRC05 was initially developed for an explicit finite element solver, the Abaqus/Explicit package was used, and a quasi-static analysis performed.
An explicit dynamic analysis uses a large number of small time increments with reduced computational cost. It uses an explicit central-difference time integration rule[55]. The explicit analysis is conditionally stable, which means that the size of the time increment must be taken into account. Stability can be achieved by decreasing the time increment to a smaller value than the time required for a dilatational wave to cross every single element in the mesh. However this process of stabilization is not as straight forward as it may seem.  Stabilising the analysis of both twill weave models proved to be a difficult task (an example of the instabilities occurring is shown in Figure 129), and one which is likely to become harder with increasingly intricate, larger models (such as those of the previously generated 3D weaves).

[image: Explicit_dist.png]
[bookmark: _Ref310519335][bookmark: _Toc267332866][bookmark: _Toc267334637][bookmark: _Toc315743907]Figure 129 - Example of distortion due to instability of the explicit analysis when analysing a 1/4th twill rUC

[bookmark: _Ref310952898]Results
Figure 130 (coarse mesh) and Figure 131 (refined mesh) show the longitudinal (S11) stress component in the tows. This component is given in the local coordinate systems of each tow. 

[image: Imagem40]
[bookmark: _Ref310520616][bookmark: _Toc267332868][bookmark: _Toc267334638][bookmark: _Toc315743908]Figure 130 - S11 stress results for 2x2 twill voxel model (coarse)

[image: Imagem41]
[bookmark: _Ref310520618][bookmark: _Toc315743909]Figure 131 - S11 stress results for 2x2 twill voxel model (refined)

Two different smoothing iterations are compared for each refinement level. Stress concentrations at the steps originated from the voxel meshing can be clearly observed in the top tow, and are highlighted in the figures. On the coarse model, the use of the smoothing algorithm has not shown a decrease on the stress concentration, contrarily, it shows an increase of the minimum stress in magnitude (indicating an increase of the maximum compressive stress recorded).
In Figure 131, for a finer mesh refinement, the same two smoothing iterations have been compared. The tows exhibit similar behaviour as their coarser counterparts. However in Figure 131 the stress across each tow is more homogeneous. With this mesh refinement there are some larger differences between no smoothing and smoothing, seeing that the magnitude of the minimum stress with smoothing is less than without smoothing (Table 33). Both results of the smoothed models might be, however, quantitatively questioned as it was very difficult to stabilize the models. Figure 130 indicates a single particular element across which there appears to be a large compressive stress gradient containing this maximum compressive stress, which may indicate a numerical basis to the outcome of the peak stress changes seen.
The stress concentrations seen at voxel steps are caused by two factors: mesh coarseness and geometry inaccuracy.  It is seen that by increasing the mesh refinement the concentrations decrease in number even if the magnitude may be larger. When increasing the number of smoothing iterations, the stress concentrations decrease for more refined meshes, but have shown to increase on coarser models, if only due to numerical stability issues. Nevertheless, neither further mesh refinement nor increasing smoothing iterations can completely remove the stress concentrations. 




[bookmark: _Ref311596060][bookmark: _Toc315743985]Table 33 – Variation of maximum compressive stress with smoothing on a 2x2 twill weave, for different voxel sizes
	Voxel size
	# smoothing iterations
	Maximum compressive stress (MPa)

	0.051
	0
	-450

	0.051
	5
	-500

	0.051
	10
	-533

	0.051
	15
	-569

	0.0255
	0
	-750

	0.0255
	5
	-682

	0.0255
	10
	-627

	0.0255
	15
	-583



[image: ]
[bookmark: _Toc315743910]Figure 132 – Effect of smoothing on compressive stress within 2x2 twill voxel models of different refinements

[image: Imagem42]
[bookmark: _Ref310521333][bookmark: _Toc267332870][bookmark: _Toc267334640][bookmark: _Toc315743911]Figure 133 - Splitting failure in the tow of 2x2 twill weave voxel model (coarse)
[image: Imagem43]
[bookmark: _Ref310521335][bookmark: _Toc267332871][bookmark: _Toc267334641][bookmark: _Toc315743912]Figure 134 - Splitting failure in the tow of 2x2 twill weave voxel model (refined)

Figure 133 and Figure 134 show the location of initiation of fibre splitting in the analyses. In Figure 133 for the lower mesh refinement, two different smoothing iterations are compared. Failure occurs in the areas indicated in red. Figure 134 is for the higher mesh refinement. In Figure 133 and Figure 134 failure is initiating in the bottom part of the tow. However Figure 134  also shows failure at the top of the tow. The figure shows that failure is occurring near the steps originated by the voxel meshing where stress concentrations are registered. It is therefore evident that the voxel meshing algorithm is conditioning the failure location.
When looking at the models it is clear that the geometry of the tows differs significantly from the smooth geometry profile used as the input to the voxel mesher. The elliptical shape of the tow is merely approximated a few steps along the length of the tow and a couple of steps along the line of ellipse as it can be seen from Figure 135 and Figure 136.

[image: ]
[bookmark: _Ref310523686][bookmark: _Toc267334642][bookmark: _Toc315743913]Figure 135 - Side view of the tow for a) edge length 0.051, 0 smoothing iterations, b) edge length 0.0255, 0 smoothing iterations and c) edge length 0.0255, 10 smoothing iterations

[image: ]
[bookmark: _Ref310523688][bookmark: _Toc267334643][bookmark: _Toc315743914]Figure 136 - Elliptical section of the tow where the spline starts for a) edge length 0.051, 0 smoothing iterations, b) edge length 0.051, 10 smoothing iterations and c) edge length 0.0255, 0 smoothing iterations

In the case of this 2x2 twill rUC, the results presented above show that the coarseness of the mesh along with inaccuracy created by the steps in the voxel modelling are creating stress concentrations which are not being suitably dealt with through the use of smoothing.  These concentrations are where failure initiates and therefore these models cannot be relied upon to predict failure accurately. An improved method of modelling is required for prediction of failure initiation in these cases. 

[bookmark: _Ref311595054][bookmark: _Toc329879008]Mismatched 2D Weave
Unlike many standard weaves which have equal undulations of both warp and weft direction tows, the following weave has been designed to be unequal in this respect.  Through-thickness weave profiles in Figure 137 clearly show undulation repeated every unit in the weft direction (purple/yellow tows), but only repeated every 2 units in the warp direction (blue/orange tows).  Figure 137 and Table 34 show UC model dimensions.  Table 35 shows all relevant elastic material properties.  A variable fibre volume fraction has been assumed across the tow cross-section, with an average fvf of 0.7.  The voxel model has been generated using a voxel size of 0.025.

[image: ]
[bookmark: _Ref310963429][bookmark: _Toc315743915]Figure 137 – Mismatched 2D weave UC geometry reference model, showing tessellation of the final UC voxel model

[bookmark: _Ref310963745][bookmark: _Ref310963740][bookmark: _Toc315743986]Table 34 – Mismatched 2D weave UC geometry parameters (referring to geometry labelled in Figure 137)
	Parameter
	Value

	
	1.45

	
	1.45

	
	0.5

	
	1

	
	0.1



[bookmark: _Ref310963746][bookmark: _Toc315743987]Table 35 – Mismatched 2D weave orthogonal material properties
	
	 (GPa)
	 (GPa)
	 (GPa)
	
	
	
	 (GPa)
	 (GPa)
	 (GPa)

	Tows
	155
	10.5
	10.5
	0.24
	0.43
	0.43
	7.29
	4.35
	7.29

	Matrix
	2.89
	-
	-
	0.33
	-
	-
	-
	-
	-



FE Solver
Unlike the models analysed in section 7.4.1.3, it proved harder to achieve convergence of results and stable solutions when analysing this weave using an explicit finite element solver.
To avoid these issues, and potential further problems of a similar nature when using LaRC05 on future models, an implicit implementation of LaRC was used.  The voxel modelling tool was amended to create implicit input files using XFEM user-prescribed damage instead of relying on an explicit user-defined material card.  The original *UMAT (user defined material) for explicit analysis is still available from the voxel modeller, if required.  In addition, it is now possible to use *DAMAGE INITIATION (user defined damage initiation), which uses an implicit LaRC subroutine implementation in the keyword card, alongside appropriate tow element enrichment zones (*ENRICHMENT).  This proved able to produce complete analysis results with all LaRC solution dependent variable (SDV) results available in areas with prescribed enrichment.
Limitations of this technique include limited volumes of application – it is only possible to prescribe 20 unique enrichment zones (which may be a problem when using a large UC).  It is also currently limited to use with brick elements only, which although not a problem with voxel models directly may be a restriction on any further external mesh development on voxel models.
In order to assist in successful completion of these jobs, no matrix plasticity was included.  Inclusion at a later date is simple through replacement of the matrix material property card as required.

Results
Figure 138 shows the deformation of the mismatched woven unit cell after application of 2.5% tensile strain in the global  (weft) direction.  A separate analysis was also carried out, using a 2.5% compressive strain in the weft direction.  Section A-A on Figure 138 through the model displays the location of fibre tensile failure data in Figure 139 and section B-B displays the location of fibre splitting data in Figure 140b.  As both fibre splitting and fibre tensile failure is principally controlled by S11, this is likely to be highly affected by any voxel ‘step’ induced stresses, as seen in Figure 130 and Figure 131.

