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 Differentiating the two undulation functions, we can readily obtain the expressions for the fibre orientation angles, Ow&) and O&), of the warp and weft yarns in relation to the global x and y coordinates. With the off-axis fibre orientation angle known for each yarn, the reduced compliance constants, Sij(B), of the undulated yarns along the global
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 axes can be determined using transformed equations similar to those given in (4.30) and (4.31). As proposed by Naik and Ganesh (1992), with reference to Figure 4.7(b) and (c), for the warp yam in one slice the off-axis angle at the midpoint of that slice is used to calculate the off-axis compliance constants for the idealised warp layer, while for the weft yarn in one slice the off-axis effective compliance constants for the idealised weft layer are set to equal to the average values of Sij(6J over the integration interval from 0 to the maximum values of I%&). With the compliance constants known for each layer in one idealised slice in Figure 4.7(c), the effective properties for that slice can be determined using the classical laminate theory. Similar to the case of one-dimensional fibre undulation model, the overall effective properties for the unit cell shown in Figure 4.7(a) can be determined by applying iso-stress conditions to all slices in y direction. Evidently, determination of the off-axis compliance constants in the weft yarn in terms of average values of Sij(8, introduces approximations. Another model, proposed by Naik and Ganesh (1992) and referred to as the element array model, was to enhance the approximation in the weft direction. In the element array model, the slices of the unit cell shown in Figure 4.7(b) were further divided into elements along the x direction prior to idealisation. This can be better illustrated in Figure 4.8, in which the unit cell is discretised along both warp and weft directions into elements. For each element the offaxis angles at the centre of the element are chosen to determine the reduced properties of the idealised layers, which can be further used to calculate the properties of that element using the classical laminate theory. The overall effective properties of the unit cell can be obtained by assembling all elements in two combinations, i.e., series-parallel combination and parallel-series combination. In the series-parallel combination, elements are assembled in series into slices first along the loading direction under isostress condition and then the slices are considered in parallel under iso-strain condition. In the parallel-series combination, elements are grouped in parallel into slices first across the loading direction under an iso-strain condition and then the slices are considered in series under an iso-stress condition. It is expected that the parallel-series combination predict a higher value of stiffness compared to the series-parallel combination. Naik and his colleagues have performed an extensive research both numerically and experimentally to verify the slices array model and element array model (Naik, 1994). Shembekar and Naik (1992) also investigated the effect of fibre undulation shifts between individual weave lamina in a laminated plate. It is beyond the scope and limit of this chapter. Readers who require further details on the models themselves and experimental verificatiofare referred to the book by Naik (1994).
 
 4.3.3 Three-Dimensional(3D) Models Both 1D and 2D models discussed above were developed based on the classical laminate theory. Although accounting for yarn undulation, yarn shape and spacing, these models predict the in-plane elastic properties only. 3D models have been developed to evaluate the out-of-plane elastic properties in addition to the in-plane properties. It is not possible to present all models. In the following we choose to present the models proposed by Hahn and Pandey (1994) and Vandeurzen et al. (1996a, 1996b, 1998) for the case of plain weave composites.
 
 3 0 Fibre Reinforced Polymer Composites
 
 82 warp
 
 Y
 
 Y
 
 Figure 4.8 Element array model (a) unit cell, (b) division and idealisation in z-x and z-y planes (Naik and Ganesh, 1992) Consider the unit cell shown in Figure 4.6, we assume that the undulation and crosssectional shape of each individual yarn is known. Both yarns are treated as transversely isotropic unidirectional composites, for which the engineering constants can be measured or evaluated from the local fibre volume fraction and fibre and matrix properties. There exist a number of closed-form approximations for evaluating the properties of unidirectional composites (Hill 1965; Hashin 1979; Christensen 1990; Aboudi, 1991;). For example, Chamis (1984) proposed the following equations for the engineering constants:
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 (4.39)
 
 where E,, G, and v, are the matrix elastic properties, Efl, Eft, Gflz,Gf~3and vf12are the fibre elastic properties, and V, represents the fibre volume fraction of the yarn. In terms of the engineering constants, the corresponding stiffness matrix and the compliance matrix [SI can be determined following the standard procedure (Christensen, 1979) in the yarn-related local coordinate system. From the yarn undulation function, the offaxis angle can be determined and then used to compute the off-axis elastic stiffness matrix, which can be a function of x or y . With reference to Figure 4.6, the off-axis stiffness and compliance matrix for the warp are [ C " ( y ) ]and [Sw ( y ) ], and those for
 
