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Abstract

3D woven composites, known for their exceptional structural integrity, are highly attractive for aeronautical 
applications, particularly in critical components such as aero-engine fan blades. Despite their promising potential, a 
comprehensive understanding of their mechanical behaviour remains essential for optimised design and application. 
Significant nonlinear behaviour well before the ultimate failure of 3D woven composites with a layer-to-layer angle 
interlock fibre architecture under warp tension has been observed in experiments. Although the same experimental 
observation for this type of material had been reported in the literature previously, the fundamental mechanisms of 
nonlinearity were not fully studied. In this work, the contributing factors that lead to this severe nonlinearity are 
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investigated and their effects on modelling the response of 3D woven composites are characterised. An appropriately 
defined mesoscale single-layer unit cell is adopted for this purpose to simplify the finite element modelling, along 
with a justification performed. Fibre tow/matrix debonding, damage in neat matrix and nonlinear shear in fibre tows 
have been identified as the most significant sources of nonlinearity and their modelling strategies are discussed. In 
comparison with the experiments, the results demonstrate the specific effects of each identified factor on the nonlinear 
behaviour of the material. As modelling of 3D woven composites is computationally costly, this study would provide 
important insights into the choice of appropriate modelling strategies for 3D woven composites in a design process.

Keywords: 3D woven composites, Nonlinearity, Mesoscale unit cell, Finite element modelling, Damage 
mechanisms, Warp tension 
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1. Introduction1

3D woven composites offer superb integrity, 
making them an attractive candidate in aeronautic 
applications, particularly in aero-engine fan blades 
subject to impact and fatigue loading.1, 2 Their integral 
construction in fibre architectures has eliminated a 
generic weakness of conventional laminated 
composites, where interlaminar interfaces are often 
exposed as initiation sites of damage.3 The lack of 
appropriate reinforcement across the interfaces often 
allows the damage, once initiated, to propagate with 
little resistance leading to extensive delamination, 
which often compromise the structural integrity. In 3D 
woven composites, distinct features of interlaminar 

interfaces as singly connected surfaces in 
mathematical terms have been eliminated due to the 
presence of interlacing fibre tows in directions out of 
the plane of the material,4 although this sometimes 
comes at a price of reduced in-plane performances.5 
On balance, a well-defined niche of potential 
applications can be identified. However, how such 
composites behave, and how they can be designed to 
provide the desired structural performances remains 
pretty much a virgin territory, with very little 
information, let alone any systematic guidelines, being 
available. Available knowledge is usually based on 
experimental observations and measurements on 
specific types of 3D woven composites, through which 
a wide variation in the mechanical behaviour resulting 
from different fibre architectures has been 
demonstrated for these materials.6-12 This variation 
allows the scope for optimisation in the design of the 
material for a specific application, but it also presents 
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a significant challenge due to the lack of analysis tools 
in presence of a large number of possible weave 
patterns for these materials. In Ref. 13, an attempt has 
been made to parameterise the 3D woven composites 
so that their geometric constructions can be fully 
described in terms of a limited number of parameters. 
Although the number of parameters is substantially 
larger than what one would need for conventional 
laminates, given the sophisticated architectures one 
may have in general 3D woven preforms, it led a way 
forward to characterise such composites systematically, 
so that they would enter designers’ vision during their 
materials selection process for a serious product 
development. Before this is fully established, 
persistent efforts will be required to build up the 
confidence based on the characterisation capability of 
such materials. The effective properties for linear 
elastic behaviour of such composites can be obtained 
through the use of an appropriate unit cell, as has also 
been illustrated in Ref. 13, where a Finite Element (FE) 
method based on unit cell modelling had been 
employed,14 making the exercise substantially more 
demanding than for their laminated counterparts. 
However, this is currently the only means available 
which would deliver predictions with reasonably 
controllable accuracy.

3D woven composites tend to show 
characteristically different performances under loads 
in different directions,8 indicating their strong 
anisotropy. In the meantime, they respond differently 
under tension and compression as soon as the 
magnitude of the deformation goes beyond the small 
deformation regime.15, 16 What makes the behaviour of 
3D woven composites more complex is that some of 
them show strong nonlinearity well before the ultimate 
strength of the materials under a specific direction. For 
instance, 3D woven layer-to-layer angle interlock 
composites, a typical type of 3D woven composites 
which involve more warp tow interlacing than others, 
were observed to be strong nonlinear under warp 
tension well before the ultimate strength of the 
materials.8, 12, 17 As will be apparent, hardly any serious 
application can be contemplated for these materials if 
the stress and the strain levels have to be kept within 
the linear elastic regime, as their potential will be 
greatly underrated. Ignorance of the nonlinearity 
arising during the deformation process could 
misrepresent the performance of the material to such 
an extent that it would mislead or misinform serious 
applications.

