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A new parameterized micro-structural model of 2.5D angle-interlock woven composites, named ‘full-cell model’, has 
been established. In order to verify the validation of finite element model (FEM) based on the full-cell model, the effective 
elastic properties and the mechanical response of 2.5D woven composites are presented. Additionally, the effects of fibre 
aggregation density and thickness on the mechanical properties are also investigated in detail. The experimental results are 
compared with the values of FEM based on the full-cell model and inner-cell model. 
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1 Introduction 
Textile composite material has been applied in 

advanced engineering, owing to their good 
comprehensive mechanics performance. In such 
textile composites, 2.5D angle-interlock woven 
composite material, possessing more simple woven 
technology in comparison with other 3D composites, 
has been applied in aeronautics and aerospace fields. 
Thus, it is of great importance to study the 
microstructure and prediction method of this kind of 
2.5D woven composites1. 

Until now, the selective averaging method based on 
iso-stress assumption proposed by Sankar and 
Marrey2 was used to predict the thermo-elastic 
properties of textile composites. Later, Zheng3 and 
Qiu4 predicted the elastic modulus of 2.5D woven 
composites based on this numerical method. Hallal 
and Younes5 proposed an analytical model, called 
three stages homogenization method, to predict the 
elastic properties of 2.5D composites. Jiang et al.6 
studied the effective modulus of 2D textile 
composites using a stress and strain averaging 
approach. Tan et al.7 proposed a new numerical 
method, named as XYZ-model, according to a mixed 
iso-stress and iso-strain to predict the thermo-elastic 
properties of 3D woven composites. Ishikawa and 
Chou8-10 proposed the bridging model, which was 

used to analyze the elastic behaviors of 2D woven 
composites. Meanwhile, finite element method (FEM) 
has also been used to estimate the mechanical 
properties of textile composites. Lu et al.11,12 studied 
the failure behaviors of 2.5D textile composites based 
on FEM. Li and Dong13 studied the stiffness, strength 
and damage progressive analysis of 2.5D woven 
composites, which neglected the influence of the 
outmost layer structure. Although several works have 
been carried out to analyze the mechanical properties 
of 2.5D textile composites by FEM, most of the 
models only considered internal structure, which 
inevitably introduces error. Meanwhile, the 
reasonable periodic boundary conditions also need to 
be studied. 

The aim of this work is to develop accurate 3D 
finite element model, considering the outmost layer 
structure for 2.5D woven composites. And then the 
periodic boundary conditions for the Full-cell model 
are elaborately given. Finally, the influences of fibre 
aggregation density and thickness on the elastic 
properties of this material are investigated in detail 
and the validation of FEM will be further verified by 
comparing the test results. 
 
2 Materials and Methods 

The material under investigation is a 2.5D woven 
carbon fibre-reinforced thermosetting resin 
composites. The woven fabric is manufactured using 
fibre yarns that consist of T300-3K carbon fibres and 
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the matrix is QY8911-IV with a glass transition 
temperature 256C. The specimens with six plies of 
wefts were fabricated by a resin transfer molding 
(RTM) technique and the corresponding diaphragm-
curing process of RTM technique is shown in  
Fig. 1(a). The composite panel with a fibre volume 
fraction of 40.53% was finally obtained, and the 
average thickness of the panel is found about 1.88mm. 

The specimens with nominal dimensions of  
300 mm25mm were cut from the woven composite 
panel using an abrasive water-jet cutting technique. 
The aluminum end tabs (50mm length) were bonded 
to each specimen as illustrated in Fig. 1(b). For the 
specimens shown in Fig. 1(b), the warp interlocks 
with two layers of weft in the thickness direction and 
the linear density is 198g /1000m. The warp (weft) 
arranged density in the fabric is 10 (3.5) tow/cm. The 

micro-structure observed by HIROX (Japan) 
microscope is shown in Fig. 2. 

Due to the woven technique, a periodic structure 
can be obtained by ensuring that the arranged density 
in warp and weft directions is constant. According to 
Fig. 2, the minimal periodic microstructure concludes 
five tow wefts at the same height along the thickness 
direction. Furthermore, owing to the influence of 
molding pressure, the outmost layer weft (defined as 
the end weft) deviates the center line of the internal 
weft (named as the Inner weft), which leads to the fact 
that the outmost layer wefts are different with the 
internal layer wefts. Thus, the outmost wefts related 
to four layers are called the outer weft and the internal 
wefts are known as the middle inner weft. The 
configuration of end wefts are determined by three 
aspects, viz the outermost layer warp (closed to 
horizontal) and the two secondary layer warps which 
are upward or downward extension. Similarly, the 
middle inner or outer wefts are generated by four 
warps, viz two upward warps and two downward 
warps. 
 