[image: ]
[bookmark: _Ref311468106][bookmark: _Toc315743916]Figure 138 – Deformed mismatched 2D weave, showing section A-A and B-B through the model, with results for these sections displayed in Figure 139 and Figure 140

Fibre tensile failure is dominated by weft tows.  Neither variation of smoothing iterations or alteration of the fibre volume fraction across the tows significantly alters the location of fibre failure, as shown in Figure 139.  Areas of high fibre tension, on the tow surface in regions of binder descent, are shown as the primary locations for fibre tensile failure.  Voxel ‘steps’ in the undulating region have not produced artificial stress concentrations that have caused incorrect failure predictions.  The discrete nature of the groups set up to vary the fibre content has lead to a few low stress anomalies within the tow, but these have not interfered with damage initiation.  Although some conditioning of failure location is produced due to mesh, the effect is much less than in the case of the twill weave previously analysed.
Although associated with an applied compressive strain, there is evidence of failure through fibre splitting in regions on the warp tow surface.  This is due to bending occurring across the major elliptical axis as the weave deforms (the effect is clearly visible in Figure 138, where the scale of deformation has been exaggerated).

[image: ]
[bookmark: _Ref311594716][bookmark: _Toc315743917]Figure 139 – Location of fibre tensile failure along section A-A in constant fvf models of a) unsmoothed and b) smoothed meshes, and variable fvf c) unsmoothed and d) smoothed meshes.

The predictions for splitting failure initiation shown in Figure 140 do not exhibit the same degree of dependence on the voxel ‘steps’ around the tow undulation regions as was seen in Figure 133 and Figure 134 on the twill weave UC model.  Although there is evidence of a small amount of location conditioning in Figure 140, there are fewer distinct bands across the tow width, and failure is initiating in a symmetric manner across the compressive surface of both weft tows (a similar distribution is seen on the corresponding surface of the other warp tow).  A small amount of splitting failure is also located on the compressed surfaces of weft tows, where again due to tow bending there is a region of compression.  This is shown in Figure 141.

[image: ]
[bookmark: _Ref311514264][bookmark: _Toc315743918]Figure 140 – Mismatched weave unit cell with 1 weft tow removed to show a) transverse bending of warp tows and the associated compressive stress regions and b) fibre splitting failure on the surface of transverse warp tows, along section B-B

[image: ]
[bookmark: _Ref311514261][bookmark: _Toc315743919]Figure 141 – Mismatched weave weft tows showing fibre splitting failure initiation locations on tow surfaces in compression

[bookmark: _Toc329879009]3D Woven Composite Models
[bookmark: _Toc329879010]Angle Interlock Weave
The model geometry discussed in Section 6.2.1 is displayed here, analysed using an implicit XFEM based LaRC05 failure criteria implementation in the tow regions.  
Figure 142 shows the tow volumes of the model and the resulting stress maps associated with binders and stuffers (both warp and weft) longitudinally in the tow direction.  A tensile displacement was applied in the x (warp) direction.  Variable fibre volume fraction has been used in all tows, and corresponding material strengths have also been adjusted accordingly.
Figure 142 shows the full unit cell subject to tension.  It is clear that the weft stuffers are responsible for bearing most stress within the weave, as expected due to their orientation parallel to the loading direction and the lack of distortion measured on the weave surface.  The effect of variable fvf in producing higher stresses at the tow centre is obvious.
The interlacing of the binder tow through warp tows and the resultant tow deformations that have been modelled have produced clear regions of peak tensile and compressive stresses on the warp tow surfaces.
[bookmark: _Ref311989143]Expansion of Figure 142 to show the binder tows, alongside Figure 143, shows longitudinal stresses on through thickness binder tows.  There are no pronounced peaks at the tow surface, as these have been removed through the use of variable fvf.  Figure 143 shows a tessellation of binder tows to assemble an increased thickness model, and shows matching stresses created on opposing surfaces by the periodic boundary conditions applied.  Regions of higher stress within the binder tows appear to be related to areas in which they pass close to weft stuffer tows, as well as in regions of changing undulation where lower stress tow surfaces can be easily identified as a result of binder tow bending effects.  The maximum stress found in the model is also found in the binder tows, but as a result of a numerical effect on a single element causing an erroneous reading.  The stress distribution predicted throughout the binder tows is largely uniform, with the exception of transition regions where bending occurs.  This is a desirable situation for a weave to achieve, and should result in a more efficient and high-performing composite panel.
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[bookmark: _Ref314651729][bookmark: _Toc315743921]Figure 142 – Angle interlock UC as detailed in Section 6.2.1, showing binder and stuffer S11 stress contours
[image: ]
[bookmark: _Ref314651725][bookmark: _Toc315743920]Figure 143 – Longitudinal stress distribution within tessellated binder tows, showing low stresses at the tow surface and regions of higher stress at crossing points with weft tows

Looking at the entire UC, fibre tensile failure is predicted within weft stuffer tows initially, as shown in Figure 144.  However, looking at a section (B-B) through the unit cell, Figure 144c shows that the tensile failure may initiate at the tow surface.  In these regions it may be interesting to use a cohesive formulation around the tow to enable predictions of any cracks spreading along the tow surface similar to delaminations within laminated composite panels.  There is no indication in this instance that the element corners resulting from the voxel mesh have conditioned the location of initiation prediction, largely due to the use of vfvf in all tows modelled.
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[bookmark: _Ref314651696][bookmark: _Toc315743922]Figure 144 – Angle interlock UC showing locations of section A-A and B-B, and their associated fibre tensile failure flag values
[bookmark: _Toc329879011]Orthogonal Weave
Analysis of the orthogonal weave model detailed in Section 6.2.2 is considered in this section.  Model 1 has been subjected to applied tension in the -direction, and model 2 has been subjected to applied tension in the -direction.  Due to the nature of the weave, a full thickness UC has been created.  This has resulted in 35 individual tow definitions, and as such, exceeds the current limit of 20 tows with prescribed XFEM conditions.  Therefore, in order to best analyse the model, XFEM based LaRC05 failure criteria have been applied to the binder tows, and for model 1 additionally the weft stuffer tows (numbering 11), but not to warp stuffer tows.  For model 2, even limiting the prescribed XFEM regions to only warp stuffer tows does not reduce the number of regions enough to allow all warp stuffers to be analysed.  In this case, only the binder tows have been prescribed XFEM regions.
Compared to the angle interlock weave unit cell, the orthogonal unit cell is of a much larger size (as it is must be the entire thickness of the panel).  In order to model this larger volume, it is necessary to produce representations using a larger voxel size than might be desired.  This results in a reduced number of elements in the tow thickness than for the angle interlock UC.  This seems to contribute to the mesh-induced stress concentrations, which is especially clear in model 1 in the binder tows shown in Figure 145, where at points the volume discretisation is only 1 element thick.  A similar issue is clear on weft stuffer tows, shown in Figure 146.  The issue with creating a more refined model and improving the number of elements through the tow thickness is not due to limitations of the voxel allocation implementation (indeed this was able to generate a model with >10million elements), but with the computational power available to run a finite element analysis and the size of the associated finite element result database.
When comparing both model 1 and 2 with experimental photographs[95] of failure samples of the same weave geometry, as in Figure 147 and Figure 148, some similarities can be seen.  Experimentally, cracks have formed in the resin-rich pockets around the binder descent regions in both cases.  When looking at the surface of the finite element model created off the same panel, shown in Figure 147a, (containing the same deformations of tows), there are predicted high stress regions in these same resin pockets, matching the crack locations.  There are also regions of high compressive stress around the binder at the panel surface, indicating that this is a potential route for failure propagation, again as seen experimentally in Figure 148.  The developing failure processes are obviously deeply linked to these regions of resin, which can only be correctly modelled when all deformities are considered to produce the correct pocket shape.
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[bookmark: _Ref314664776][bookmark: _Toc315743923]Figure 145 – Model 1 binder tows from orthogonal weave showing mesh-dependent regions of high stress due to limited number of through-thickness tow elements
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[bookmark: _Ref314664784][bookmark: _Toc315743924]Figure 146 – Model 1 weft stuffer tows showing localised peak stresses as a result of mesh topology and few elements in the tow thickness


[image: ] 
[bookmark: _Ref314664809][bookmark: _Toc315743925]Figure 147 – Tow surface images of a) the finite element UC in model 1 showing high stress regions and the corresponding areas on b) photograph of failed open-hole tension specimen[95]
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[bookmark: _Ref314668102][bookmark: _Toc315743926]Figure 148 – Tow surface images of a) the finite element UC in model 2 showing high stress regions and the corresponding areas on b) -ct scan of a failed specimen[95]

Looking at compressive failure regions within the tows, shown in Figure 149 where splitting failure (SDV10) is mapped, there is obvious compressive failure in the regions of stuffer bending caused by misalignments.  These regions would not be present if simple straight stuffers were modelled, indicating that any recorded failure without inclusion of such deformities may lead to incorrect predictions about both the strength of the composite panel and the location of any failure initiation.  With regard to misalignments, it is also possible that the modelling of initial misalignments will allow the detection of any kink bands that may form with the tow.
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[bookmark: _Ref314664861][bookmark: _Toc315743927]Figure 149 – Splitting failure (SDV10) plotted on weft stuffer tows, showing sections A-A and B-B through the tows in regions of compressive failure

[bookmark: _Ref314669127][bookmark: _Toc329879012]Improving the Identification of Failure Initiation Location
Overall, failure initiation predictions for both 2D and 3D weaves using the LaRC05[80] failure criteria have not shown to be robust.  Frequently, initiation has been conditioned by the mesh geometry in critical regions.  The steps originated by the voxel meshing conditioned failure initiation, suggesting a more accurate geometry is required to be sure of correct failure initiation predictions.  There are a number of ways of approaching the problem, from improving upon the existing smoothing algorithm, to replacing elements at the tow/matrix interface. In the following section, a new smoothing algorithm is produced, tailored for voxel modelled woven geometries.  An element splitting algorithm is also developed and implemented in conjunction with this smoothing algorithm to improve the robustness of failure initiation predictions.