The nonlinear behaviour of 3D woven composites 
can be caused by a number of factors, e.g. 
accumulation of damage in the constituent materials 
and interfaces, nonlinear constitutive law for 

constituent materials under large deformation, or their 
specific fibre architectures. It is still a challenging task 
to accurately predict the nonlinear behaviour due to 
their complex fibre architectures and damage 
behaviour, although some promising attempts have 
been reported based on mesoscale unit cell modelling 
for a variety of weaves,18-25 or braids as another type of 
textile composites.26-29 For 3D woven layer-to-layer 
angle interlock composites, though the improved 
interlacing level in fibre architectures is likely to 
further enhance the structure integrity, the nonlinear 
behaviour they showed is even more significant than 
their variations, such as 3D orthogonal woven 
composites. To systematically model the behaviour of 
such materials, all the possible sources that lead to the 
nonlinearity in the responses of the material should be 
identified and need to be properly accounted for in the 
adopted modelling strategies. This would complicate 
the models and increase modelling and computational 
costs. Sometimes, it is impossible to identify all the 
sources of nonlinearity due to the lack of 
understanding of the underlying mechanics of 
materials.

In order to provide a useful guidance to more 
systematic modelling in the future, it is the intention of 
this paper to investigate the contributing factors that 
lead to the nonlinearity on the behaviour of 3D woven 
composites and to offer their effective treatments. The 
parameters of a type of 3D woven composite with a 
layer-to-layer angle interlock weave pattern and 
relevant experimental results are introduced in Section 
2. Severe nonlinearity was observed in the 
experimental stress-strain curves for this specific 
material under tension in the warp direction well 
before the ultimate failure. To characterise the 
nonlinear material behaviour, mesoscale finite element 
modelling is used, and the generation of the simplified 
unit cell model is described in Section 3. Modelling 
considerations have been made to different sources of 
nonlinearity in Section 4, namely, the debonding 
between the fibre tows and the matrix, damage in neat 
matrix and nonlinear shear in fibre tows, as well as a 
justification of the unit cell simplification on its 
thickness. The results are presented and discussed in 
Section 5. 

2. Typical responses of a layer-to-layer angle 
interlock 3D woven composite to tensile loading

In layer-to-layer angle interlock 3D woven 
composites (also known as 2.5D woven composites in 
some studies1), there are distinctive differences in the 
geometry of the weft and the warp tows comprising the 
woven reinforcement. The former ones tend to be 
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generally straight, whilst the latter can have substantial 
undulations along their path. An example of a unit cell 
for woven textile composite of layer-to-layer angle 
interlock reinforcement architecture is shown in Fig. 1, 
illustrating differences in the warp and weft tow 
geometries.

The architectural differences have a substantial 
effect on the mechanical behaviour of the woven 
composites. In Ref. 17, coupon tests have been 
conducted on a range of composites, in which the 
woven preforms were all of layer-to-layer angle 
interlock configuration as shown in Fig. 1. The 
composites were made of 3D woven preform 
employing vacuum-assisted resin transfer moulding, 
details of which can be found in Ref. 30. For the 
composites tested, distinctive behaviours in stress-
strain responses under tension in the weft and warp 
directions have been observed as illustrated in Fig. 2.17 
The data shown are for composite with IM7 carbon 
fibre31 reinforcement with Gurit PRIME™ 20LV 
epoxy as the matrix.32 As can be seen in Fig. 2(a), 
under tension in the weft direction, stress-strain 

response remains nearly linear up to the point of failure. 
On the other hand, in the warp tension experiments, 
substantial reduction of tangential stiffness was 
observed as shown in Fig. 2(b), resulting in a nearly bi-
linear appearance with a reasonably smooth transition 
knee.

Fig. 1 Unit cell topology of a 3D woven composite with the 
layer-to-layer angle interlock reinforcement architecture, 

weft tows in green and warp tows in red.

Fig. 2 Stress-strain curves under tensile loading in the weft and warp directions17 (nonlinear behaviour well before the ultimate 
failure for warp direction is shown).

Whilst one would naturally expect that the 
undulations in the warp tows should undermine the 
material stiffness in the warp direction, the exact 
causes of the stiffness reduction are not obvious by 
large. Yet without understanding of the factors 
responsible for the stiffness reduction, one cannot 
consistently reproduce the realistic material behaviour 
theoretically, which in turn impedes the development 
of reliable numerical modelling techniques for such 
composites. Identification of such factors is the 
primary objective of the present paper.

