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The effect of through thickness reinforced open-hole laminates was analysed in terms of laminate
behaviour under in-plane tensile loading based on continuum mechanics. Stitches around the
notch were oriented in the longitudinal and transverse directions. To obtain the macroscopic
damage and the local stress–strain constitutive behaviour, laminates were modelled on a
lamina-wise basis. Interfaces between lamina and stitch yarns were assumed to be perfectly
glued and modelled by the contact capability. Discretisation procedures using the principle of
virtual work were applied in addition to discretisation of the contact traction. Progressive failure
analysis with Puck’s failure criteria was conducted to characterise the failure behaviour of the
laminate. In both cases, damage was initiated by a matrix crack in the perpendicular direction of
the loading axis on the notch. The longitudinally stitched laminate showed a 14.29% higher
strength compared to the transversely stitched laminate by suppressing damage propagation.
The results obtained using this finite element technique was consistent with the experimental
results.
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Introduction
Lightweight composite structures with high strength have
been increasingly prevalent in flight vehicles and auto-
mobiles which make a significant economic and environ-
mental contribution. Notches and cut-outs on structures
are inevitable due to various design requirements. How-
ever, discontinuities in the structure are susceptible to
damage initiation.1,2 Through thickness reinforcement
(TTR) could be used to strengthen the structural
properties. Dransfield et al.3 and Mai and co-workers4,5

demonstrated that stitching offers considerable promise
as a low-cost method for TTR to strengthen in-plane
mechanical properties. Mouritz and Cox6 reported that
TTR is not strongly influenced by the volume content
or diameter of the reinforced stitch or 3D weaving tows.
However, Mouritz’s review on GFRP7 and FRP8 (limited
to woven, knitted and braided composites) noted that
there are contradictory reports on whether in-plane prop-
erties improve or degrade upon stitching. Findings that
report degradation9,10 of mechanical properties of stitch-
ing tend to correlate the reduction with the fibre waviness
or misalignment (in-plane and out-of-plane) and break-
age of the in-plane fibre and resin rich regions. In contrast,

reports that describe an improvement3–6,11,12 of the in-
plane mechanical properties postulate that this improve-
ment is a result of effective suppression of delamination
and an increase of the local fibre volume fraction because
of the compaction effect. It has been reported that stitch-
ing improves or degrades the tensile strength by up to 15–
20% compared to unstitched laminates.4,6,8,9,11–14 Thus,
understanding the effect of stitching on composite lami-
nates is essential for the further development of such
structures.
Woven fabric has gained attraction because of its lower

manufacturing cost and stability at 0o and 90o to uni-
directional laminates; it has a complex pattern due to its
weft andwaft tow interlaces.15 Different numerical formu-
lation, specific programming, and commercial finite
element tools have been employed to solve microstruc-
tural problems. Ishikawa and Chou16,17 proposed a
mosaic model, fibre undulation and a bridging 1D
model for the study of the thermoelastic behaviour of
woven composites. The mosaic model was idealised as
an assemblage of asymmetrical cross-ply laminates.
Drawbacks of fibre undulation and fibre continuity in
the mosaic model were addressed by the undulation
model. The bridging model analysed a satin weave
woven composite. Naik and Kuchibhotla18 further devel-
oped the 2D model as an extended undulation model.
Cox et al.19–21 formulated a binary model using two-
node line elements and 8-node solid elements representing
axial and transverse tows, respectively. Camanho22 states
that the domain superposition technique by
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independently meshing tows using solid elements. Green
et al.15 modelled a 3D satin woven composite unit cell
using the TexGen pre-processor following the voxel
method and continuum damage model, which was
hypothesised to represent the architecture more realisti-
cally. However, it has been considered impractical to
model interpenetration at tow crossovers at the macro-
scopic structural level. Focusing on this difficulty, Tong
et al.12 identified five different modelling strategies.
At an early stage, Whitney and Nuismer formulated