 [a
 
 the weft are [C'(x)] and [S' ( x ) ] , by employing the transformation matrix [qdefined between the yarn-based local coordinate system and the global coordinate system for the unit cell. In the 3D model proposed by Hahn and Pandey (1994) the representative volume element as shown in Figure 4.6 is considered but without modelling the upper and lower layer of pure matrix. Yarn undulations and geometry are described by using the sinusoidal functions similar to those given in equations (4.35), (4.37) and (4.38) with h,=O, h, and h+=Obeing exchanged, Lfreplacing a,, and aw+gw,and aytand L, replacing afigf. Average stresses and strains are defined as those in equation (4.7). To simplify the analysis, it is assumed that the strains are uniform throughout the unit cell when it is subject to homogenous displacement boundary conditions similar to the definition in equation (4.8). This is a key assumption in this model as it introduces the approximation. Under this iso-strain assumption, the effective elastic properties as defined in equation (4.10) can be determined by:
 
 [c]
 
 (4.40)
 
 where the subscripts and superscripts w ,f and nz represent the warp, weft and pure matrix, respectively, V is the total volume of the unit cell. Closed form expressions for the effective elastic constant matrix were given by Hahn and Pandey (1994). The iso-strain assumption offers a significant simplification in evaluating effective elastic stiffness matrix but it also at the same time creates an opportunity for future research to enhance the predicted results by removing the iso-strain assumption.
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 Replacing the iso-strain assumption with an iso-stress assumption throughout the unit cell, we can find the effective compliance matrix as follows:
 
 1
 
 (4.41)
 
 I I S w ( y ) ] d V + I [ S ' ( x ) ] d V + /[S"]dV Vf
 
 vm
 
 In the iso-stress assumption, it is assumed that the stresses are uniform throughout the unit cell when subject to a homogeneous boundary condition of constant surface tractions as defined in equation (4.9). Similarly, a set of closed form expressions for the effective compliance constants can be obtained. The 3D fabric geometry model, initially developed by KO and Chou (1989) to study the compressive behaviour of braided metal-matrix composites, was used by Vandeurzen et a1 (1996a, 1996b and 1998) to develop 3D elastic models for woven fabric composites. In the fabric geometry model, different yarn systems in a macroscopic unit cell are defined according to the yam orientation, and each yarn system is treated as a unidirectional lamina. By assuming that all yam systems have the same strains, i.e., introducing an iso-strain condition in all yarns, the effective stiffness matrix of the composite unit cell can be calculated as the weighted sum of the stiffness matrices of all the yarn systems. Vandeurzen et a1 (1996a,b) carried out an extensive geometric analysis of woven fabric composites, and then established a macro- and micro-partition procedure to describe even the most complex 2D woven composite structures, with a library of 108 rectangular macro-cells and a library of geometric parameters. The procedure allows definition of the yarn systems in, generally speaking, two ways of micro-partition, as schematically shown in Figure 4.9. In the non-mixed yam system, the yarn and matrix are modelled separately with the yarns being further partitioned into micro-cells to describe the yarn undulation. In the mixed yarn system, both yam and matrix are partitioned together to form rectangular micro-cells of mixed yarn system. In the mixed yarn system, fibres of the yarn are redistributed evenly throughout the entire micro-cell with an averaged fibre volume fraction.
 
 (a) Non-mixed
 
 (b) Mixed
 
 Figure 4.9 Two ways of creating yarn systems (a) non-mixed yarn systems and (b) mixed yam systems (Vandeurzen et al, 1996a,b)
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 Vandeurzen et a1 (1996b) also considered the iso-stress condition in addition to the isostrain condition to evaluate the effective properties of the unit cell. For the case of nonmixed yam systems, the effective properties of the unit cell can be approximated as:
 