3. Unit cell model and parameter definition

The approach adopted for the numerical analysis is 
based on Unit Cell (UC) modelling, which is the most 
common modelling technique for the woven textile 
composites, given the regular pattern of the 
interlocking architecture as present in these materials 
at the mesoscopic scale. The formulation of a unit cell 
involves primarily the derivation of the boundary 
conditions to be employed for the subsequent FE 
analysis of the unit cell. The derivation is based on the 
geometric translational symmetries, or periodicity, and 
sometimes the translations are not along a direction of 
any coordinate axis. Once properly formulated, these 
boundary conditions will involve average strains as the 
key degrees of freedom. By making correct use of 
these key degrees of freedom, the efforts of post-
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processing of the FE results can be waived if one is 
interested only in the effective properties of the 
materials. To avoid duplicating the established 
contents, readers are referred to Ref. 14 for details in 
terms of the boundary conditions and the appropriate 
use of the key degrees of freedom.

Based on the UC theoretical framework established 
in Ref. 14, UCs for the woven composites have been 
parameterised, formulated and validated in Ref. 13. 
The UC shown in Fig. 1 was in fact generated 
according to the procedure established in Ref. 13. One 
of its distinctive features is that it accommodates a 
single warp tow, which makes the model more 
computationally efficient compared to its counterparts 
containing several warp tows. With such selection of 
the UCs, they are arranged within the plane of the 
composite in a staggered manner, which makes the 
boundary conditions a little more complicated than 
those involving only orthogonal translational 
symmetries. 

In Ref. 13, three major groups of parameters were 
defined that were required for definition of the 
parameterised UC of woven textile composite. First 
one comprises five topological parameters, defining 
the relative arrangement of the warp and weft tows as 
well as path of the warp tows in the weave. For the UC 
as shown in Fig. 1, their values are noffset=0, 
nstep=nskip=1 and nsteep=ndeep=2. Another group are the 
geometric parameters of the weave, including the 
geometric dimensions of the tow cross-sections and the 
distance between the tows. For IM7 carbon fibre 
woven composite as is analysed in this paper, those 
were measured directly from the micro-CT images in 
Ref. 30, and the measured values are given in Table 
1.30 The final set of the parameters are the mechanical 
properties of the constituents, namely, the matrix and 
the fibre tows. These are listed in Table 2.32 While the 
former were taken directly from the resin datasheet, the 
properties of the latter were calculated through a 
microscale material characterisation, where IM7 tows 
were considered as unidirectional composites. The 
characterisation was conducted with in-house software 
UnitCells33, which carries out elastic material 
characterisation in an automated way. The intra-tow 
fibre volume fractions, Vf, that are also specified in the 
table, were estimated in Ref. 30 for the given IM7 
carbon fibre composite.

Table 1 Input geometric parameters for 3D woven 
composite coupons.

Geometric term Warp tow 
(Vf=83.5%)

Weft tow 
(Vf,=71.5%)

Width 30 (mm) 1.26 2.63

Height 30 (mm) 0.243 0.34

Aspect ratio of the tow 
cross-section 0.05 0.92

Distance between the 
tows 30 (mm) 0.05 1.38

Table 2 Input material properties of constituents.

Computational term Warp 
tow

Weft 
tow Matrix32

E1 (GPa) 32.6 198.100 E (GPa) 3.5

E2=E3 (GPa) 13.365 10.641 v 0.35

G12=G13 (GPa) 5.987 4.415

G23 (GPa) 4.259 3.646

v12=v13 0.290 0.297

v23 0.450 0.459

Finite element modelling of the parameterised 
woven composite UC model has been automated via 
the use of the purpose-written Python script as 
described in Ref. 13. Therefore, the FE model of the 
UC was generated by simply entering the input 
parameters as specified above, while the geometric 
construction, meshing and imposition of the boundary 
conditions, which are the most demanding part of the 
UC FE modelling, were carried out automatically. The 
model was meshed with the tetrahedral elements of a 
typical mesh size of 0.06 mm. Note that when 
generating the FE model, the script automatically 
reduces the heights of the tows to 0.95 of their input 
values to allow small space between the tows, which 
facilitates the mesh generation in those regions.

