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Abstract—Growing demand for ultra-thin woven composites 

has been identified in weight-sensitive applications, especially in 

space engineering applications such as self-deployable 

structures. They undergo extreme curvatures during folding 

and deployment process and hence understanding their 

mechanical behaviour is important for optimization of future 

structures. Literature on experimental studies unfolds that 

there is a considerable reduction in bending stiffness of these 

ultra-thin woven composites when subjected to curvatures. This 

paper presents a numerical investigation that incorporates 

inter-tow and inter-lamina interaction behaviour on the 

homogenized response of a two-ply plain woven carbon fibre 

composite. Two distinct models were used in the analysis with 

dry fibre approach and resin embedded geometry. The analysis 

is advanced further towards the non-linear regime to predict the 

response under higher curvatures. It is shown that the 

developed models are capable of capturing the reduction in 

flexural stiffness.  
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I. INTRODUCTION  

Rapidly increasing demand for fibre composite materials 
is observed especially in the aeronautical industry in the recent 
past. Compared to traditional materials, these composites are 
lighter, stronger, non-corrosive, highly adaptable and have 
better out-of-plane properties which can be specifically used 
in design optimization of deployable structures [1].  

Plain, braided, knitted, and snitched woven composites are 
popular over uni-directional laminates. In plain woven 
composites, tows that consist of fibre filaments permeated 
with the resin are interlaced at right angles. Longitudinal tows 
are the warp and transverse tows are the weft. Regions of pure 
resin in-between tows which are called resin pockets aiding in 
binding tows together. This study is focused on a two-ply 
plain-woven fibre composites [2]-[3]. 

Complex geometric architecture, material properties and 
interactions of tows hinder the prediction of overall 
mechanical behaviour of thin woven composites. Multiscale 
modelling approach, where three modelling scales 
micromechanical, meso-mechanical, and macro mechanical is 
popular among researchers.   The heterogeneous 
microstructure can be considered as the main driver for the 
macroscopic response of the material. The homogenization 
process can eliminate the microscale that engage with high 
computational cost [4].  

Considerable research has been conducted on woven 
composites over the last two decades using analytical and 
numerical techniques. Classical Lamination Theory (CLT) is 
a widely used analytical prediction tool that predicts the in-

plane properties accurately. However, it overpredicts the 
bending properties by 200-400% for ultra-thin woven 
composites. The reason behind this deviation is due to the non-
compatibility of assumptions for woven composites. CLT 
assumes a uniform distribution of fibre and resin, a constant 
thickness of laminae and non-shear deformable bonds [5].  

Experimental studies show that the ultra-thin woven 
composites reveal geometrically non-linear bending 
behaviour under higher curvatures. Accurate geometric 
characteristics of RUC and accurate modelling of cohesive 
behaviour between tows are substantially significant in 
capturing this bending stiffness reduction under high 
curvatures since there can be relative movements in-between 
tows due to traction-separation.  

This study focuses on improving the cohesive behaviour 
between tows in order to capture the non-linear bending 
response of woven fibre composite observed under high 
curvatures. A two-ply plain-woven carbon fibre composite 
with fibre in-phase arrangement is selected for the study. A 
representative unit cell of 2×2 size (Fig. 1), developed using 
TexGen finite element pre-processor is imported to the 
Abaqus/Standard finite element software package for 
simulating the mechanical behaviour of the laminate [6].  

II. CONSTITUENT PROPERTIES 

The laminate considered in this study is made of T300-1k 
carbon fibres and HexPly 913 resin. Material specifications 
published by the manufacturer are presented in Table I. The 
specimen used in the experimental results [7]-[8] considered 
in this paper has been fabricated with an overall fibre volume 
fraction of 0.62. Geometric parameters of the composite 
observed through micrograph (Fig. 2) [1], are presented in 
Table II. 
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Fig. 2. Micrograph of T300-1k/913 two-ply plain weave laminate 

Fig. 1. Representative Unit Cell (RUC) of size 2×2 



A. Homogenized tow properties 

Since the volume fraction calculation of the considered 
experimental specimen was estimated through a weighing 
procedure [7]-[8], the fibre volume fraction used in this study 
is calculated by excluding voids in the laminate.  