2.1 Finite Element Model 

In order to establish the finite element model of 
2.5D woven composites based on the actual 
microstructure as shown in Fig. 2, following three 
assumptions were made: 
(i) A rectangular and two anti-quadratic curve shapes 

are selected to describe the cross-sections of 
warps and wefts respectively.  

(ii)  The wefts are assumed to be straight, but  
the trend of warp is composed of two parts  
[Fig. 3(b)], viz a quadratic curve depending on the 

 
 
Fig. 1—Photographs of material and process (a) diaphragm-curing 
process of specimens, and (b) 2.5D woven composites 

 
 
Fig. 2—Cross-sectional photomicrographs of 2.5D angle-interlock 
woven composites (a) longitudinal cross-section, and (b) 
transverse cross-section 
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configuration of weft and a straight line reflecting 
the tightening effect in the woven process.  

(iii)  The yarn is treated as a unidirectional composite 
composed of fibre and matrix where the interface 
between fibre and matrix is ideal. 

The model parameters shown in Fig. 3 can be 
calculated as follows (axes x, y, z are defined as 
longitudinal, transverse and thickness direction): 
 The boundary dimensions of the inner cell 

10( 1) / , 10 /x f w y j jL N M L N M       … (1) 
where Lx and Ly are the longitudinal and transverse 
length (mm) respectively; Nf , the number of weft 
yarn at the same height in which Nf =5 (Nj means the 
number of warp yarn in the transverse direction, in 
which Nj=2); and Mj. and Mw, the warp and weft 
arranged densities respectively. 
 The cross-sectional sizes of the warp 
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where Aj is the cross-sectional area of warp (mm2); T, 
the linear density of yarns (g/1000m); ρ, the material 
density (g/cm3); and Pj, the fibre aggregation density. 
 The cross-sectional sizes of the weft and 

inclination angle  
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where Aw is the cross-sectional area of weft (mm2); 
and Lz, the height in the thickness direction. 

In order to obtain the width of weft yarn W2w, and 
the inclination angle of the straight segment of the 
warp, a series of equations [Eqs (4)- (8)] are desired, 
as shown hereunder. 

Firstly, based on the aforementioned assumption, 
the configuration of weft is assumed quadratic curve 
as shown below: 

2z ax bx c      … (4) 
Next, a condition of the first-order continuous in 

point C (Fig. 3) must be satisfied to ensure the smooth 
transition in that point: 
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1
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where θ is the inclination angle. Meanwhile, the 
inclination angle can also be described by using 
following relationship: 

2 2 2
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By Eq.(6), the inclination angle can be calculated 
by the bisection method. Furthermore, according to 
the continuity condition in point C, following 
equation can be obtained: 

2 2 21 1( ) ( )
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Finally, the configuration of weft is obtained by 

adjusting W1w to make sure that the area of weft is 
equal to Aw: 
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Therefore, the shape parameters (W1w, a, c and θ) 

can be calculated according to simultaneous Eqs (4)-(8). 
Ultimately, the inner-cell model can be established by 
the above parameters (Fig. 4). 

The full-cell model can be established based on the 
inner-cell model. Figure 5(a) illustrates the forming 
process of 2.5D woven composites based on  
RTM technology. Based on the assumptions, the 
processing characteristic as mentioned above and the 
inner-cell model, a new model with outmost layer 
structure can be established in this work as illustrated 
in Fig. 5(b). 

 
 
Fig. 3—Schematic diagram of internal structure (the inner-cell model) (a) microstructure of 2.5D woven composites without the outer 
layer structure, and (b) geometric relation in the inner structure (local amplification) 
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2.2 Boundary Conditions of FEM 
2.5D angle-interlock woven composites can  

be envisaged as a periodical array of structure.  
Thus, the reasonable periodic boundary conditions  
for the representative volume cell (RVC),  
which consider six independent macroscopic 
deformational cases (εx, εy, εz, γxy, γxz, γxz) are studied 
as follows. 