4. Modelling strategies

In this section, a number of selected modelling 
strategies reflecting the mechanical behaviour of 3D 
woven composites in FE modelling will be introduced. 
Fibre tow/matrix debonding, damage in neat matrix 
and nonlinear shear in fibre tows have been identified 
as the most significant sources of nonlinearity, 
although other possible sources of nonlinearity also 
exist. The effects of each strategy on the nonlinear 
behaviour will be then investigated and discussed in 
the following section. In addition, the strategy for 
selecting unit cell topology in the thickness direction 
for characterising the properties of 3D woven 
composites is highlighted, and its effects will be 
evaluated. It should be noted that this work is to 
identify the contributing factors for the observed 
nonlinearity well before the ultimate failure, therefore 
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fibre tow failure is not considered as it is not the failure 
mode dominating the nonlinearity in the experiment.

4.1. Debonding modelling

Debonding damage, defined as the interface damage 
between the impregnated fibre tows and the neat 
matrix, is a common failure mode for some 3D woven 
composites under specific loading,15, 34 especially in 
the cases where the interface between the fibre tows 
and the matrix is subjected to significant stresses. 
Debonding damage is usually in a progressive manner, 
and it is likely to introduce stiffness degradation whilst 
the composite is capable of carrying further loading. In 
the experimental work introduced earlier, extensive 
debonding was observed in the tested 3D woven 
specimens. Consequently, debonding modelling is 
considered as one of the essential modes of damage 
and major sources of nonlinearity. An appropriate 
modelling strategy has to be incorporated in order to 
capture its effects on the behaviour of 3D woven 
composites as is investigated in this paper.

The Cohesive Zone Model (CZM) as implemented 
in Abaqus has been successfully applied to the 
delamination problem in conventional laminates of 
unidirectional plies3 and the debonding damage in 3D 
woven composites.20 The formulation of the cohesive 
behaviour employed in this work correlates cohesive 
tractions in the normal, first shear and second shear 
directions (σn, τs, and τt) with their corresponding 
separations (δn, δs, and δt) through a bilinear 
constitutive law with a linear elastic and softening 
behaviour, which is geometrically the simplest form to 
implement. Results for global load-displacement 
response are relatively insensitive to the exact shape of 
the traction–separation curve, provided that the correct 
interfacial strength and fracture toughness are 
applied.35 The stiffnesses before the peak load are 
denoted by kn, ks and kt respectively. The difference 
between the work done by the tractions along with 
their corresponding separations and the recoverable 
energy represents the energy release rate, Gn, Gs and Gt, 
for each fracture mode.36 Here the initiation of damage 
begins when the stress components meet a quadratic 
stress-based criterion,

2 2 2
n s t
0 0 0
n s t

1
s t t
s t t

æ ö æ ö æ ö
+ + =ç ÷ ç ÷ ç ÷

è ø è øè ø
(1)

where 𝜎0
n, 𝜏0

s  and 𝜏0
t  denote the damage initiation 

stress components in the normal, first shear and second 
shear directions for each of the single-mode fracture 
modes I, II and III, respectively; and the angle brackets 
<*> denote Macaulay operator which takes the value 
of its argument only when that value is positive. After 
damage initiation, there is a reduction in interface 
stiffness until a complete fracture of the interface 
occurs, based on the mixed mode power law for 
damage evolution,

s tn
c c c
n s t

1
p pp

G GG
G G G
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where 𝐺c
n, 𝐺c

s, and 𝐺c
t  are the critical energy release 

rate values in the normal, first shear and second shear 
directions under each of the single-mode delamination 
modes, and p is the power in the criterion. Regarding 
the specific load case and composite fibre architecture 
in this study, the debonding is mode II dominated. 

Two typical 3D implementations provided by 
Abaqus are the cohesive elements and the cohesive 
contact surfaces. As the cohesive surface method was 
shown to require more computational resources when 
the Abaqus Standard solver was used as investigated 
in Ref. 3, the zero-thickness cohesive element method 
has been adopted in the debonding analysis. The zero-
thickness cohesive elements were generated after 
meshing the geometries of matrix and fibre tows via a 
Python script. An illustration of the cohesive element 
interface is shown in Fig. 3. It is noted that the zero-
thickness cohesive elements share nodes with adjacent 
matrix and fibre tow elements, and therefore the 
meshes generated on the matrix and the fibre tows 
conform to ensure correct meshing of the cohesive 
interface.

Fig. 3 Illustration of the zero-thickness cohesive element 
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interface between fibre tows and neat matrix in the unit cell 
model.

In the absence of experimental data for the interface 
properties in woven composites, the use of such data 
as found in the literature for generic carbon/epoxy 
interface was shown to be successful in predicting 
debonding damage.20 The effects of cohesive 
parameters on structural performance have been 
discussed in detail in Refs. 20, 37, and therefore they 
will not be addressed in this paper. In the present study, 
the same cohesive properties will be inherited except a 
lower interfacial strength in shear (Table 320), based on 
the outcomes of a parametric study conducted on this 
account with comparison to the experimental results as 
will be presented later.