  𝑉𝑓 = 0.62 ×
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑜𝑤𝑠+𝑣𝑜𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑠𝑖𝑛 𝑝𝑜𝑐𝑘𝑒𝑡

𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑜𝑤𝑠
     (1) 

 

For the dry fibre model, it was assumed that the entire fibre 
fraction observed in the experiment [8] is comprised only in 
tows and used Vf = 0.62 to model tows. For the resin 
embedded model, the Vf  increased to 0.74 , considering the 
existence of additional resin while maintaining the overall Vf 
at 0.62. 

 Tows are idealized as three-dimensional continuums with 
transversely isotopic properties. The five elastic constants are 
required were estimated using rules of mixtures, Halpin-Tsai 
semi-empirical relation [5] and a method proposed in [9]. 
Obtained mechanical properties of tows are presented in Table 
III.  

B. Resin properties 

The resin pocket in the woven fibre composites is 
simulated as an isotropic solid. Since the accurate behaviour 
of resin is important in predicting homogenized properties of 
the composite, elastic-plastic behaviour is used in the material 
characterization of the resin pocket. Plastic properties for the 
resin are estimated using the method outlined in [10]. Elastic-
plastic behaviour used to model the resin is presented in (Fig. 
3). 

III. FINITE ELEMENT MODEL  

As the preliminary step, defined the appropriate 2×2 RUC 
considering the pattern of repetition of woven composite. 
Dimensions of the RUC are 2.664 mm × 2.664 mm which is 
the wavelength of the tows as observed in micrographs [1]. In-
phase fibre arrangement of two plies was used in this study.  

TABLE I. MATERIAL PROPERTIES OF FIBRE AND RESIN [1] 

 

TABLE II. GEOMETRICAL PROPERTIES OF COMPOSITE [1] 

 

     TABLE III. ESTIMATED MECHANICAL PROPERTIES OF TOW 

 

 

Finite element model of the RUC was assigned periodic 
boundary conditions and six different models were subjected 
to unit strains and curvatures as described in [11].   

Commercially available finite element preprocessor TexGen 
was used in developing the tow geometry of the RUC and the 
Abaqus/Standard finite element software package was used in 
developing the geometry of the matrix pockets. The selected 
towpath was a cubic Bezier spline which is well suited for the 
considered woven fibre composite (Fig. 4).  

A single Bezier curve is defined by, 

B(k) = P0(1-k)3 + 3P1(1-k)2 + 3P2 k2(1-k) + P3 k3; 0 ≤ k ≤ 1   (2) 

where k is a non-dimensional parameter representing a 
location on the line and points P0, P1, P2, P3 are defined on 
properties of tow geometry considered. 

Tow cross-section was idealized as a constant cross-section 
having a power ellipse shape (n = 0.5) which is identical to the 
cross-section observed in micrographs [10]. The width (w) of 
the tow was calculated as 1.013 mm while maintaining the 
measured cross-sectional area and maximum tow thickness. 
The area of the power elliptical cross-section is given by,  

         A = 0.278 π h w    (3) 

After importing the tow geometry to Abaqus, Boolean 
operations were used in modelling the resin pockets. In this 
study, a resin pocket was only introduced in the region 

Properties 
Constituents 

T300-1k fibre 
HexPly 913 

epoxy 

Longitudinal stiffness, E1 (N/mm2) 233,000 3,390 

Transverse stiffness,  E2 (N/mm2) 23,100 3,390 

Shear stiffness,  G12 (N/mm2) 8,963 1,210 

Poisson’s ratio,  ν12 (N/mm2) 0.20 0.41 

Density, ρ (kg/m3) 1,760 1,230 

Areal weight of fabric/film, W 

(g/m2) 
98 30 

Parameters Values 

Wave length, L (mm) 2.664 

Maximum tow thickness, h (mm) 0.059 

Tow cross sectional area, A (mm2) 0.052 

Tow Properties 
Fibre Volume Fraction 

0.62 0.74 

Longitudinal Young’s modulus, E1 

(N/mm2) 