[bookmark: _Toc329879013]Moving Nodes
For development of a new smoothing algorithm, once the voxel approximation is completed, node positions of elements near the boundary between tow and matrix need to be adjusted to better approximate the geometry of the tows.

[bookmark: _Toc266279372][bookmark: _Toc267332874]Normal Distance
To better approximate the elliptical geometry of the tows cross-section, eligible nodes from elements at the boundary (see Section 7.6.1.2) are moved to the boundary of the ellipse defined by the tow. In order to avoid distortion, nodes are moved the shortest distance possible. The shortest distance possible between a point  and an ellipse, in the same plane, is given by the normal distance to the ellipse. Within the voxel allocation calculations, the coordinate transformation in order to have  in the same plane as the ellipse that defines a given section of the tow already occurs (Section 4.7, Eq. (46)). Therefore computing the minimum distance from 3D tow to a point  becomes a 2D problem. 
Knowing that the normal vector of the ellipse at the normal point  in the ellipse is parallel to the vector defined by  and , Eq. (97) must be solved in order to find the eccentric anomaly , which is the angular parameter that defines the position of a point in an ellipse, correspondent to point .
	
	[bookmark: _Ref311419739](97)


Figure 150 shows the relationship between the two points  and .
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[bookmark: _Ref315800673][bookmark: _Toc315743928]Figure 150 – Position of point  relative to point  in an ellipse, and the associated eccentric anomaly 

[bookmark: _Toc266279373][bookmark: _Toc267332876][bookmark: _Ref314168328]Method to move the nodes
It is necessary to determine which of the elements within a tow require adjustment, as only some of them are eligible to have their nodes moved. These elements must be at the surface of the tow. An element is considered to be at the surface if it is partially inside and partially outside the tow. As the elements are defined by 8 nodes, for an element to be at the boundary, it must have at least 1 node inside and 1 node outside the tow. 
An element is determined as ‘at the surface’ (i.e. eligible) if the distance  (Section 4.3) fulfils Eq. (98), where  is the length of the voxel.
	
	[bookmark: _Ref311419676](98)



The algorithm to move the nodes of an element runs through all the nodes of an eligible element and checks the nodes with the shortest distance to the ellipse. Every time a node has changed position the algorithm checks a condition in order to continue to change nodes. This condition is determined by one of two conditions -
· after changing of the nodes all nodes are inside or outside the tow
· certain planes are created
When checking an element to move, there are some restrictions to whether the nodes of that element can or cannot be moved. If the normal position in the ellipse corresponding to a node makes that node too close to the other nodes, then that node should not be moved, to prevent excessive element distortion. Figure 152 shows a simple workflow chart illustrating the algorithm operation. Figure 151 shows an example of how the node position changes and the new elements are aligned after application of the algorithm.
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[bookmark: _Ref310542484][bookmark: _Toc267332878][bookmark: _Toc267334646][bookmark: _Toc315743930]Figure 151 – Illustration of node position changes both a) along the length of the tow, and b) through the tow cross-section

[image: Imagem49]
[bookmark: _Ref310542391][bookmark: _Toc267332877][bookmark: _Toc267334645][bookmark: _Toc315743929]Figure 152 – Workflow chart showing the procedure to check and move nodes related to tow surface elements

[bookmark: _Toc329879014]Surface element splitting
In some situations, it may be more appropriate to divide the face of the element in half through the nodes in the surface of the ellipse instead of attempting to align an existing element face with the tow surface.  This is show in Figure 153, where the alternative to element splitting is an element with a very poor aspect ratio. This splitting can be done by subdividing the element along an appropriate plane and changing the type of the resultant elements.  

[image: ]
[bookmark: _Ref310555921][bookmark: _Toc267332881][bookmark: _Toc267334648][bookmark: _Toc315743931]Figure 153 – An appropriate instance for element splitting to create an improved tow surface

[bookmark: _Toc266279374][bookmark: _Toc267332880]Changing Elements
The initial elements are cubes (8-node brick elements). These cubes must be transformed into tetrahedrons. Thus an 8-node brick element is split into 12 4-node linear tetrahedrons.  
A common node to all the tetrahedrons is created in the geometric centre of the cube, in order to have 2 elements per face. This permits each of the 6 faces of the cube to be changed independently. Each face can be cut in two different ways, depending on the orientation of the split required (Figure 154).
The choice of whether the face is cut following (1) or (2) is made as follows – 
· If the face has nodes 1 and 3 on the tow surface, the face is cut following (1)
· If the face has nodes or 2 and 4 on the tow surface, the face is cut following (2) 
· If the face does not have either of the previous conditions, but some other face of the element needs to be cut, the decision to cut in (1) or (2) is made by the largest angle of the face. The largest angle of the face is defined by the dot product of all edges of each face. The largest angle is chosen as a parameter because if the cut is made in the largest angle, distortion will be decreased.

[image: C:\Users\SerraeMoura\Pictures\Imagem2.png]
[bookmark: _Ref310556474][bookmark: _Toc267332882][bookmark: _Toc267334649][bookmark: _Toc315743932]Figure 154 – Alternative splitting planes for a hexahedral element face

Having cut all the faces and formed the tetrahedral elements, different types of surfaces will appear in the surface of the tow. As mentioned in Section 7.6.1.2, different planes are accepted when moving the nodes of an element.  The possible planes are shown in Figure 155 to Figure 158. These surfaces are determined by the number and location of nodes on the surface of the ellipse. When only three nodes are on the tow surface, the potential planes are shown in Figure 155. If four nodes are on the surface of ellipse, there are two available options – 
· All the nodes belong to the same face and therefore there is no need to split the element (Figure 156) 
· Four nodes on the surface of the tow form the planes shown in Figure 157. 


[bookmark: _Ref310559898][bookmark: _Toc267332885][bookmark: _Toc267334650][bookmark: _Toc315743933]Figure 155 – Options for plane definitions using 3-nodes of a hex-element


[bookmark: _Ref310560029][bookmark: _Toc267332883][bookmark: _Toc267334651][bookmark: _Toc315743934]Figure 156 – Existing planar faces of a hex-element


[bookmark: _Ref310560068][bookmark: _Toc267332884][bookmark: _Toc267334652][bookmark: _Toc315743935]Figure 157 – Options for plane definitions using 4-nodes of a hex-element

It is possible for more than 4 nodes to be moved to the surface of the tow.  As a result of this, the planes illustrated in Figure 158 may occur. Examples of these planes occurring in the models are shown in Figure 159a.  After splitting, each tetrahedron is assigned the existing material properties of the hex-element if it is within the tow (including orthotropic orientation and fvf) else it is allocated properties consistent with the matrix material.
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[bookmark: _Ref310559903][bookmark: _Toc267332886][bookmark: _Toc267334653][bookmark: _Toc315743936]Figure 158 - Other potential planes (5 or 6 nodes on the tow surface)

[image: ]
[bookmark: _Ref310560189][bookmark: _Toc267334655][bookmark: _Toc315743937]Figure 159 – Example meshed tow showing different split types used to smooth the tow surface - a) surface with five nodes, b) 4-node plane and c) face of a cube

Adjusting the middle node
Once an element has been split into 12 tetrahedrons, it may be necessary to adjust the ‘middle’ node (common to all 12 tetrahedrons) in order to remove any spikes.  These spikes can occur due to placement of this ‘middle’ node at the centre of the original hex-element (Figure 160). They can be removed by modifying the middle node position through defining a plane with the position of the nodes on the tow surface. In the instances where there are only three or four nodes on the tow surface, a plane can easily be defined between them.  In other cases, an average of the position of the nodes on the ellipse is used to calculate the new position of the middle node.