Table 3 Parameters used for cohesive zone modelling.20

kn=ks=kt 𝜎0
n 𝜏0

s 𝜏0
t 𝐺c

n 𝐺c
s 𝐺c

t p

(MPa/mm) (MPa) (mJ/mm2)

105 30 30 30 0.22 1.2 1.2 2

4.2. Damage in neat matrix

Besides resin in the impregnated fibre tows, there 
are also neat resin pockets in-between fibre tows in 
textile composites. Damage in the textile composites is 
likely to initiate in the neat matrix, the impregnated 
fibre tows or at their interfaces. Compared with typical 
damage in conventional laminates based on 
unidirectional (UD) plies, the neat matrix is a new 
phase specific for textile composites. Additional 
considerations, as well as computational resources, on 
matrix damage modelling will be needed in the finite 
element analysis of textile composites in order to 
represent this aspect of behaviour precisely, which is 
beyond the scope of the present paper.

The neat matrix can be considered as an isotropic 
material in modelling in contrast to an orthotropic 
material of the fibre tow. There are different failure 
modes for the matrix material under different loading, 
i.e.\ failure under tension, compression or shear. No 
established theoretical model comprehensive enough 
to incorporate all these effects is available. For the sake 
of simplicity, an isotropic elasto-plasticity model is 
adopted here to approximate the matrix damage as a 
compromise, because it is readily available in the 
commercial FE solver Abaqus. In this regard, the yield 

point is considered as the damage initiation, with the 
yield stress defined by the tensile strength of the matrix 
material. The Mises yield surface is used here, and a 
strain softening is introduced after the yield point to 
approximate the damage process of neat matrix as 
shown in Fig. 4. The initial yield stress is 70 MPa 
corresponding to an equivalent plastic strain of 0. As 
the equivalent plastic strain accumulates to 0.5, the 
yield stress decreases to 20 MPa. The underlying 
justification for the use of the plasticity model is to 
minimise the contribution to the tangential stiffness 
after the damage initiation.

Fig. 4 Isotropic elasto-plasticity model used for neat matrix 
damage.

4.3. Nonlinear shear in fibre tows

Fibre tows in the woven composite concerned are 
conventionally regarded as a UD composite. Although 
a fibre tow undulates, the radius of curvature is many 
orders of magnitude greater than the fibre diameter. It 
is always reasonable enough to approximate a fibre 
tow as a UD composite of straight fibres when 
characterising it as a material. As a further 
approximation, it is assumed to be macroscopically 
homogeneous and transversely isotropic.

A characteristic of UD composites is their 
significant nonlinearity in the along-fibre shear stress-
strain relationship. It is a well-known phenomenon, but 
it is usually presented in a pure shear stress state under 
a plane stress condition. It has been generalised to a 3D 
shear stress state in a rational manner in Ref. 38, where 
the objectivity has been observed. The nonlinear 
strain-stress relationship for a UD composite derived 
in Ref. 38 is given below, 

2 2 2 2 2
12 12 12 12 13 12 12 13

2 2 2 2 2
13 13 13 12 13 13 12 13

( ) ( )
( ) ( )

a b c
a b c

g t t t t t t t

g t t t t t t t

ì = + + + +ï
í

= + + + +ïî
(3)
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where a, b and c are three material constants to be 
determined in order to describe the nonlinear along-
fibre shear strain-stress relationship. 

This contribution38 makes the consideration of 
nonlinear shear in fibre tows of 3D woven composites 
possible, which has often been ignored in the literature 
when modelling 3D woven composites. Therefore, the 
nonlinear along-fibre shear stress-strain model 
developed there has been adopted in the present 
analysis and implemented through a user defined 
material subroutine in Abaqus (UMAT). The results 
will be presented in the next section where the 
significance of the contributions the nonlinear shear 
behaviour makes will be demonstrated.

4.4. Unit cell simplification

3D woven composites have limited thickness, 
usually considerably smaller than their in-plane 
dimensions. As a result, the periodicity in the through-
thickness direction is not always present. A simple 
example is an orthogonal weave in which the Z-binders 
go through from the top surface to the bottom surface 
and vice versa. Some layer-to-layer angle interlock 
weaves, such as the one investigated in this paper, 
exhibit periodicity locally in the thickness direction 
within the composite (excluding the surface layers). In 
such a case, using a single layer of the core for the unit 
cell can significantly simplify the unit cell model, 
albeit it introduces a degree of inaccuracy resulting 
from the negligence of the effects from the surface 
layers, which are of a different pattern from that of the 
core unit cell. The effects of this simplification on the 
predicted mechanical behaviour in terms of initial 
stiffness and damage will also be examined in this 
paper by comparing with the results from a whole-
thickness unit cell as shown in Fig. 5. Its overall 
architecture is consistent with that of the composite 
tested in Ref. 17, namely, the latter had seven layers of 
weft tows through the thickness, and the structure of 
the surface layers was the same as shown in Fig. 5.