145,748 173,301 

Transverse stiffness,  E2=E3 (N/mm2) 10,427 13,099 

Shear stiffness,  G12= G13  (N/mm2) 3,378 4,334 

In-plane Shear stiffness,  G23  (N/mm2) 3,498 4,493 

Poisson’s ratio,  ν12= ν23  0.28 0.2546 

Poisson’s ratio,  ν23 0.49 0.45 

Fig. 3. Elastic plastic behaviour used for resin [10] 



between two plies (Fig. 5) by observing the specimen 
considered in the experimental study that was fabricated with 
controlled conditions [8], using predetermined resin volume 
that is just enough to fill the gaps between two plies [1]. 
However, there can be a thin layer of resin accumulated on top 
of the tows, which can be considered negligible in mechanical 
characterization. 

 Eight-node, linear, reduced integration, brick elements 
(C3D8R) were used to model tows and four-node, linear 
tetrahedral elements (C3D4) were used to model the resin 
pockets. Each node at the two boundaries was connected to a 
separate reference node defined by a python code at the mid-
plane of the RUC using MPC beam constraints. Instead of 
using a single reference node for a tow, multiple reference 
nodes were defined to eliminate the rigid plate behaviour at 
the boundary [12]. For each pair of reference points aligned at 
the opposite boundaries of the tows, dummy nodes were 
defined using an in-house developed python code for 
enforcing periodic boundary conditions and to impose loading 
conditions.  

A. Inter-connection between tows 

One of the main objectives of this study is to improve 
inter-connection behaviour between tows. Since these ultra-
thin woven composites are subjected to extreme curvatures, 
slipping behaviour could occur between tows and between 
plies causing a bending stiffness reduction at higher 
curvatures. Cohesive constraints were applied to the 
interacting regions to simulate this slipping behaviour.  

Cohesive behaviour between tows was simulated in two 
different approaches in two different models. In the first case, 
all interactions between tows were modelled using surface-
based cohesive behaviour. In the second case interaction 
between tows in the same ply (Fig. 6. a) was modelled using 
surface-based cohesive behaviour and only initial contact 
regions of the tows between different plies (Fig. 6. b) were 
modelled using surface-based contact behaviour. The 
remaining space between plies was filled with the resin and 
introduced cohesive contact behaviour at the contact regions 
of the tows and the resin (Fig. 7).  

Abaqus/Standard provides two methods, surface-based 
cohesive contact behaviour and element-based cohesive 
contact behaviour that can be employed in simulating the 
slipping between two contact surfaces. But the geometric 
architecture of the composite is extremely complicated and the 
thicknesses of interaction regions between tows and between 
tow and resin are extremely thin. The mechanical response 
between interaction regions can be defined with cohesive 
elements by using a continuum-based constitutive model or 
using traction separation behaviour. But the application and 
defining a mesh between contact regions of such a complex 
model is challenging [13]. The surface-based cohesive contact 
approach is a convenient method to simulate cohesive 
behaviour between two contact surfaces where the bonding 
region thickness is negligibly small.  

Contact surface pairs were defined manually and ‘Surface 
to surface’ discretization was used at the contact regions to 
minimize the large penetration of slave nodes. Interface 
behaviour of surface-based cohesive contact was defined 
based on bilinear traction separation law. In Abaqus/Standard 
this law assumes a linear elastic response at the initial stage 
followed by an evolution of damage [14]. However, this study 
was limited to the initial linear elastic response.  

Elastic behaviour is defined with a stiffness matrix that 
relates normal and shear stresses to normal and shear 
separations across the interface. Equation 4 emphasizes the 
relationship between stresses and separations.  