 (4.42) where w is the volume fraction of the corresponding yarn system or matrix, Nyis the total number of yam systems and i is the i" yarn system. Subscript m refers to the matrix. The above two equations can be regarded as approximations of equations (4.40) and (4.41) because the transformation matrix [TJ is set to be constant in a yam system. For the mixed yarn system, above equations can also be used except for wm=O. Vandeurzen et al. (1996b) presented the above equations in a convenient form for implementation in their custom design tool TEXCOMP. They also presented a new model, referred to as the combi-cell model, for mixing up the yarn and matrix as shown in Figure 4.9(b). A combi-cell consists of a yarn layer (Y) and a matrix layer (M) as shown in Figure 4.10(b), which simplifies the micro-cell model in Figure 4.10(a). By minimising complementary strain energy, the effective properties of the combi-cell can be written as
 
 where k is the volume fraction and Y and M refer to the yam and matrix respectively, and [Ai] is the relation matrix, which defines a linear relationship between the externally } ,namely, applied stress { 5)and the layer internal stresses (a,
 
 1
 
 (0, = [A,
 
 IIW
 
 (i=Y, M)
 
 (4.44)
 
 The compliance matrix of each micro-cell is then calculated by transforming the compliance matrix of the combi-cell given in equation (4.43) to the unit cell coordinate system.
 
 matrix I
 
 I
 
 I
 
 Figure 4.10 Combi-cell model (Vandeurzen et al, 1996b)
 
 I
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 Tan et al. (1997b) proposed a 3D modelling technique for predicting the linear elastic property of open-packed woven fabrics. Consider the unit cell of an open-packed plain weave as shown in Figure 4.6, introduced is a simplified model as depicted in Figure 4.1 1. It is clear that the yarn undulation is approximated by a linear inclination. The unit cell is divided into 9 regions which can be represented by the three micro-blocks shown in Figure 4.11(b). Average material properties for each micro bIock are evaluated first, and then the overall effective properties for the unit cell of the composite are calculated by assembling micro-blocks in the warp direction first into stripes and then in the weft direction or vice versa.
 
 I
 
 A-A
 
 _. Y
 
 --f
 
 B-B
 
 X
 
 A
 
 A
 
 D-D
 
 a
 
 a
 
 a-SCPMIB b-UMIB C-PRMIB b'-UMIB after rotating 90" about z axis
 
 (a) Unit cell
 
 "A X
 
 Weft
 
 'Pure resin
 
 (b) Micro-blocks
 
 Figure 4.11 Simplified models for a unit cell of a plain woven composite (Tan et al, 1997b) For the micro-block SCPMIB shown in Figure 4.1 l(b), the individual terms in equation (4.6) are given by:
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 c,,=CLVT +c,BvB
 
 (4.45)
 
 c,, = V T CC,'C, ," VBCUT c, = c&vT+ CLV B+
 
 c5,
 
 =
 
 CSTc,,
 
 v c,, v "c,, . I B+
 
 where VTand are, respectively, the volume fractions for the top fibre ply (i.e., warp yarn in Figure 4.1 l(b)) and bottom fibre ply (i.e., weft yarn in Figure 4.1 l(b)), Cur, C," and Cij are, respectively, the stiffness constants for the top fibre ply, bottom fibre ply and the micro-block SCPMIB. For the micro block UMIB shown in Figure 4.1 l(b), the stiffness constants Cij under its local coordinate system can be evaluated using equations (4.45), and then its stiffness constants Cij' under the global coordinate system can be obtained by:
 
 is the where [Cg]is the stiffness matrix referred to the local coordinate system and [CuJ stiffness matrix in the global coordinate system. [rJ is the Hamiltonian tensor transformation matrix, namely 2
 
 /I2 122 2
 
 [TI =
 
 13
 
 1,1, 1,1, 1,1,
 
 m1 2 m2 2 9
 
 n1
 
 2 2
 
 2m1n1 2m2n2 2m3n3
 
 2 h
 
 21,m,
 
 212m2 212n2 2 123 213% 213m3 m2m3 n2n3 m2n3+m3n2 12n3+13n212m3+13m2 mlm3 n,n3 m,n3+m3nl lln,+13n, l,m,+l,m, mlm2 n,n2 mln2+m2n, l,n2+12n, l,m2+12m, n2
 
 (4.46b)
 
 where Zi = cos(i, x). mi = cos(i, y ) and ni = cos(i, z) for i=1,2,3. When micro-blocks are assembled in the warp or x direction to form the warp stripes, the average properties for a warp stripe can be given by: NAC,2AVA +
 
 GIA C,,S = c
 
 C;2 = N A C A V A+ N B C & V B
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 C13 = N ACAVA
 