Fig. 5 A whole-thickness unit cell (fibre tows shown only in 
the bottom).

5. Results and discussion

A range of FE models were generated in 
Abaqus/CAE 2016, where the modelling strategies 
introduced in Section 4 were incorporated sequentially 
as listed in Table 4. A mesh convergence study for the 
CZM was performed and the converged global mesh 
size was found to be 0.06 mm, which is much smaller 
than the cohesive zone length to ensure there are 
sufficient cohesive elements to capture the stress 
distribution, i.e. approximately 0.3 to 1 mm as 
suggested by Cox and Yang39 for aerospace 
carbon/epoxy interface. As a result, there are 396 512 
elements and 84 513 degrees of freedoms in the single 
layer unit cell model including the zero-thickness 
cohesive elements. All the models as described in 
Table 4 were loaded via strain increments under a 
macroscopic stress state until the analyses aborted. 
Even so, sufficient knowledge has been obtained from 
the results, as will be presented and discussed below.

The 3D woven composite's responses to warp 
tension predicted for models described in Section 4 are 
compared with one another and also with the 
experimental results, in terms of initial stiffness, 
damage imitation and effective stress-strain curves. 
The predicted stress-strain curves for all models along 
with the experimental one are shown in Fig. 6.

It is obvious that all models analysed tend to 
overestimate the stress and the stiffness. However, the 
effects of the sources of nonlinearity considered make 
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different contributions to the predicted behaviour of 
the material. The single layer unit cell (denoted as SL) 
model with debonding damage alone overestimates the 
stiffness the most when compared to other models and 
the experiment. After introducing the debonding 
modelling, the stress-strain response is no longer linear, 
showing the trend of stiffness reduction (or hardening, 
in the conventional terminology of plasticity) similar 
to that of the experimental data. The stress-strain curve 
starts to deviate from its linear path approximately at a 
strain level of 0.35%, which is similar to that of the 
experimental curve. The debonding damage is one of 
the characteristic sources of nonlinearity involved in 
the stress-strain behaviour of the material concerned. 
Such debonding was clearly observed in the 
experiment, as can be seen in the microscopic images 

in Fig. 7 40 showing damage in a specimen loaded to a 
stress level substantially below the expected final 
failure of the material. The adopted debonding 
modelling method seemed to capture the part of 
nonlinearity attributed to this mode of damage in 3D 
woven composites. At a macroscopic strain level 
similar to that of debonding damage initiation, the 
contours of damage over the interfaces between fibre 
tows and neat matrix are shown in Fig. 8. The location 
of these hot spots (full failure) seems generally agree 
with experimental observation in Fig. 7, although it 
should be noted that the idealised unit cell model was 
not able to account for the fibre tow contact from 
manufacturing.

Table 4 Unit cell models analysed and notation.

Model notation UC type
Tow/matrix

debonding
Matrix damage

Tow nonlinear

shear

SL Single layer √ - -

SL-M Single layer √ √ -

SL-N Single layer √ - √

SL-MN Single layer √ √ √

WT Whole thickness √ √ √
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Fig. 6 Stress-strain responses from FE models and the 
experiment for the 3D woven composite in tension along 

the warp direction (WT with (15,15,15) MPa interface 
strengths denoted as WT-L).

Fig. 7 Microscopic images showing initial debonding in the 
woven composite loaded to 0.35% strain in warp direction 

tension.40

At this load level, the stresses in some regions of the 
matrix in the model accounting only for damage 
associated with debonding have gone to levels much 
higher than the strength of the matrix material, which 
is 70 MPa for tensile strength of the epoxy resin. This 
suggests the need of a means of some kind to limit the 
stress carrying capacity of the neat matrix. By using 
the plasticity model to simulate matrix damage, the 
effect of this source of nonlinearity on the response of 
the material can be evaluated approximately. 
Comparing the stress-strain curve from the model 
incorporating both the debonding and the matrix 
plasticity (SL–M), with that from the debonding only 
model (SL), it is found as expected that the matrix 
damage would introduce further stiffness reduction 
after a certain load level. Although the number of 
elements reaching the yield stress is increasing rapidly 
(Fig. 9), the stiffness reduction that matrix damage 
causes is limited. This is because the warp tows bear 
more load than the matrix in this loading case. 