  {

𝑡𝑛
𝑡𝑠
𝑡𝑡

} =  [

𝐾𝑛𝑛 0 0
0 𝐾𝑠𝑠 0
0 0 𝐾𝑡𝑡

] {

𝛿𝑛
𝛿𝑠
𝛿𝑡

}        (4) 

where, t and 𝛿 represent stresses and separations respectively 
and normal, shearing and tearing modes are denoted by 
subscripts n, s and t respectively. Here, assumed an uncoupled 
behaviour of normal and tangential stiffness component which 
means pure normal separation does not occur with any 
cohesive force in the shear direction and vice versa.  

 Used traction stiffness values were obtained by discrete 
numerical analysis of HexPly 913 resin under independent 
fracture modes outlined in [15]. Traction stiffness value in 

Fig. 6. (a) Contact regions in same ply (b) Initial contact 

region between different plies 

Fig. 7. Contact surfaces defined on resin pocket 

Fig. 4. Cubic Bezier spline 

Fig.5. Resin pocket introduced RUC 

Resin 

pocket 



normal mode is estimated as 253,722 MPa/mm and in both 
shearing and tearing modes is estimated as 90,561 MPa/mm.  

B. Formulation of ABD matrix 

ABD matrix relates the kinematic variables (mid-plane 
strains and curvatures) to static variables (mid-plane forces 
and moments) of the considered laminate which describes the 
constitutive relationship of the laminate (Equation. 5). 

{
  
 

  
 
𝑁𝑥
𝑁𝑦
𝑁𝑥𝑦
𝑀𝑥

𝑀𝑦

𝑀𝑥𝑦}
  
 

  
 

=  

[
 
 
 
 
 
𝐴11 𝐴12 𝐴16
𝐴12 𝐴22 𝐴26
𝐴16 𝐴26 𝐴66

𝐵11 𝐵12 𝐵16
𝐵12 𝐵22 𝐵26
𝐵16 𝐵26 𝐵66

𝐵11 𝐵12 𝐵16
𝐵12 𝐵22 𝐵26
𝐵16 𝐵26 𝐵66

𝐷11 𝐷12 𝐷16
𝐷12 𝐷22 𝐷26
𝐷16 𝐷26 𝐷66]

 
 
 
 
 

 

{
 
 

 
 
휀𝑥
휀𝑦
휀𝑥𝑦
𝜅𝑥
𝜅𝑦
𝜅𝑥𝑦}

 
 

 
 

 (5) 

In a concise form, 

     {
𝑁
𝑀
} =  [

A B
B D

] {
휀
𝜅
}          (6) 

where N is the force per unit length, M is the moment per unit 
length, ε is the mid-plane strain, 𝜅 is the mid-plane curvature, 
[A] sub-matrix denotes the extensional stiffness matrix, [B] 
sub-matrix denotes the extension-bending coupling matrix, 
and [D] sub-matrix denotes the bending stiffness matrix.  

To formulate the ABD matrix, strains and curvatures were 
applied to the RUC through dummy nodes and corresponding 
displacements, rotations of the dummy nodes and forces and 
moments of the reference nodes were extracted and processed 
through a MATLAB code using the principle of virtual work.  

In the linear analysis which was done to validate the model 
with experimental data, six separate analyses for each unit 
deformations (i.e.,휀𝑥 = 1, 𝑎𝑛𝑑 휀𝑦 = 휀𝑥𝑦 = 𝜅𝑥 = 𝜅𝑦 = 𝜅𝑥𝑦 =
0) and similar procedure for other components. In the 
geometrically non-linear analysis carried out to ascertain the 
bending behaviour in higher curvatures, a 0.20 curvature value 
was imposed in the model and corresponding outputs were 
extracted in equal time intervals using history output requests 
in Abaqus/Standard.  

Total energy variation in the simulation was checked 
following the procedure mentioned in [16] and obtained a 
value near to zero during the simulation to verify the energy 
conservation. The recorded artificial energy was also within 
the acceptable limits. 

IV. RESULTS AND DISCUSSION 

ABD stiffness matrices obtained for two distinct models 
for geometrically linear analysis are presented in Equations 
(7) and (8). 