[image: ]
[bookmark: _Ref310561670][bookmark: _Toc267332890][bookmark: _Toc267334656][bookmark: _Toc315743938]Figure 160 – Erroneous tow surface spikes and indents caused by incorrect positioning of ‘middle’ node

In the case of three or four nodes, three of those nodes are chosen and are used to define 2 vectors.  The cross product of these vectors gives the normal of the plane.  With the normal of the plane, Eq. (93) is solved in order to find the coordinate of the middle node desired, while the other two coordinates are averaged by the three nodes:
	
	(99)



[bookmark: _Toc329879015]Reducing Distortion
Moving the nodes only closest to the tow surface allows for improvement of the tow/matrix interface, but does not look further within the tow mesh to repair any distortions that may be caused by moving these nodes.  This problem can be addressed by creating a separate finite element analysis specifically for mesh adjustment.  The method consists of running the algorithm for surface node position changes, as well as for splitting of hex-elements.  After this, a finite element model is created with the following conditions – 
· The entire model is considered to be made of an isotropic material.
· The new node positions are written as displacement boundary conditions. 
The input file is then run as an implicit finite element job. The application of new node positions as displacement boundary conditions forces the tow surface nodes to the correct position, but also uses the power of the finite element software to include movement of adjacent nodes to compensate, avoiding excessive element distortion.  The deformed shape obtained from this simulation gives the final smoothed geometry. Figure 161 provides a flowchart to outline the process, while Figure 162 shows an example of the method applied to a simple tow mesh.
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[bookmark: _Ref310564152][bookmark: _Toc267332892][bookmark: _Toc267334657][bookmark: _Toc315743939]Figure 161 – Flowchart showing distortion reduction requirements

[image: C:\Users\SerraeMoura\Pictures\Imagem27.png]
[bookmark: _Ref310564186][bookmark: _Toc267332893][bookmark: _Toc267334658][bookmark: _Toc315743940]Figure 162 – Mesh distortion reduction using an isotropic finite element analysis with displacement boundary conditions corresponding to new surface node positions

The material properties assumed for the implicit mesh adjustment model can significantly affect the movement of nodes in proximity of the tow surface. Therefore a study was performed to find how the material properties  and  affect the rearrangement of the mesh. Figure 163 shows the effect of different values of Poisson’s ratio, . Although the differences are not significant, it is apparent that using a negative Poisson’s ratio leads to less localised distortion. Changing the elastic modulus, , as shown in Figure 164, it is clear that values either too large or too small are inadequate as the distortion is much larger, especially in the case of very large values of .

[image: ]
[bookmark: _Ref315803129][bookmark: _Toc315743941]Figure 163 – Effect on mesh distortion of changing Poisson’s Ratio – a) , b)  and c) 

[image: ]
[bookmark: _Ref315803133][bookmark: _Toc315743942]Figure 164 – Effect on mesh distortion of changing elastic modulus – a) , b)  and c) 

[bookmark: _Toc329879016]Connectivity Incompatibility
A hex-element face has four connectivities (four edges).  However, once split into two tetrahedrons, the equivalent tet-element faces have five (the original four edges, with the addition of a diagonal edge dividing the original face into two). This face incompatibility can lead to volume inconsistencies, such as “holes” in the mode, shown in Figure 165, which occur when the nodes of the face are moved.  Equally it is possible to cause volume interpenetration in the same manner.  To evaluate how significant is this issue, a simple two hex-element isotropic model was made, with tension applied to the top surface of the model.  Results were compared between models using these two hex-elements, and with one hex- element substituted for twelve tet- elements. The bottom face of the model was constrained to allow for Poisson’s contraction, and a positive displacement was applied to the top face, normal to the element surface. The results are shown in Figure 166.  When using two hex-elements, a homogeneous stress distribution is achieved, whereas use of both tet- and hex- elements shows stress concentrations on the order of 20% due to surface incompatibility. This situation tends to decrease with more refinement of the mesh. 

[image: ]
[bookmark: _Ref310601306][bookmark: _Toc267332896][bookmark: _Toc267334661][bookmark: _Toc315743943]Figure 165 – Element surface incompatibility caused by differing element connectivities
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[bookmark: _Ref310602793][bookmark: _Toc267332897][bookmark: _Toc267334662][bookmark: _Toc315743944]Figure 166 - Test models showing differing stress distributions due to element connectivity inconsistency

[bookmark: _Toc329879017]Results using New Element Splitting / Node Adjustment Smoothing
Shown in this section are some examples of different tow models created using both new and original smoothing algorithms.  In order to compare the accuracy of the new smoothing tool (NS), the results are shown together with the results from equivalent unsmoothed voxel models (US), and with 10 smoothing iterations of the original smoothing method (OS10). To test the models, compression was applied as a displacement boundary condition, either in the x-direction (axial) or in the y-direction (transverse).  Material properties used are stated in Table 36.  Stress concentration results presented in this chapter are calculated using the value of the stress in the element of interest (containing maxima or minima) and the stress from an element in the middle of the model where stress is uniform.
Figure 168 and Figure 167 show a straight tow with cross-section parameters  and , using a voxel edge length of 0.51. Looking at the NS results for both axial and transverse compression it is shown a continuous change of stress along the ellipse, where the US and OS10 results show stress concentrations in the steps created by the models highlighted in the figures. Table 37 shows the stress levels in this model. The stress concentration near the corner of the ellipse is larger in magnitude for the NS model than for the others. However for the other two zones it is much less for the NS than for OS10 and US, due to the removal of steps around the cross-section profile.

[bookmark: _Ref310851744][bookmark: _Toc267332899][bookmark: _Toc267333083][bookmark: _Toc315743988]Table 36 - Orthotropic material properties for smoothing testing models
	Fibre Direction
	 (GPa)
	 (GPa)
	

	1
	220
	-
	-

	2
	13.8
	-
	-

	3
	13.8
	-
	-

	12
	-
	9
	0.2

	23
	-
	4.8
	0.47

	31
	-
	9
	0.47

	Matrix
	4.4
	1.6
	0.38
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[bookmark: _Ref310851493][bookmark: _Toc267334664][bookmark: _Toc315743945]Figure 167 – S11 (tow axial stress) on a straight tow under compression in x for a) unsmoothed tow, b) original smoothing with 10 iterations and c) new smoothing technique.
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[bookmark: _Ref310851491][bookmark: _Toc267334663][bookmark: _Toc315743946]Figure 168 - S22 (transverse tow stress) on a straight tow under compression in y for a) unsmoothed tow, b) original smoothing with 10 iterations and c) new smoothing technique. Definitions of Zones 1, 2 and 3 are also shown.

[bookmark: _Ref310852208][bookmark: _Toc267333085][bookmark: _Toc315743989]Table 37 - Stress concentrations at the zones defined in Figure 168
	Zone
	US (%)
	OS10 (%)
	NS (%)

	1
	0
	3.3
	11.0

	2
	14.7
	17.6
	4.1

	3
	20.5
	23.1
	1.4



Figure 169 and Figure 170 shows a tow with the same elliptical cross-section as previous, section, but with a tow path deviating from straight in the y-direction. It can be seen that along the model using the new smoothing tool developed there are no “steps” and therefore no stress concentrations where once there were (zone 3 in Figure 169 and zones 2 and 3 in Figure 170). In Table 38 and Table 39 this can be seen by comparing the percentage of stress concentration in those zones, which are significantly smaller than for the NS models, which are less than 10%. However in the corners of the elliptical section, these are the parts close to the semi-major axis, there are big stress concentrations, in the order of 70-90% of the value of the surrounding stresses.
[image: ]
[bookmark: _Ref310861339][bookmark: _Toc267334665][bookmark: _Toc315743947]Figure 169 – S11 (axial tow stress) on a tow with a y-direction path under compression in x.  Locations of zones 1, 2 and 3 are shown.

[bookmark: _Ref310861505][bookmark: _Toc267333086][bookmark: _Toc315743990]Table 38 - Stress concentrations at the zones defined in Figure 169
	Zone
	US (%)
	OS10 (%)
	NS (%)

	1
	0.7
	2.8
	28.1

	2
	8.5
	4.9
	95.3

	3
	81.2
	76.0
	0



[image: ]
[bookmark: _Ref310861340][bookmark: _Toc267334666][bookmark: _Toc315743948]Figure 170 - S22 (transverse tow stress) shown on a tow with a y-direction path under compression in y.  Location of zones 1, 2 and 3 are shown.

[bookmark: _Ref310861506][bookmark: _Toc267333087][bookmark: _Toc315743991]Table 39 - Stress concentrations at the zones defined in Figure 170
	Zone
	US (%)
	OS10 (%)
	NS (%)

	1
	4.1
	4.1
	73.1

	2
	23.7
	21.9
	8.9

	3
	25.9
	21.3
	0.6



Figure 171 the tow describes a path varying through the thickness of the UC (in the z-direction).  This geometry causes a large number of ‘steps’ on the tow surface due to the voxel size. Therefore the stress concentrations are bigger in number.  In these ‘stepped’ regions the new smoothing tool performs well (half of the stress concentration than the other models as shown in Table 40), eliminating the stress concentrations around them. However the geometry close to the major ellipse axis is not well defined and therefore there will be definitely stress concentrations around there as it can be seen in the highlighted part of the figure. The stress concentration on top and bottom of the tow in all models is assumed to be there due to the boundary conditions.
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[bookmark: _Ref310861703][bookmark: _Toc267334667][bookmark: _Toc315743949]Figure 171 – S11 (axial tow stress) shown on a tow with a z-direction path under compression in .   Location of zones 1, 2 and 3 are shown.

[bookmark: _Ref310890225][bookmark: _Toc267333088][bookmark: _Toc315743992]Table 40 - Stress concentrations at the zones defined in Figure 171
	Zone
	US (%)
	OS10 (%)
	NS (%)

	1
	0.9
	15.7
	204.8

	2
	88.2
	80.0
	45.2

	3
	88.3
	78.8
	31.4



In Figure 172 a comparison is made between the new smoothing tool alone, and the same tool with the additional use of a finite element solver to control the internal element distortion. The material properties that showed the best results were using isotropic properties with  and . The tow as the same dimensions as the previous models, and describes a tow path with variation along the y-direction.  As can be seen in Figure 172, there are stress concentrations on both tows. The largest stress concentration is once again in the corners (zone 1). However the stress concentration was reduced to half in that zone for the model with the distortion control.
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[bookmark: _Ref310861793][bookmark: _Toc267332901][bookmark: _Toc267334668][bookmark: _Toc315743950]Figure 172 – Distortion control results showing a tow modelled with a) the new smoothing tool (NS) and b) the new smoothing tool plus distortion control (NSDC).  