Examining the stresses in the fibre tows, it can be 
found that some of the along fibre shear components 
reach rather high magnitudes, often considerably 
above the shear strength of the fibre tow as a UD 
composite (Fig. 10 (a)). It is well-known that UD 
composites exhibit significant nonlinearity in their 
along fibre shear behaviour, which is nevertheless 
typically neglected in terms of modelling. When 
nonlinear shear in fibre tows is incorporated in the 
modelling strategies, it leads to a significant stiffness 
reduction of the composite after loading to a strain 
level of 0.4%, where the nonlinear shear behaviour 
starts to take effect (Fig. 10 (b)). When the effects of 
the neat matrix damage and the nonlinear shear are 
considered separately, it can be seen from the predicted 
stress-strain curves as shown in Fig. 6 that the latter 
plays more significant role in degrading the stiffness of 
the material than the former does. A more practical 
scenario is that both take place in an analysis as is the 
case in reality. Although this does represent an 
improvement to the predicted results in comparison 
with the experimental data, there is still a significant 
gap between them. In particular, the initial stiffness of 
the material is unlikely to be affected by these sources 
of nonlinearity, because it is measured before the onset 
of the relevant mechanisms associated with these 
sources of nonlinearity. Something else must be 
responsible for the disparity in the initial stiffness.
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Fig. 8 Debonding damage (top: initiation; bottom: full failure) predicted by the single layer FE model (SL in Table 4) loaded to 
0.357% strain in warp direction, showing interface only (with the black circle representing the region of full failure).

Fig. 9 Matrix damage predicted by the single layer FE model (SL-M in Table 4) evolution in warp direction, showing neat matrix 
only.
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Fig. 10 Shear stress distributions (MPa) predicted by the SL (without nonlinear shear) and SL-N (with nonlinear shear) models 
loaded to 0.40% and 0.88% strain in warp direction, showing warp tows only.

It should be noted that all the models as have been 
discussed so far are based on the single layer unit cell 
and they overestimate the initial stiffness when 
compared with the experiment. The single layer unit 
cell was adopted in order to minimise the 
computational cost by assuming that there are a large 
enough number of layers in the thickness direction. 
However, for the tested composite, this assumption 
lacked appropriate justification. An attempt was 
therefore made to evaluate the possible errors this 
assumption as an approximation would introduce to 
the predicted behaviour of the material. In order to 
achieve this, a whole thickness model was employed 
as described in Section 4.4, including the surface layers 
of the 3D woven fabric, where the regularity breaks 
down in order to terminate the extent of the fabric in 
its thickness direction. The whole thickness model was 
analysed with due considerations of debonding, neat 
matrix damage and along fibre shear nonlinearity in the 

fibre tows. The obtained stress-strain curve has been 
plotted in Fig. 6, marked as WT. It can be seen that the 
initial stiffness of the whole thickness unit cell model 
agrees reasonably well with experiment. The disparity 
on the initial stiffness can therefore be attributed to the 
lack of representation of the finite thickness of 
composite and the presence of irregular fibre tow 
arrangement on the surfaces of the fabric preform. It 
can be expected that this disparity will become more 
pronounced as the thickness of the composite further 
reduces but will narrow for composites involving more 
layers. It will therefore be users' decision whether they 
can put up with the amount of error in their analysis. If 
so, the single layer unit cell would offer a relatively 
efficient means to estimate the behaviour of the 
composite. Otherwise, a more computationally 
expensive solution will have to be obtained by 
employing the whole thickness model.
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A contour plot of the full failure on the interfaces 
between the fibre tows and the neat matrix is shown in 
Fig. 11 for the whole thickness model at a loading 
strain of 0.35%. Interfacial fracture as signified by hot 
spots, where the value of full damage variable (SDEG 
in Abaqus) has reached unity, shares close similarity to 
that predicted through the single layer model (Fig. 8), 
except for the surface layers which are not represented 
in the single layer model at all. The users may have to 
consider this when deciding whether to employ a 
single layer model or a whole thickness model in their 
applications. Due to the high computational costs, the 
responses of the whole thickness model with each of 
the sources of nonlinearity have not been pursued 
individually, but the outcomes of such exercise should 
not be too difficult to imagine.

Fig. 11 Debonding damage (full failure) predicted by the 
whole thickness FE model with (30,30,30) MPa interfacial 
strengths loaded to 0.35% strain in warp direction, showing 

interface only.