 + N 'C&V '
 
 c; = N ~ C : V +~ N~C:V' C6,S =
 
 C66AC66B
 
 NAVAC,,B+ NBVBCGGA
 
 c;~= N C5,S =
 
 ~ C +~N V ' C ~~ V ~ c55"55"
 
 NAVACSSB + NBVBC55A (4.47)
 
 where N" and NB are the number of micro-blocks A and B within a strip, respectively, are the volume fractions of a micro-block A and micro-block B, respectively, and C t . C t , C i are the stiffness constants for micro-block A, micro-block B and a strip, respectively. When the micro-blocks are assembled in the weft or y direction to form the weft stripes, equations for the average properties for a weft stripe can be obtained by exchanging 1 and 4 with 2 and 5, respectively, in equation (4.47). The overall effective properties of the unit cell can be calculated by assembling the warp or weft stripes via employing the equations for properties of the weft or warp stripes, respectively. The 3D model proposed by Tan et al (1997b) can be extended to take into account the fibre undulation by employing a large number of micro-blocks.
 
 4.3.4 Applications of Finite Element Methods Finite element methods ( E M ) have been used almost universally during the past forty-five years to solve very complex structural engineering problems (Zienkiewicz and Taylor, 1989). When applied to characterise textile composites, FEM visualises them as an assemblage of unit cells interconnected at a discrete number of nodal points. The unit cell is a periodic square array of fibres embedded regularly in the matrix. Hence, if the force-displacement relationship for an individual unit cell is known, it is possible, by using various well-known theories and techniques of elasticity theory, to evaluate its mechanical properties and study the mechanical behaviour of the assembled composite structure. The general procedure to predict the mechanical properties of a textile composite using FEM consists of 1) dividing the textile composite structure into a number of unit cells and analysing the mechanical properties of a unit cell using FEM, and 2) reconstructing the entire reinforcement geometry by assembling the unit cells for predicting mechanical properties of textile composites. Thus, the ability of a FEA model to predict mechanical properties depends upon the accuracy of modelling the fibre geometry in a unit cell. For the theoretical method, analytical models for elastic properties of composites are generally developed based on classical laminate theory and rule of mixture. Tan et al. (1997a) provided an overview on modelling of mechanical properties of textile composites using the finite element method. Whitcomb (1989) analysed plain weave composites using 3D finite element analysis, and studied the effect of tow waviness on the effective moduli, Poisson's ratio and internal strain distributions. It was found that the in-plane moduli decreased almost linearly with increasing tow waviness, which was found to create large normal and shear strain concentrations in the composites when subject to a uniaxial loading.
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 A finite element model for plain weave textile composites was proposed by Glaessgen et al. (1994). The yarns forming a unit cell were considered to be elastic bodies interacting with one another and subject to external loads. The centre line of each yam was represented as a Bezier curve interpolating a set of discrete support point. The cross-sectional shapes were assumed to be elliptical. The constituent properties of textile composites were approximated as transversely isotropic yams in an isotropic matrix. The quadratic tetrahedral element in ABAQUS was used. Subsequently, Glaessgen et al. (1996) proposed a method using the textile geometry model combined with the FEM for studying the internal details of displacement, strain, stress and failure parameters. In this method, the geometrical and mechanical modelling was carried out on the structural level of the unit cell, Since the microstructure of the textile composite is very complex, it is almost impractical to incorporate all architecture parameters in a simple finite element model. In order to obtain reasonable predictions of mechanical properties with a minimum analysis effort, there is a need for more computational efficient methods for performing the analysis (Whitcomb, 1991; Whitcomb and Woo, 1993a). A 2D to 3D global/local finite element analysis method has been developed by Thompson and Criffin (1990, 1992) to determine interlaminar stress fields for composite laminates with a hole under a remotely loaded uniform uniaxial load. The initial approach used was a 2D global finite element analysis on the whole body or global region with 2D plate finite elements, followed by a more detailed 3D local finite element analysis performed on the local areas of interest with 3D finite elements. The appropriate displacements of the global/local interfaces from 2D global model were applied to the edges of 3D local model. A new finite element analysis approach, called global/local (or macro/micro) analysis method, for textile composite was subsequently proposed for improving analysis efficiency. It was suggested that an accurate global analysis, which determines the local effect on a gross scale, be carried out first, and then as many local analyses as required be conducted. Whitcomb ( 1991) proposed an iterative global/local finite element analysis method. The basic idea of this method is that a coarse global model can be employed to obtain displacements or forces that can be used as appropriate boundary conditions for local regions. There may be a potential problem due to the differences in the stiffness of the global and local models. This method was subsequently used for performing linear analysis and geometrically non-linear analysis (Whitcomb and Woo, 1993a,b). A new type of finite element, referred as macro element, was proposed, in which the tow path was assumed to be sinusoidal (Woo and Whitcomb, 1994). The displacement field within the macro element was assumed to be single field. Because of this assumption, the stresses or strains calculated within the macro element may not be accurate. A new finite element method, referred to as global/local methodology, was proposed. This method is based on 3 types of special macro elements, referred to as coarse microstructure transitional microstructure and fine microstructure. A transitional microstructure is a structure that stands between the coarse and fine microstructures, and a special finite element is needed. It was reported that the predictions obtained using the conventional E M and the global/local method were in poor agreement when near the globaYlocal boundary. A 3D finile element model was proposed by Chapman and Whitcomb (1995) to investigate the effect of the assumed tow architecture on the moduli and stresses for plain weaves. In this model, a yarn is assumed to have a sinusoidal tow path and a
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 lenticular cross-section, and macroscopically homogeneous in-plane extension and shear and transverse shear loadings are considered. A unified prediction method ranging from micro model (named as fibre bundle model) to macro model (named as weaving structure model) was developed by Fujita et ai. (1995). In the fibre bundle model, one fibre bundle was modelled with beam elements. Resin elements are set up to connect fibre beam elements. As the rule of mixture is used to calculate the material constants of the fibre element, this model can be used to study micro phenomena within fibre bundle. For the weaving structure model, the weaving structure of textile composites is modelled by connecting the beam elements. Resin existing between crossing fibre bundles is also modelled by resin elements. The section of the fibre bundle is approximately in a rectangular shape, whose area is assumed to be equal to that of the fibre bundle measured. This model was only used to simulate the mechanical behaviours of 2D textile composites, and dependence of the mechanical properties on the textile structural parameters was however not investigated. 4.4 MODELS FOR 3D WOVEN COMPOSITES
 