[bookmark: _Toc267333089][bookmark: _Toc315743993]Table 41 - Stress Concentrations of Figure 172
	Zone
	NS (%)
	NSWDC (%)

	1
	39.3
	73.1

	2
	18.4
	16.5

	3
	0.8
	0.6



[bookmark: _Toc329879018]Problems with New Algorithm
The major problem currently associated with this technique is that of element surface incompatibility.  One way to solve this issue may be similar to that of Young et al.[15], in which pentagonal elements are used to bridge between areas of different element types.  Although these special elements are not available by default in Abaqus, the solver does allow the use of degenerated hex elements to form pentagons, where 4 nodes on a plane can be assigned the same geometric co-ordinates to form a peak (Figure 173).

[image: ]
[bookmark: _Ref311040891][bookmark: _Toc315743951]Figure 173 – Hex element degenerated to form a bridging pentagonal element

However, the performance of XFEM and implicit failure criteria in degenerated elements is unknown.  Degenerated elements are also known to be unreliable and potentially produce stiffness discrepancies, making this a less than ideal solution, either from an elastic or fracture point of view.  
Due to the increased number of calculations required both to move nodes to the tow surface and assign the correct element split direction, the time taken to generate a voxel model using the new smoothing algorithm is much longer than previously experienced.  Simple voxel model generation for Figure 167 to Figure 172 took an average of ~6seconds, while models using 10 smoothing iterations took ~10seconds.  With the new smoothing algorithm implementation, the generation time was ~120seconds, making use on larger models unfeasible in its current state.  Improvements on the implementation, further vectorisation of loops and use of parallel functions where appropriate can improve this time; however at this stage the level of improvement attainable is unknown.
The need to run models using an implicit FE solver instead of explicit brings with it an issue when using element types other than bricks.  XFEM enrichment zones are currently only able to be associated with regions meshed using brick elements, meaning the use of an implicit LaRC implementation is currently not possible with this smoothing technique.

[bookmark: _Toc329879019]Potential Solutions
When creating a model, identifying regions of nodes which are in close proximity to ‘steps’ is a simple matter, equally nodes that are at incompatible element surfaces.  This nodeset provides the basis of the nodes that may suffer from ‘artificial’ peak stresses as previously described.  Given their identification as part of a nodeset within the finite element result database, detection and replacement of any particularly high stresses could be made using extrapolations of stress data from the surrounding nodes as part of the output post-processing method.  To exclude removing peaks that appears due to weave geometry and not meshing, the definition of an ‘artificial’ peak stress can be defined as a node with a stress value of a large percentage above the surrounding tow node average.  Any genuine stress concentrations are not likely to be confined to a single node of an element; more to a region of at least a few elements.  Variation of both this percentage value and the volume of the region used to detect artificial peaks can be used to tailor and refine the technique.  If variable fibre volume fraction was to be used over the cross-section, the extrapolation would be limited to elements from within the same vfvf band, but the use of either cfvf or vfvf is still possible if desired.
Removing both voxel-influenced and compatibility-influenced stress concentrations could also be achieved through averaging stresses across the cross-section.  Averaging over the entire cross-section would not be suitable as any stress differential from one side to the other due to bending would be lost.    Modelling of the 2D weave seen in section 7.4.2 shows clearly the variation in stress both longitudinally and radially across a tow that can be produced naturally (without mesh geometry conditioning).  In this instance, an averaging technique involving breaking the cross-section down into radial sections to average small parts could be a potential solution.  It would allow absorption of the excessive stress readings however it would make exact location of failure initiation impossible.  It is also possible that in some instances, areas of stress peaks caused by mesh geometry are also the nature areas of high stress within a model, and it is important that this information is not lost or disregarded as simply ‘modelling error’.
An averaging technique would not be suitable for models using any variable fibre volume fraction information, as it would work against promoting high stresses in regions of high fibre density based on distance to the tow centreline.
 Implementation of the voxel modelling technique adapted to use a complete tetrahedral mesh is a further option, although this could dramatically increase the time taken to create a model, given that the number of elements within the model would increase twelvefold.  Work on both hexahedral and tetrahedral voxel meshes has been carried out by Kim et al.[47], and show clearly that for achieving an equivalent model refinement a much larger number of elements are required, with computing resources substantially larger than a desktop PC needed to create it.  This is therefore potentially prohibitive in nature to a large portion of people who may wish to use such a tool.

[bookmark: _Toc329879020]New Smoothing Conclusions
The development of a new tow surface smoothing algorithm has improved the tow surface representation, through movement of nodes close to the existing surface, and splitting of hexahedral elements into tetrahedral elements where appropriate.  The technique has shown to reduce stresses in regions previously containing artificial peak stresses due to voxel ‘steps’.  It has, however, introduced other stress-based errors due to adjacent tet- and hex- elements, without any consideration for surface compatibility.  These errors themselves are higher than any peaks caused by the use of a voxel mesh, and as such, currently prevent the prediction of correct failure initiation location automatically.
In order for the new smoothing technique to be used robustly, the issues with element surface incompatibility require resolution.  Improvements to the algorithm implementation are also required to improve computational efficiency and lower the time taken to produce voxel models.  This will enable testing of the smoothed tows on models of representative woven geometries.  Future releases of finite element programs with support for XFEM-based failure criteria within a broader range of solid element types should allow for implicit LaRC failure criteria application to these models at a later date.

[bookmark: _Toc329879021]Conclusions
It is apparent that reliance on the existing smoothing implementation by Boyd et al.[50] is not sufficient.  Its use can reduce the peak tow surface stresses in some modelled weave geometries, but in others appears to have little effect.  It is also clear that there is a level of mesh refinement dependency when using the existing smoothing algorithm, which may in turn be related to the geometry that is being modelled.  For the 2D weaves modelled, the twill weaves show the ability of the existing smoothing algorithm to reduce peak stresses, but only in more refined models.  The modelled unbalanced 2D weave modelled does not suffer the same problems as the twill with voxel mesh conditioning the failure location, as seen from both matrix tension (fibre splitting) and fibre tension failure modes on load-carrying tows.  The use of variable fvf on the twill could have mitigated some of the surface stress effects.
For the 3D weaves modelled, the use of vfvf on all tows has helped in moving areas of high stress from the tow surface towards the centre of the tows.  This is most obvious on binder tows as part of the angle interlock weave.  However, in tows where there are few elements through thickness, the failure initiation location appears to be defined by regions of voxel steps, such as seen in some tows that are part of the orthogonal weave.  Overall, it is clear that while the combination of vfvf and smoothing to improve the surface stress representation can help to remove failure initiation conditioning by the mesh, it is not reliable in all situations or for any generic weave architecture.
When using the existing smoothing algorithm, it is then imperative to select an appropriate mesh refinement level.  The inclusion of warnings into mesher GUI to indicate when there are few elements through any tow dimension allows a way to indicate a potential issue before the model is generated, as the fewer elements will result in large scale ‘steps’.  The use of an increased refinement level is not always possible however if a quick model or large model is desired.  In particular, if a large UC is being modelled or reduction is not possible, there may not be sufficient computational resource to either generate the voxel model in Matlab or run the finite element analysis.
To remove the problem of mesh conditional failure initiation location, a new smoothing algorithm has been developed and implemented in conjunction with the existing voxel meshing program.  This new algorithm relies on 2 methods of mesh improvement.  These involve moving existing nodes of hexahedral elements to the tow surface, and then splitting hexahedral elements into multiple tetrahedral elements where appropriate.  As a measure to further reduce mesh distortion due to moving tow surface nodes, an additional finite element analysis is run, using the new node locations as displacement boundary conditions and prescribing isotropic stiffnesses to all elements.  This allows the finite element code to evenly distribute the changes in node position among other appropriate elements, and improve the mesh quality.  These node positions can then be imported back into the voxel generation process to complete a smoothed geometry model.
As the results of this new smoothing technique show, there are significant improvements in the geometric profile of the tow, both transversely and longitudinally.  The ‘steps’ introduced by the voxel mesh have been removed, and with them their associated mesh influenced artificial peak stresses at the tow surface.  However, due to element surface incompatibility, other artificial stresses are present in the current algorithm implementation, at the edge of the elliptical cross-section on the major elliptical axis.  The use of an additional FE analysis to act as a distortion control measure shows a good ability to reduce these artificial stresses as well as improve mesh quality.  This is likely due to the nodes moving so that the tetrahedral and hexahedral element face alignment is improved, reducing the distortion in stress profile created through this mismatch (example in Figure 166).
There are problems identified with the new algorithm.  These include element surface incompatibility when hex- and tet- elements are in contact without a transitional element.  This has shown to produce inaccurate stress profiles, and has caused high peak stresses within tows.  However, it is possible to create transitional ‘pentagonal’ elements that could be used to address this issue.  Runtime is significantly increased, but improvements in algorithm implementation can be made to act on this point.  Currently, there is no support for XFEM based failure criteria using tet- elements within Abaqus, so models created using the new smoothing method are limited to explicit solvers only, until such a time that the range of available elements for XFEM is increased.  Some models may therefore not benefit from use of the new smoothing method if problems are experienced with model stabilisation and convergence.