Xia14 proposed explicit forms of periodic boundary 
conditions based on the above general expression. 
This is for any parallelepiped RVC models, such as a 

cubic structure. The following unified periodic 
boundary conditions are obtained: 

( , , ) ( , , ) ( , 1,2,3)j j j
i i iu x y z u x y z c i j       … (9) 

where c1
1, c2

2 and c3
3 correspond to the normal 

deformations, whereas the other three pairs of 
constants, c1

2(c2
1), c1

3(c3
1) and c2

3(c3
2) correspond to 

the shear deformations. 
To describe Eq.(9) in the FEM software, the 

periodic boundary conditions are achieved by using 
the discrete nodes which exist in the opposite 
surfaces, edges and vertices of the cubic RVC model. 
All of the constraint equations applied in the FEM 
software will be given in accordance with the cubic 
structure (Fig. 6), as shown below: 
 For three groups of the opposite surfaces: 

(i) opposite surfaces perpendicular to X axis 
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(ii) opposite surfaces perpendicular to Y axis 
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(iii) opposite surfaces perpendicular to Z axis 
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 For twelve edges divided into three types, namely 

(i) AD, BC, FG and EH parallel to X axis. (ii) 
CD, BA, EF and HG parallel to Y axis, and 
(iii)HD, EA, FB and GC parallel to Z axis. The 
edges parallel to X axis are 

 
 
Fig. 4—Inner-cell model of 2.5D angle-interlock woven 
composites 
 

 
 
Fig. 5—(a) Molding process of 2.5D woven composites based on 
RTM technology and (b) full-cell model of 2.5D angle-interlock 
woven composites 

 
 

Fig. 6—Cuboid-shaped unit and its geometric dimensions 
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For the other edges, the corresponding periodic 
boundary conditions can be obtained [Eq.(13)]. 
 For eight vertices, the constraint equations are 

established between the vertex D and the rest of 
vertices. The vertices of E, F, G and D are 
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For the other vertices, the corresponding periodic 
boundary conditions can be obtained using Eq. (14). 

According to the discrete method, it is convenient 
to achieve the boundary conditions in FEM software. 
In addition, assume that the average mechanical 
properties of a RVC are equal to the average 
properties of 2.5D woven composites. The average 
stresses are defined as: 

1 , ( )ij
ij ijV

j

P
dV no summation over j

V S
     

 
 … (15) 

For the full-cell model, since the upper and lower 
boundary is the actual boundary of the 2.5D woven 
composites, the periodic boundary condition 
mentioned above can be simplified; the boundary 
condition neglecting the equations corresponding to 
the Z direction. 
 

3 Results and Discussion 
3.1 Stress Nephogram Based on the Full-cell Model 

Figure 7 illustrates the stress nephograms based  
on the full-cell model and Inner-cell model subjected 
to the warp, weft and in-plane shear tensile loadings. 

 
 
Fig. 7—Stress nephograms of FEM based on the full-cell model [(a) and (b) subjected to warp loading; (c) and (d) subjected to weft 
loading; and (e) and (f) subjected to in-plane shear loading] 
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It can be seen that under warp tensile loading,  
the stress levels in warp are obviously greater  
than that in weft and matrix, which reveals that  
the warps are the primary load-carrying objects 
subjected to the warp loading (Fig. 7). Meanwhile, an 
obvious stress concentration can be found in the 
inclined sections of warps closed to crossing points, 
which indicates the damages, such as micro-cracks, 
might be preliminarily generated in these regions 
[Fig. 7(b)]. 

According to Fig. 7(c), the wefts are the primary 
load-carrying objects under weft loading and the 
stress concentrations are focused on the outmost layer 
weft [Fig. 7(d)]. The possible reason is the squeezing 
effect of the outmost layer warp and secondary layer 
warp.  

For the stress response of the full-cell model 
subjected to the in-plane shear loading, the stress 
distributions in warps and wefts are basically similar, 
but still greater than that in the matrix [Figs 7(e) and 
(f)]. Furthermore, due to the relatively longer warp, it 
leads to the extent of tensile and torsional deflection, 
which is more serious.  