failure criteria for open-hole composite laminates.23

Since then, numerous experimental and numerical investi-
gations have been carried out for characterisation and
prediction of the notch strength of open-hole lami-
nates.24–28 Despite extensive studies on open-hole lami-
nates, studies on the effect of the stitch on open-hole
stitched laminates are limited. Thuis and Bron29 studied
notched strength for different stitching densities and
found a reduction of 54% tensile strength at a density of
10 cm−2. Khan and Mouritz30 and Junqian and Yuqing31

investigated Kevlar-stitched laminates and reported that
stitch orientation does not affect tensile strength. Han
et al.32 carried out an experimental investigation on
non-woven composite laminates with circular single and
double stitching reinforcement around the central hole.
Gliesche33 performed an optical investigation on the
open-holed tailored fibre placement process (TFP),
implemented to reinforce non-woven composite laminates
with a grating method from GOM Corp, and Yudhanto
et al.34 experimentally investigated longitudinal and
transverse parallel stitched open-hole plain weave woven
laminates. These studies agreed with the conclusion that
tensile strength is improved by reinforcement.
Research on stitched laminates indicates that strength,

stiffness and crack propagation depend upon ply thickness,
laminate streaking sequence, stitching thread properties,
stitch row spacing, stitch pitch and stitch density.9,35

Researchers have noted that research on open-hole lami-
nates is concentrated on notch sensitivity depending on
the ply thickness, the hole-size and the geometry of the
laminate streaking sequence.24–28 Thus, a detailed study
on the effect of stitch orientation or location on discontinu-
ous composite structures to predict damage initiation and
progression is expected to add value for designers seeking
to enhance the quality of the structure.
This paper presents an evaluation of open-hole carbon-

fibre/epoxy (T300/EP3631) stitched laminates in terms of
tensile loading at the macroscopic structural level, using
Kevlar-29 stitch thread oriented in the longitudinal and

transverse directions along the discontinuity. For this
study, a simplified macroscopic model has been developed,
the lamina and stitching have been discretised based on
continuum mechanics, and the interface between them is
modelled with contact capability. Second, progressive fail-
ure analyses have been performed to characterise the fail-
ure behaviour of the laminates. Third, these numerical
analyses have been performed to validate the results and
determine the in-plane characteristics of the open-hole
stitched laminates. Fourth, a comparison has been made
between the analytical and numerical solutions for the
open-hole stitched laminate stress concentration distri-
bution. Thus, it is capable of capturing the effect of stitch-
ing in the vicinity of the discontinuity for damage
characterisation, stress–strain behaviour and stress concen-
tration behaviour, which was unclear from the experimen-
tal analysis.

Specimen and test details
A coupon test was prepared following ASTMD5766 stan-
dard instructions.36 Specimens measuring 250 mm×
25 mm× 4 mm of T300-3K carbon-fibre/epoxy manufac-
tured by Toray Industries were prepared in which stitches
were oriented longitudinally and transversely along the
central opening through a hole of 6.35 mm. Stitching was
employed with spacing(s) of 12 mm and a pitch (p) of
3 mm by modified locked stitching with 1500 denier Kev-
lar-29 thread as shown in Fig. 1. The test laminate consists
of 20 ply layers, i.e. [(0/90)20]. An Instron 8802 tool with a
maximum load capacity of 100 kN was used for tensile
loading at a rate of 1 mm min−1. Single element strain
gauges of type KFG-5-120-C1-23L3M2R with a 5 mm
gauge length and 2.10 + 1.0% gauge factor at operating
conditions of 24°C and 50% RH were positioned on the
laminate surface in quarter bridge configurations.

Macroscale modelling for structural
analysis
3D structural modelling and finite element analysis have
been carried out for stitched laminates because of their
capability to achieve realistic physical representation
and in-plane and out-of-plane laminate behaviour analy-
sis. A detail modelling approach with stitching has been
incorporated because the idealised model has been
reported to overestimate the strength.26,37 Puck’s failure
theory has been incorporated into the failure analysis.