[bookmark: _Toc329879022]Conclusions
[bookmark: _Toc329879023]Technique Selection
The modelling of complex woven geometries has necessitated the development of new techniques and frameworks in which to produce models with reduced geometry idealisation.  Initial tests using imported CAD representations of weaves proved that even in relatively simple conditions, standard solid geometry meshing of resin matrix regions was hard to achieve without distorted element regions.  The use of a 3D cuboid domain discretised into regular cubic elements (3D pixels, or “voxels”) provided a means to mesh the resin regions without explicitly forming elements to its potentially awkward volume.  The ease of PBC implementation as well as the lack of additional constraint requirement (such as is required with explicitly modelled tows and matrix using tied constraints, and DST style models using interpolations to control element deformations) is also of benefit.  The use of a smoothing algorithm[50] to soften the 90° corners of voxels at the tow/matrix interface has shown to reduce artificial stress concentrations caused by the mesh, and as well as instances in literature, has been tested on basic voxel models to the same effect.

[bookmark: _Toc329879024]Voxel Modelling Technique
To define the position and shape of tows within the UC domain, a cubic spline interpolation has been used between user specified points to generate the path of a tow, resulting in a set of piecewise polynomials that define the tow’s location at any point.  An assumed elliptical cross-section is taken for each tow.  The values of major and minor elliptical parameters  and  at each point can differ (and are related along the tow length through similar cubic splines), providing the ability to tailor the surface position of each tow as required.  For each piecewise polynomial, each voxel centre in the domain grid is analysed in turn to establish its proximity to the function, and whether it is within the boundaries of validity of that PP.  For those ‘valid’ voxel centres, a check is then carried out to see if they fall within the elliptical cross-section specified at that point along the tow.  Any points that fall within the cross-section are allocated to within the tow volume, and assigned orthotropic material directors and stiffness properties of the tow material.  This method has proven to be robust in generating voxel meshes of tow and matrix domains for any geometry defined by a set of points and corresponding PPs.  As no elements are ever generated based on the geometry (as they already exist from domain discretisation), the technique is interpenetration tolerant in model generation.  Should interpenetration occur, the user is alerted and may deal with it as appropriate, however it will not cause any failure of the meshing process.  Due to the grid nature of the nodes at the domain boundaries and their regular numbering, it is also simple to identify any nodesets required for the application of PBCs through basic set selection equations.  This includes the cases of translational and rotational PBCs, where the organisation of nodes in a grid means that appropriate ordered mirroring of sets can provide the required matching rotated surfaces.  Integrated within the voxel allocation technique is a smoothing algorithm by Boyd et al[50].  Data read and write from the smoothing program itself is automatically managed, with replacement of smoothed node positions to alter the mesh topology at the tow/matrix interface.

[bookmark: _Toc329879025]GUI Development
The development of a complete framework to allow easy analysis of any woven composite geometry also required the development of an interface which is capable of encompassing all necessary modelling complexities whilst remaining easy to use and intuitive for any user.  This has been achieved through the use of a Matlab/Java based GUI developed to cover both CAD style geometry generation as well as the inclusion of all necessary finite element based information.  The geometry modeller allows for input of point information to form tow paths, and cross-section information at these points to govern the position of the tow surface, creating a set of complex cross-section interpolated solid volumes within a given domain.  After crafting of the weave geometry, finite element based options can be set up including mesh size, smoothing and solver options at a basic level.  Further options include the ability to fully customise the material properties of both tow and matrix, including the application of the LaRC failure criteria in both explicit and implicit (using XFEM) solvers, as well as the use of variable fibre volume fractions across the tows.  This can be controlled by a default distribution defining the drop across the ellipse radius, or by user-inputted distribution information.  An average fvf is also required, and along with the distribution data, is used to split the tow volume into discreet regions, each with their own material card reflecting their stiffness relative to their proximity to the tow surface.  Loading can also be applied using the PBC interface, which also allows creation of complex translational and rotational PBCs to enable the use of rUCs.  For 2D weaves, creation of a rUC is further facilitated by inclusion of an autoUC detector to automatically find the smallest rUC possible and apply boundary conditions appropriate to the load case desired.
Various facets of the voxel allocation technique have been demonstrated across a range of models of both woven fabrics and arbitrary shapes.  This has displayed a wide array of situations and shows both the flexibility of the tool as well as its robustness and ability to model extreme conditions with ease.  Overall, the voxel allocation technique has proved to be robust and able to handle any geometry inputs desired.  

[bookmark: _Toc329879026]Elastic Modelling
Elastically, the results for unit cell stiffnesses have been very good.  The results obtained for unit cell stiffnesses have shown good agreement with other models of the same geometry, both meshed conventionally and using novel methods.  Through a range of examples, voxel models have been made of individual twisting yarns, 2D and 3D woven unit cells.  In particular, the very close agreement of in-plane stiffnesses of the twill weave unit cell with existing finite element results points towards reliable stiffness predictions.  Relationships between ‘rule of mixtures’ stiffness calculations have been varied, but appropriate, given the restrictions of the RoM calculations in including tow deformities and appropriate binder directions through the UC.
The greatest limitation to improved predictions in this situation is not the modelling technique itself, but the obtaining of accurate weave geometries.  Serial sectioning is presented as an option to enable reconstruction of complete unit cells to improve on measurements that are often only based on idealised weave schematics or few micrograph/surface images.  This should allow for weaves to be modelled at a higher volume fraction, and to move towards modelling UCs with a stiffness more aligned with those found in experimental testing (in the order of ~50% opposed to ~30-35%).

[bookmark: _Toc329879027]Failure Modelling
Failure initiation predictions inspire less confidence however, with the measures designed to improve the tow/matrix mesh surface (and reduce artificial peak stresses) not being as reliable as first achieved when tested on simple models.  Mesh geometry conditioning of failure initiation is expressed to different degrees depending on both the mesh refinement level used and the model weave geometry itself, even with the use of the smoothing algorithm provided by Boyd et al.[50].  The twill weave analysed showed greater sensitivity to these artificial stress concentrations than the other 2D weave analysed.  The use of variable fibre volume fraction across the tow cross-sections has also had varied effect.  On the 2D weave, little difference was observed, although its use in 3D weaves has resulted in areas of higher stresses at the centre of loaded stuffer tows.  
On 3D weaves, some tows suffer from artificial stress concentrations more than others.  The angle interlock weave modelled in section 6.2.1 shows that the use of vfvf can remove many artificial surface stress peaks in binder tows, but in stuffer tows there is still considerable failure conditioning by the mesh.
The orthogonal weave in section 6.2.2 also shows some of the same conditioning, but at the same time also illustrates the importance of the inclusion of weave deformities within models.  Looking at the stresses seen on the surface of the panel, within the resin layers, clear regions of high stresses can be seen in resin rich pockets around areas of binder tow ascent/descent.  These match with cracks seen in resin rich pockets in the same regions of panels subjected to CT scans.  Cracks are also seen to develop around the binder tows on the surface of panels in open-hole tension cases (spreading from these resin pockets).  The inclusion of these resin pockets with appropriate geometry (such as deformation of stuffers around the binder within the UC) is likely to be of importance in further predicting crack propagation.

[bookmark: _Toc329879028]Smoothing Improvements
Overall however, neither the smoothing algorithm by Boyd et al. nor the use of vfvf can be seen as a reliable way to ensure reliable failure initiation predictions.  Therefore a new smoothing algorithm has been implemented to work directly with the voxel meshing framework to improve tow surface topology.   This consisted of 3 stages (node movement of associated nodes at the tow surface, splitting of tow surface elements and FE based distortion control).  Node moving at the tow/matrix interface is a simple way to improve topology, through adjustment of nodes already close to the desired surface.  However, in its current form, the implementation is inefficient and prevents analysis of larger weave geometries.  Improvements in this area should be able to bring runtime down to manageable levels by replacing areas in which numerical solvers are used for analytical solutions, and increased vectorisation and parallelisation.  Distortion control helps with the problem of node movements creating excessively distorted elements by adjusting the position of surrounding nodes to compensate.  It uses an additional finite element analysis to prescribe new ‘smoothed’ node positions to the model as displacement boundary conditions, and allowing the FE solver to compute all connected node movements.  For those elements which cannot use node adjustment without distortion of an unacceptable nature, element splitting is used.  This is designed to cut one hexahedral element into twelve tetrahedral elements, once node moving has determined that opposite corners lie on the tow surface.  This technique produces meshes that are well aligned to tow surfaces.  It has also shown to be effective at removing artificial peak stresses due to voxels.  
However element surface incompatibility between tetrahedral and hexahedral elements means that there are still stress concentrations in the model where these element types meet.  This can be addressed in the future using either a complete tetrahedral mesh (which may or may not be suitable depending on the solver being used and the limitations of XFEM element types), or use of degenerated hexahedral elements in regions of transition between tet- and hex- elements.