The interfacial strengths as employed in the 
cohesive zone model determine the debonding damage 
initiation. According to the cohesive model 
formulation, an interface can still take further load 
after damage initiation until it fails completely. The 
values of these strengths dictate the initiation of the 
damage process and, to a great extent, the point when 
the nonlinear stress-strain curve starts to deviate from 
its linear path. Unfortunately, there is no established 
and practical means to measure the strengths of the 
interfaces concerned. The values employed were 
quoted from other publications in the literature. It is not 
clear how relevant these values are to the present 
application and how sensitive the material's responses 
are to the magnitudes of these values. To offer a 
minimal degree of evaluation, a simple parametric 
study based on the single layered unit cell has been 
conducted for three sets of these strengths, namely, 
(30,60,60), (30,30,30) and (15,15,15) MPa. The 
outcomes obtained in terms of stress-strain curves are 
shown in Fig. 12 allowing interfacial debonding, neat 
matrix damage and nonlinear shear in fibre tows. It 
should be noted that 15 MPa is an unusually low value 
for the interfacial strength in the cohesive zone model. 
Whilst it might be a rather conservative underestimate 

of properly measured values, it might bear some 
relevance to the problem involved in the experimental 
study of the particular IM7 3D woven composite, 
because the composite tested tended to contain a 
significant amount of voids as shown in Fig. 13. These 
voids could serve as the initiation sites, undermining 
the interfacial strengths to some degree. The 
parametric study conducted here tends to suggest the 
sensitivity of the overall responses of the material to 
the interfacial strengths in the CZM in terms of starting 
point, where the nonlinear stress-strain curve deviates 
from the linear path, and the subsequent stiffness 
reduction.

Fig. 12 Stress-strain responses from single layer (SL-MN) 
FE models of different interfacial strengths and experiment 

for the 3D woven composite in tension along the warp 
direction.

Fig. 13 Micro-CT image showing a significant amount of 
voids in the tested specimen.

Although the aim of this study is not to reproduce 
the experimental results quantitatively, the use of a set 
of lower interface strength (15,15,15) MPa in the 
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whole thickness unit cell model was attempted to 
demonstrate their effects on the prediction. The stress-
strain curve from this model becomes closer to the 
experimental data due to an earlier onset of interface 
damage, as shown in Fig. 6 without any change in the 
initial stiffness, as expected. However, these lower 
interfacial strengths led to excessive premature 
damage in the model (Fig. 14) which contradicts the 
microscopic observation of the tested specimens. This 
suggests that the disparity between the predictions and 
the experimental data cannot be entirely attributed to 
the inaccurate input of the interfacial strengths.

Fig. 14 Debonding damage (full failure) predicted by the 
whole thickness FE model with (15,15,15) MPa interfacial 
strengths loaded to 0.35% strain in warp direction, showing 

interface only.

In addition, due to the need to parameterise the 
generation of the unit cells, fibre architectures in the 
unit cells were based on the idealised topology which 
did not consider localised distortions caused during 
preform fabrication and the forming or processing 
stages. It is understood that this idealisation would be 
responsible for a degree of the discrepancies in the 
predicted results which will be accounted for somehow 
as future work in due course. 

6. Conclusions

3D woven composites of a layer-to-layer angle 
interlock weave pattern have shown strong 
nonlinearity in the macroscopic constitutive response 
under warp direction tension testing. To efficiently use 
such materials in engineering applications, proper 
understanding of their behaviour and the capability of 
predicting it is imperative. In this work, various 
sources of nonlinearity in the finite element modelling 
of 3D woven composites and their modelling strategies 
were discussed in order to characterise this nonlinear 
behaviour. The investigated sources of nonlinearity 
include fibre tow/matrix debonding, damage in neat 
matrix and nonlinear shear in fibre tows. It has been 
demonstrated, both through the experimental means 
and the adopted zero-thickness cohesive element 

method, that the accumulation of debonding damage is 
partially responsible for the nonlinearity in 
macroscopic behaviour. In addition, damage in neat 
resin pocket, and nonlinear shear in fibre tows whose 
importance was often neglected in the previous studies, 
also play an important role in the nonlinear response of 
the studied 3D woven composites. Due to the lack of 
periodicity in the fibre architecture in the through-
thickness direction, using a single layer of the weave 
topology in the unit cell model would overestimate the 
macroscopic stiffness even from the start of the loading. 
Therefore, considering the whole thickness of the 
weave in the unit cell is recommended if accuracy is of 
priority, but this will come at a price of a much higher 
computational cost. If the errors due to this effect can 
be tolerated, the single layer unit cell model remains an 
attractive approach, which should be suitable to use in 
the early design stage or in material selection when 
high accuracy is not the priority.
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