 In this section, we discuss several modelling schemes for typical 3D woven composites as shown in Figure 4.12. There exist a variety of modelling schemes available. However, our focus will be on the following selected three modelling schemes: orientation averaging models, mixed iso-stress and iso-strain models, and finite element applications.
 
 (c) Figure 4.12 Types of 3D woven fabrics, (a) 3D orthogonal interlock, (b) 3D Throughthickness angle interlock, and (c)Layer-to-layer interlock (Tan, 1999)
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 4.4.1 Orientation Averaging Models Simple orientation averaging models were originally developed for calculating macroscopically averaged elastic properties of fibre reinforced composites (Tarnopol'skii et a1 1973; Kregers and Melbardis, 1978). In these models, the composite is treated as an assemblage of small volumes. In each individual volume, all fibres are aligned and orientated depending on the reinforcement architecture. Each volume can be modelled as unidirectional composites with transversely isotropic properties. The overall effective properties of the composites can then be determined by averaging the response of a representative body to the externally applied loads under the assumption of either uniform stresses or uniform strains. It is clear that the assumption of uniform stresses or strains is identical to that used in the 3D model for 2D woven composites. It may be viewed, to certain extent, as rules of mixtures in the three dimensional case, similar to those in Section 4.2.3. Cox and Dadkhah (1995) applied the orientation averaging method to 3D woven interlock composite, i.e., layer-to-layer and through-the-thickness angle interlock and orthogonal interlock weaves. For orientation averaging, each composite is divided into stuffer, filler, and two warp weavers volumes with fraction ci of the total composite volume (i=s,f, wI and wz for stuffer, filler, and two warp weavers volume) with a sum of ci being unity. Similar to equation (4.42), the following approximate expression for the stiffness matrix of 3D woven composites with ideal geometry is obtained: (4.48)
 
 It was found that the ideal geometry is far different from the true geometry. Both stuffer and filler yams are not straight and there exists significant out-of-plane waviness, which varies along the stuffer and filler directions. To take into account the most important effect of tow waviness on elastic properties, a symmetrical normal distribution is formed for the out-of-plane alignment angle, 5. as follows:
 
 with the density function given by
 
 where o5 represents the width of the distributions. A waviness knockdown factor is defined as for crl 510'
 
 (4.49)
 
 The waviness knockdown factor is used to reduce the values of Young's modulus in the tow direction and Poisson ratio v12for the stuffer and filler yarns.
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 As found by Cox and Dadkhah (1995), the orientation averaging model with simple corrections for tow waviness can provide an excellent prediction of the in-plane macroscopic elastic constants and a fair estimation for elastic constants related to through-thickness strains.
 