[bookmark: _Toc329879029]Summary
The voxel modelling framework developed in this thesis addresses each area of the original roadmap proposed by Lomov et al. [9] (originally show in Figure 2, updated for the Voxel Modelling Framework in Figure 174).  An interface has been developed that allows design and customisation of any type of woven geometry, through input of simple point co-ordinates to define any number of tow paths through a cuboid domain.  There is no need for direct geometry manipulation as the voxel allocation meshing process is fully interpenetration tolerant.  Meshing of this domain using voxels provides a robust system of producing both tow and matrix volumes that are meshed using elements with good aspect ratio, regardless of the complexity of the matrix volume remaining after the tows have been meshed.  For complex tows that exhibit cross-sectional area changes, associated element material directors follow the direction of fibres at any given point in the tow volume, rather than the direction of the tow centreline.  This allows for correct orientations of material properties, regardless of the geometry complexity.  The scope of the PBCs is also wide, given the rigid grid nature of the domain boundary nodes.  The automation of much of the PBC application is uncomplicated and is able to reduce the size of unit cell domains considerably, with little work required by the user, through the use of symmetry translation offsets and rotations in both 2D and 3D weaves.
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[bookmark: _Ref312202979][bookmark: _Toc315743952]Figure 174 – A reworking of the work flow ‘roadmap’ presented by Lomov et al.[9], indicating the areas covered by the Voxel Modelling Framework

Examples have shown that voxel models can be used to predict unit cell stiffnesses of woven composites, in both 2D and 3D weaves, although failure initiation predictions using the smoothing algorithm by Boyd et al have not proven robust enough for reliable predictions.  A newly developed smoothing algorithm involving both node moving and element splitting has been developed.  Although some problems are still present, the use of degenerated hexahedral elements in a transitional capacity presents a route to solving these issues and completing the final box of the roadmap to a full woven composite failure modelling framework.
Overall, a single framework has been developed that encompasses and exceeds those currently available for generation of finite element models of realistically deformed infused woven composite panels.  Considerable work can be undertaken from this point to further improve the framework, both in terms of improving existing areas (such as the reliability of failure initiation locations through finalisation of the new smoothing algorithm) and extensions for further functionality (such as full failure propagation of cracks using XFEM, geometry interpenetration enhancements to allow higher fvf UC modelling and increased interface functionality).

[bookmark: _Toc329879030]Extension of Capabilities of Current Meshing Software
Both TexGen and WiseTex are leading software packages containing state of the art mesh generation models for woven composite mesh generation.  Their development has allowed significant progress to be made in analysis of complex 3D weaves as mesh generation is now much easier.  The CAD-style interfaces enable most generic weaves to be meshed, incorporating a range of material models, especially for those weaves without significant deformities. In this thesis, development of the Voxel Modelling Framework through implementation of the work presented in Section 4 with the corresponding interface presented in Section 5 has led to the following additional capabilities:
· The problem of incorrect tow rotation (Section 4.8, Figure 63 and Figure 64) when the tow is moving out of plane is addressed in this model as the directions are accurately calculated using cross-product vectors of the transverse unit vectors at each PP node to calculate the correct tow transverse direction.

· The application of smoothing algorithms (both original and newly developed) for voxel meshes improves the tow/matrix interface and reduces stress concentrations.
· Interpenetration handling requires no special adjustment of geometries to enable meshing.  This means that tiny, unintentional interpenetrations due to tow proximity that may cause other meshing engines to fail are addressed in this work.
· A complete input file is generated without the need for further work within an FE environment, including specification of damage initiation/failure modelling material cards (VUMATs or XFEM), with completely customisable parameters.
· There are no limits to the tow paths that can be meshed, as there is no link between the mesh topology and the desired tow positions and no possibility for complex tow direction changes to cause inappropriate element shape.  This means that it is significantly easier to model deformities, and therefore easier to create higher fvf UCs.  Incorporating deformities also allows the detection of more subtle features such as splitting failure in tows under bending compression.
 

[bookmark: _Toc329879031]Further Work
[bookmark: _Toc329879032]Geometry Modelling Improvements
Currently, the only available tow cross-section is elliptical.  Although this approaches the cross-section of many tows well, there have been obvious places where it is not the most appropriate section shape to use (such as in the case of the weft stuffer tows seen in the angle interlock 3D woven UC shown in Section 6.2.1).  Here, a power ellipse would have been able to provide a better section approximation.  For other cases where tow cross-sections differ from the default elliptical setting, or indeed differ from any form of elliptical approximation, the ability to specify an alternative individual cross-section shape would be useful.  If weave geometry data is to be received from micrographs and built up using serial sectioning techniques, it would also be both more accurate and timesaving if the existing identified tow boundaries on micrographs doubled directly as inputs for the cross-section information.  
The restriction of spline types to a natural cubic spline has not caused any significant issues in creation of the models in this work.  However, the use of different spline types may be appropriate in some cases, and it may be beneficial to give users the ability to ‘fine tune’ their interpolation paths to avoid interpenetration and to achieve higher UC fvfs.  Using a node control system similar to that developed to generate Figure 50 could allow a user to dynamically adjust (through dragging in the Voxel Modeller GUI) the location of control nodes within Bezier splines to achieve precisely the desired tow path if the default cubic splines are not creating the desired geometry.
At a final stage, using 3D convex hull calculations within Matlab to identify the tow surface could allow extraction of both suitable tow path nodes as well as corresponding cross-section shapes, without the need for the user to generate any geometry at all, save for any adjustments deemed necessary for establishment of PBCs or interpenetration correction.

[bookmark: _Toc329879033]Tow Interpenetration Handling
The work in Section 4.9 covers a basic implementation of variable fvf across the tow cross-section.  Of importance to capture within a variable fvf model is that of a constant average fvf across a cross-section when there is an increase or decrease in the cross-section as inputted by the user.  Rather than in instances where the ellipse parameters change but the cross-section area remains the same hence fvf is maintained, changing cross-section area will result in a localised increase/decrease in fvf to simulate the same number of fibres passing through the changed area.   
 However, as is mentioned in Section 4.9.1, noticeable variation along the tow length for 2D woven fabrics and braids has been recorded.  Although there is no prior research quantifying this effect in 3D weaves such as used in this work, it is sensible to assume that a similar effect occurs in regions where tows are crossing and forcing localised compaction of fibres in the surrounding tows.  In essence, this can be seen as an extension of the above example – with a reduction in cross-section area at the points of tow crossings forcing a higher fvf.
Within this voxel meshing method, there is no current handling of tow interpenetration, other than to warn the user that it has occurred, and aid their correction of the problems manually through identification of the offending elements.  Some research [8, 96] has been undertaken regarding geometric correction of tows to preserve volume and adjust shape to remove interpenetrated regions in explicit tow/matrix mesh models.  In methods proposed by Nakai et al. through MeshTex [9, 11] and Lomov et al. [8] through WiseTex, a separate FE problem must be solved through expansion of the existing model, introduction of beam elements, and recompression (Figure 175).  This adds another potentially time-consuming stage to model development for what may be a tiny level of interpenetration although in some cases this may prove a useful way of significantly altering a tow cross-section to improve compaction as well as remove interpenetration.  A possibility exists to handle (at least minor) interpenetration during the meshing process, with very little additional computation, rather than complex geometrical model manipulation.  If variable fvfs are to be used longitudinally, a simpler solution may be to just increase the fvf of elements surrounding any identified interpenetrated elements, to simulate the same number of fibres passing through a smaller local tow cross-section.  Compared to the arbitrary and highly simplified geometries that are being modelling when an initial cross-section is initially assumed, modelling the tiniest of interpenetrated changes geometrically (especially with a mesh type like voxels) will disappear into both the initial geometry approximation as well as the mesh approximation.  For areas when interpenetration is detected, a computationally efficient solution (in terms of mesh generation and analysis) would be to redistribute this lost fibre volume amongst the surrounding tow elements.  This presents a sensible avenue of exploration for creating something to aid users in generating complex models with tight internal geometries that are hard to visualise, or that are hard to measure from micrographs (this might lead to overlaps due to guesstimates of some internal geometry parameters that are not visible).
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[bookmark: _Ref296095527][bookmark: _Toc315743953]Figure 175 – Existing ‘separate and compress’ geometric correction of interpenetrating tow volumes [8]

This would also aid in the creation of improved cross-section representation where curves more complex than an ellipse or a lens would be required to improve cross-section matching.

[bookmark: _Toc329879034]GUI Improvements
In order to improve the GUI interaction experience for any user, there are some changes that can be implemented to both simplify existing functions as well as extend the scope of the current GUI interfaces.  With the current hide/unhide functions available when creating 3D tow geometries, the tows must be operated on individually.  Throughout the use of the GUI to create the models presented in this work, it has become clear that there are many instances when it is useful to examine solely warp, weft and binder tows separately.  The addition of tags to each tow representation and the ability to then filter by these tags could greatly improve productivity when operating on large unit cells where there are many tows numbered in a non-specific order.  This also presents the user with an opportunity to tag tows that require XFEM analysis, and can be used to improve the ease of identification of tows in the enrichment portion of the mesher GUI by simply selecting all tows with an XFEM tag rather than needing to specify each tow number individually.
The use of the ‘hittest’ functionality of Matlab on tow surface objects to update geometry information fields would also improve the user experience by removing the need to know or find out the number ID of a particular tow.  Instead, they would be able simply to click on the tow they want to edit or see geometry information regarding.