𝐴𝐵𝐷𝐷𝑟𝑦 𝑓𝑖𝑏𝑟𝑒 𝑚𝑜𝑑𝑒𝑙 =

[
 
 
 
 
 
8493 2195 0
2195 8493 0
0 0 370

  
0 0 1
0      0     1
0 0 0

 
0        0      0
0  0 0
2  0 0

36.5 4.7 0
4.7 36.5 0
0 0 1.8]

 
 
 
 
 

   (7) 

𝐴𝐵𝐷𝑅𝑒𝑠𝑖𝑛 𝑚𝑜𝑑𝑒𝑙 =    

[
 
 
 
 
 
10495 2373 0
2373 10494 0
0 0 423

  
0 0 0
0      0     0
0 0 0

   
0          0        0
0      0    0
2  0 0

47.8 1.3 0
1.3 47.8 0
  0 0 2.4]

 
 
 
 
 

 (8) 

A comparison of obtained results with the experimental 
data [8] is presented in Table IV. 

The dry fibre model captured the bending stiffness and 
Poisson’s ratio with good accurately while the resin model 
captured the shear response better than the dry fibre model. 
Axial stiffness predictions remained almost the same for both 
cases. The shear response basically depends on the interaction 
behaviour between contact surfaces where the dry fibre model 
shows lower values due to having a considerably lower 
contact area between plies.  

 In the resin pocket introduced model, a considerable 
volume is filled with resin which is having a higher Poisson’s 
ratio. Since the resin has interacted with tows in a larger area, 
the longitudinal force could be transferred in the lateral 
direction through the resin. That could be the reason behind 
the higher Poisson’s ratio value prediction in the resin model. 

However, to ascertain the bending behaviour in higher 
curvatures, a geometrically non-linear analysis was performed 
with the resin pocket model. Fig. 8 compares the bending 
moment per unit width vs curvature for both models together 
with extrapolated initial bending stiffness and failure points 
obtained from experimental results presented in [8]. As per the 
obtained results, the bending stiffness shows a parabolic 
variation vs curvature with a maximum value recorded at the 
curvature value of 0.14 mm-1 for both models. 

The reason behind this behaviour can be explained 
considering the traction separation behaviour used in 
simulating interaction between plies. Cohesive behaviour at 
interaction regions allows relative movement between plies 
and so, the deformation compatibility of two plies is lost. The 
deformation of each lamina is not identical, and leads to 
decrease the bending stiffness since full thickness of the 
laminate is not contributing to the second moment of area. 
However, each lamina contributes separately.  

TABLE IV. COMPARISON OF SIMULATION AND 

EXPERIMENTAL RESULTS 

Property 
Experimental 

value 
Dry fibre model Resin Model 

Value Deviation Value Deviation 

D11 

37.84 36.5 3.54% 47.8 26.32% 

1/a11 
12,833 10,460 -18.5% 9957 -22.4% 

1/a66 
975 374 -61.6% 422.84 -56.6% 

ν12 
0.11 0.132 20% 0.22 100% 

Fig. 8. Moment per unit width vs curvature graph 



V. CONCLUSION 

Prediction of flexural behaviour of ultra-thin woven fibre 

composites is essential in design optimization of future aero-

space structures. This study was able to capture the reduction 

in bending stiffness by incorporating inter-connection 

behaviour between contact surfaces in the RUC.  

 Two different models were developed to reveal the 

effect of resin pockets in interaction behaviour between plies 

and linear and non-linear analysis to simulate the mechanical 

behaviour. The reason for the higher bending stiffness 

prediction of the resin model could be the voids that are 

possible to exist in the resin that have not been considered in 

the simulations. Further the cohesive behaviour between 

contact regions considered only the linear elastic behaviour 

but not the damage initiation and propagation behaviour that 

could occur when subjected to high curvatures.  

It has been shown that the proposed methodology is 

capable of predicting non-linear bending behaviour and it can 

be further improved by including the effects of evolution of 

damage and presence of voids in the resin.  
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