 4.4.2 Mixed Iso-Stress and Iso-Strain Models Tan et al. (1998, 1999a,b) proposed a mixed iso-stress and iso-strain based unit cell modelling scheme for predicting mechanical and thermo-elastic properties for 3D orthogonal and angle-interlock composite materials. The modelling scheme was experimentally validated by comparing the measured elastic properties of 3D orthogonal carbon fibre reinforced composites and 3D glass fibre reinforced composites with those predicted (Tan et al., 2000b, 2001). In the following, we will describe the fundamentals of the mixed iso-stress and iso-strain unit cell modelling scheme by considering a 3D orthogonal woven composite material. Consider a piece of material from a 3D orthogonal woven composite as shown in Figure 4.13, in which three types of yarns (Le. warp, weft and z yarns) of assumed rectangular cross-sectional shapes are placed in three mutually orthogonal directions. The marked volume can be treated as a unit cell as shown in Figure 4.14.
 
 I
 
 weft yarn
 
 unit cell
 
 X
 
 Figure 4.13 A schematic of idealised 3D orthogonal woven preform (resin removed from the preform) (Tan et al, 1998, 1999a,b)
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 Figure 4.14 Schematic of idealised 3D orthogonal woven fabric unit cell (Tan, 1999)
 
 J
 
 (a) Cross-sectional shape
 
 (b) Schematic showing scheme of
 
 measuring the width
 
 I
 
 (c) Schematic showing scheme of measuring the thickness
 
 Figure 4.15 micrograph of the cross-sectional shape of a 3D orthogonal woven CFRP composite (Tan et al, 2000a,b)
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 As shown in Figure 4.15, there exists a remarkable difference between the idealised and true geometry in a 3D orthogonal woven composite material. The procedure to determine all idealised geometrical dimensions was detailed in Tan et a1 (2000b). Figure 4.15 schematically shows the scheme used to determine the cross-sectional dimensions of a rectangular shaped stuffer yarn. The unit cell shown in Figure 4.14 can be subdivided into four blocks of cubic shape by cutting through two planes that are perpendicular to each other and pass through the selected two interfacial planes between the three yarns and the resin. For example, one cutting plane is selected as the interfacial surface between the warp and weft yams parallel to the xy plane, and the other one as the interfacial plane between the warp yarn and the resin parallel to the xz plane. In this case, the four blocks are shown in Figure 4.16. It is clear that the overall properties of the unit cell can be evaluated by estimating the properties of each block. Figure 4.17 depicts all three possible ways of assemblage of each block comprising of two constituent sub-blocks A and B.
 
 Figure 4.16 an illustrative example of the 4 blocks of 3D orthogonal woven composite material (Tan et al, 1999a,b)
 
 tz
 
 J$ X
 
 X
 
 4
 
 (a) “X assembly”
 
 (b) “Y assembly”
 
 -
 
 Y
 
 (c) ‘Z assembly”
 
 Figure 4.17 Three possible assemblages of block with A and B constituent sub-blocks (Tan et al, 1999a,b)
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 As shown in Figure 4.17, an “X assembly” is assembled with NA blocks of material A and NBblocks of material B in the x direction. The overall material properties are given via the following equations:
 
 c,,s = c
 
 C22 =NAC22AVA+NBC2?VB,
 
 CB =NAC23AVA+NBC23BVB,
 
 C33 =NAC33AVA+NBC33BVB,
 
 CM =NACaAVA+NBC44BVB, C,,S =
 
 C55AC55B NAVACSSB + NBVBCSsA’
 
 c,,s =
 
 ‘66
 
 NAVACMB + NBVBC66A
 
 (4.50)
 
 where NA and NB are the numbers of micro-blocks A and B within a strip respectively, and VA and VB are the volume fractions of a micro-block A and a micro-block B in a strip respectively, CuA,C					    
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