[bookmark: _Toc329879035]Elastic and Failure Modelling Improvements
For those unit cells, such as the orthogonal weave modelled in Section 6.2.2, leaving the top and bottom surfaces unconstrained is entirely correct, as these are free surfaces of the weave panel, and are not subject to periodic behaviours.  However, in cases such as the angle interlock UCs (Section 6.2.1), the UC is of a repeated unit nestled within the panel thickness, and repeated through-thickness as well as in both in-plane directions, and there is a periodic constraint requirement.  Although for in-plane directions, this assumption of infinite periodicity may be appropriate (in that there are a large number of repeated units in-plane), the same cannot be said for through the panel thickness, where only a few UCs are likely to be required.  The effects of the free surface cannot be replicated through this PBC implementation.  It would therefore be of interest to study the effects of these free surfaces through creation and comparison of through-thickness PBC UCs and their full panel thickness equivalents (only requiring in-plane constraints).  This will indicate the levels to which through-thickness PBCs can be assumed as an adequate approximation, or whether in cases of very few repeats, increasing the UC size cannot be avoided to ensure the inclusion of important free surface effects.
If tetrahedral meshing is to be employed either at the tow surface or throughout the models, expansion and completion of the existing work is necessary.  Creating degenerated hexahedral elements to bridge the regions of element incompatibility will allow the full use of the surface improvement techniques developed in Section 7.6.  A further option is to implement a complete tetrahedral meshing option, although this poses problems for the use of XFEM for failure analysis using Abaqus/Implicit, in that there is currently no tetrahedral element XFEM implementation.
One of the major benefits of a meshing system which is able to explicitly mesh both matrix and tow regions is the existence of a planar interface between the two material regions.  To further enhance the failure analysis options within voxel models, it will be possible to prescribe cohesive regions in areas of interest using either a cohesive contact model or cohesive elements.  Using a cohesive property along the tow surface will allow prediction of tows splitting away from the matrix-rich regions which is a frequently observed occurrence, both in 2D and 3D weaves (Figure 147 and Figure 148 exemplify this type of behaviour along the binder edges on the panel surface).
It is already possible to use the materials GUI to assign plasticity properties to the matrix regions of voxel models to capture the documented pressure dependent plastic behaviour of the resin systems commonly used in woven panels.  Although this was used in initial models (Section 7.4.1), the issues occurring due to tow surface stresses and the subsequent need to resolve these problems meant that plasticity effects were largely overlooked in most models as the focus was on correct tow failure initiation predictions.  No additional work is required for a user to use a range of Drucker Prager based plasticity options once other problems are rectified.
Failure propagation follows directly within XFEM once failure initiation can been correctly predicted with certainty and in a robust manner, for any desired weave.  The use of XFEM for failure initiation prediction necessitates the use of the ‘*Damage Propagation’ keyword, and simple adjustment of these card inputs correct for the material (and fvf) appropriate should allow propagation of cracks throughout XFEM enriched voxel regions.

[bookmark: _Toc329879036]Abaqus Integration Improvements
In instances where both PBCs and materials have been completely specified within the Voxel Modelling Technique, there is no need for a user to interact with Abaqus/CAE or any other Abaqus product, save to confirm the model is as expected (particularly as Abaqus/CAE is not capable of handling many of the keywords used within voxel-generated input files).  To speed up the process of analysing models, using a batch file to automatically submit an analysis based would reduce the submission of a job to a single button press.
Along similar lines, the extraction of stiffnesses from a model can be a tedious process, especially when UC models are large.  Given that there is a consistent setup of element sets that are used to extract UC stiffness values, a Python script could be used to automate this process.  Stresses and strains extracted directly from the model results database could be averaged and processed to give a simple readout of the desired UC properties.  This could also be run as an additional ‘toolbar’ within Abaqus/Viewer.

[bookmark: _Toc329879037]Other General Improvements
Although Matlab has proved an able environment in which to develop all aspects of the Voxel Modelling Technique, there remains the issue of runtime due to its nature as an uncompiled language.  Implementation within Python or C++/C# would improve the runtime of the code, provided all functionality could be implemented within available libraries (this is likely the case, but has not been thoroughly investigated).  It would also ease distribution of the program as majority of users will be able to obtain any required libraries with ease.  The use of the Matlab complier to package and distribute the current implementation allows users without a Matlab license to run the software via the Matlab Compiler Runtime (MCR) for free, however the process would be simplified without the need for this. 
With the aforementioned improvements that are possible, it is clear that there are still many regions of modelling to be covered and many enhancements possible to those which have already been touched upon.  This is a direct reflection of the scale of the problems faced when trying to create accurate yet practical models of complex woven geometries and highlights the difficulties in creating a single, integrated solution.  Although a lot of development is still possible, the Voxel Modelling Framework already allows for finite element models of user created weave geometries to be produced, with a wide range of options available to assist a designer in their creations.  Suggestions made here will extend the range and applicability of the framework to a wider range of weaves whilst constantly improving the representations achievable for those weaves which have already been modelled.
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	Input 
	Name
	Notation
	Value
	Units

	1
	Longitudinal Young’s modulus
	E1
	134100
	MPa

	2
	Transverse Young’s modulus
	E2
	8640
	MPa

	3
	Major Poisson’s ratio
	υ12
	0.28
	 

	4
	Major transverse Poisson’s ratio
	υ23
	0.28
	 

	5
	In-plane shear modulus
	G12
	5780
	MPa

	6
	Longitudinal tensile strength
	Xt
	2560
	MPa

	7
	Longitudinal compressive strength
	Xc
	1590
	MPa

	8
	Transverse tensile strength
	Yt
	73
	MPa

	9
	Transverse compressive strength
	Yc
	185
	MPa

	10
	In-plane shear strength
	SL
	90
	MPa

	11
	Alpha_0
	α0
	53
	°

	12
	phi_o
	φ0
	4.61605
	°

	13
	Transverse shear strength
	St
	69.7037
	MPa

	14
	Slope coefficient for longitudinal shear strength
	ηL
	0.082
	 

	15
	Slope coefficient for transverse shear strength
	ηt
	0.286745
	 

	16
	Slope coefficient for Young’s modulus
	ηE
	16
	 

	17
	Slope coefficient for shear modulus
	ηg
	0.2
	 

	18
	Critical energy release rate in fibre tension
	enft
	0
	mJ/mm2

	19
	Critical energy release rate of 2nd failure process in fibre tension
	enftii
	0
	mJ/mm2

	20
	Ratio strength over 2nd failure process strength
	rft
	0
	 

	21
	Critical energy release rate in kinking
	enkink
	0
	mJ/mm2

	22
	Critical energy release rate of 2nd failure process in kinking
	enkinkii
	0
	mJ/mm2

	23
	Ratio strength over 2nd failure process strength
	rkink
	0
	 

	24
	Critical energy release rate of matrix in mode I
	enb or GIc 
	0
	mJ/mm2

	25
	Critical energy release rate of 2nd failure process matrix in mode I
	enbii
	0
	mJ/mm2

	26
	Ratio strength over 2nd failure process strength
	rb
	0
	 

	27
	Critical energy release rate of matrix in mode II
	ent or GIIc
	0.21
	mJ/mm2

	28
	Critical energy release rate of 2nd failure process matrix in mode II
	entii
	0
	mJ/mm2

	29
	Ratio strength over 2nd failure process strength
	rt
	0
	 

	30
	Critical energy release rate of matrix in mode II
	enl or GIIc
	0.8
	mJ/mm2

	31
	Critical energy release rate of 2nd failure process matrix in mode II
	enlii
	0
	mJ/mm2

	32
	Ratio strength over 2nd failure process strength
	rl
	0
	 

	33
	Saturation crack density
	crackdens
	0.8
	 

	34
	Material orientation
	beta
	0
	°

	35
	Flag for micro or meso scale (matrix propagation)
	flagscale
	0
	 

	36
	Flag for UD / outer / embedded ply
	flagplytype
	0
	 

	37
	Flag for bilinear or trilinear damage law for matrix
	flaglawmat
	1
	 

	38
	Flag for bilinear or trilinear damage law for matrix
	flaglawft
	0
	 

	39
	Flag for bilinear or trilinear damage law for matrix
	flaglawkink
	0
	 

	40
	Flag for element deletion after matrix failure
	delmatflag
	0
	 

	41
	Flag for element deletion after kinking failure
	delkinkflag
	0
	 

	42
	Flag for element deletion after splitting failure
	delsplitflag
	0
	 

	43
	Flag for element deletion after fibre tension failure
	delftflag
	0
	 

	44
	***** 
	delgap
	0
	 

	45
	*****
	delsteps
	100
	 

	46
	Failure propagation flag 
	faipropflag
	1
	 

	47
	Failure initiation flag
	findexflag
	1
	 

	48
	Non-linearity flag
	nlf
	3
	 

	49
	First order coefficient in the shear curve polynomial
	c1g
	6345.12
	 

	50
	Second order coefficient in the shear curve polynomial
	c2g
	-173830
	 

	51
	Third order coefficient in the shear curve polynomial
	c3g
	1.66688e6
	 

	52
	First order coefficient in the transverse curve polynomial
	c1ym
	10898.3
	 

	53
	Second order coefficient in the transverse curve polynomial
	c2ym
	-278340
	 

	54
	Third order coefficient in the transverse curve polynomial
	c3ym
	2.3795e6
	 


(Material properties for inputs 1-10 and 13 vary with material system in use and the particular fvf of any given element)
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