3.2 Discussion on Elastic Properties 
Figure 8 illustrates the effect of thickness (Lz) and 

the fibre aggregation density (Pj) on the mechanical 
performance of fibre bundles, where the former can 
reflect the influence of processing technology and the 
later can be regarded as the fibre volume fraction in 
the unidirectional composites. 
 Effect on Elastic Modulus Ex 

In Fig. 8(a), it is clearly seen that the elastic 
modulus Ex increases basically by fixed amplitudes 
with the increase of Pj when Lz is certain. 
Additionally, according to Fig. 8(c), though both of 
the inclination angles in outmost layer and internal 
layer warps are increased linearly with the decrease 
of Pj, the Ex still experiences a decline trend. It 
suggests that the influence of the material 
parameter Pj on the modulus Ex is greater than that 
of the structural parameter Lz. However, when Pj is 
given, the modulus Ex decreases quasi-linearly as  
Lz increases, which indicates that the mechanical 
properties of 2.5D woven composites cannot  
be fully described by the Inner-cell model. 
Furthermore, the values calculated by FEM based 

 
 

Fig. 8—Effect of fibre aggregation density in warp yarn and thickness on the elastic properties and inclination angle 
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on the Inner-cell model are greater than that based 
on the full-cell model. 

 Effect on Elastic Modulus Ey 
In Fig. 8(b), the elastic constant Ey is nearly 

horizontal lines as Lz increases when Pj is given, but 
the rise of Pj results in the increase of Ey obviously. 
The possible reason is that though there is an increase 
in thickness, the configuration and property are not 
affected. That is to say, the carry-loading areas of 
wefts are not increased remarkably. 
 Effect on Elastic Modulus Gxy  

The elastic property Gxy has a slight decrease  
with the increase of Lz [Fig. 8(d)]. The elastic 
modulus Gxy changes a little bit with the increase of 
Lz, which demonstrates that Gxy is thickness-
independent for this type of material. In addition, the 
experimental results based on the Inner-cell model  
are greater than the related values based on the  
full-cell mode. 
 
3.3 Comparison with Experimental Results 

As stated above, a set of 6 specimens were 
prepared along the warp and weft directions to verify 
the analytical models. An MTS 810 hydraulic servo 
dynamic material test machine with a 25.4mm MTS-
634-25 extensometer was used to perform the tests at 
room temperature (20C). The material parameters 
and woven parameters of specimens are shown in 
Tables 1 and 2. The corresponding results are 
illustrated in Table 3. 

Good coincidence between the experimental and 
theoretical results based on the full-cell model 
suggests the feasibility of the proposed model and 

approach in predicting the elastic properties of 2.5D 
woven composites. Additionally, the prediction 
results based on the full-cell model are more close to 
the corresponding test results than those based on the 
Inner-cell model, especially the warp modulus. 
Therefore, it is more reasonable to consider the 
influence of the outmost layer structure on the 
mechanical properties.  
 
4 Conclusion 

In this work, a new predictive model called  
full-cell model for the elastic properties of  
2.5D angle-interlock woven resin composites is 
proposed. The influence of fibre aggregation density 
and thickness on the mechanical properties of  
this material is then studied. Under the warp  
tensile loading, the modulus Ex is increased obviously 
with the increase of the packing factor Pj. However,  
it is decreased steady as Lz increases. For the cases  
of the weft and shear tensile, the values change in a 
similar tendency, which are increased monotonically 
as Pj increases, but tend to be constant when Lz  
is altered. Finally, there is a good agreement  
between the predicting results based on the  
full-cell model and the test results. More precise 
predicted results based on the full-cell model  
are obtained compared to those based on the  
Inner-cell model. 
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Table 1—Material parameter of the specimens 

Parameter Ef1 / Em Ef2 Gf12/Gm Gf23 uf12 / um 

T300-3K 230 40 17 4.8 0.3 

QY8911-IV 4.16 – – – 0.34 

Table 2—Woven parameter of the specimens 
Specimen Mw, tows/cm Mw, tows/cm Nf Nh Lz, mm Pj 
A 10 3.5 5 6 1.88 0.65 
B 10 3.5 5 6 1.88 0.65 

A and B represent the specimens subjected to warp and weft 
loading respectively. 

Table 3—Predicted results in comparison with test data 

Prediction results Performance No Test results 
GPa 

Average 
GPa 

Discrete 
coefficient 

% Full-cell 
model 

Error % Inner-cell 
model 

Error % 

1 58.78 
2 62.50 

Ex 

3 61.03 

60.77 3.08 61.01 0.39 66.36 9.20 

         

4 33.84 
5 34.55 

Ey 

6 32.80 

33.73 2.61 30.04 11.20 30.28 10.49 
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