1 Schematic of open-hole laminates: a longitudinally stitched; b transversely stitched
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The finite element model of unstitched, transversely and
longitudinally stitched open-hole laminates with pertinent
boundary condition with a fine mesh after convergence is
shown in Fig. 2.
During macroscopic modelling, it is impractical to

model microscopic details as shown in Fig. 3 using unit
cell modelling. However, a single micro-block configur-
ation can be used as an assembling unit for different
types of macro-block patterns and the macro-block to rep-
resent the laminate structure.38 A macro-block, which rep-
resents the majority of the structure, is used to represent
woven characteristics. Thus, a single solid through thick-
ness element has been adopted that represents the warp
and weft yarn. These elements have been so arranged at
0° and 90° so that the internal orientation will represent
the combined overall effect of the lamina.
The commercial MSC Nastran/Patran user interface

can be used to define the stacking sequence of all lamina
of the laminate in a single element with the relevant
material properties. During this analysis, a single element
per lamina has been employed, in contrast to defining a
laminate stacking sequence in a single element through
the thickness. In this formulation, lamina properties
have been assigned separately in a layer-by-layer manner.
The multi-layered material definition for each lamina is
shown in Tables 1 and 2. This approach transfers the lami-
nate definition based on the material properties to the
lamina geometric orientation defined by the stacking
sequence. Nodes between the lamina are shared. This
modelling is limited to plain weave woven composites.
Additionally, certain assumptions have been made to

cope with the complexity of architecture:
. The plain weave woven fabrics are assumed to be
balanced; i.e. the woven fabric unit cell, fibre volume

fraction and mechanical properties along the warp
direction are identical to those in the weft direction.

. The warp and weft tows are packed perfectly, and the
void of resin and nesting resin on the interlacing areas
between warp and weft tows are ignored.

. The macro-structure of woven fabric is orthotropic
and homogeneous.

. All lamina undergo the same deformation.
For the modelling of stitches, emphasis has been placed

on properly characterising the stitching process. The
stitching process consists of inserting a needle and carry-
ing a stitch thread through a stack of fabric layers. Fibres

2 Loading and boundary conditions for open-hole laminates

3 Schematic of plain weave woven composite laminates: (i) warp and weft tows arrangement; (ii) cross-section of unit cell; (iii)
microstructures of unit cell. a Void/pure resin; b undulated; c straight cross ply

Table 1 Material properties of T800SC-24kf/Epoxy XNR

Fibre tensile strength/GPa 5.49
Fibre compressive strength/GPa 2.6
Matrix tensile strength/MPa 0.8
Matrix compressive strength/MPa 0.5

Table 2 Material properties

Kevlar-29 T300-3k

Volume fraction/% … 59
Longitudinal modulus, Ex/GPa 70.5 139.18
Transverse modulus, Ey/GPa 2.59 9.71
Out-of-plane modulus, Ez/GPa 2.59 9.71
In-plane shear modulus, Gxy/GPa 2.17 5.58
Out-of-plane shear modulus, Gxz/GPa 2.17 5.58
Out-of-plane shear modulus, Gyz/GPa 2.17 3.76
Poisson’s ratio, ϑxy 0.36 0.29
Poisson’s ratio, ϑxz 0.0132 0.02
Poisson’s ratio, ϑyz 0.36 0.40
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are arranged along two axial lines, and a series of stitch
yarn with predefined pitch are thrust into fibre layers.39

Henceforth, stitching and laminates are discretised in
the model. Stitches are represented by a homogeneous
solid element. Interfaces between matrix and stitch
yarns are assumed to be perfectly glued and are modelled
by the type of contact capability used for delamination
propagation studies.40,41 The node-to-surface algorithm
of contact detection is adopted to represent contact on
the deformable body. Contact is assumed to occur when
the element surface penetrates one of the target segment
elements on the specified target surface.

Continuum mechanics at lamina
On the lamina level, the fibre-matrix composite is
regarded as a homogeneous but anisotropic material.
The direction parallel to the fibre is denoted as ∥, and
the direction perpendicular to the fibre is denoted as ⊥.
On the lamina level, the stress analysis assigns a state of
stress to any state of strain or vice versa. The constitutive
behaviour, which relates states of stress to states of strain,
is then defined by the compliance matrix given as follows:

11
12
13
g12
g13
g23

⎡
⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎦ =

1/E‖ −v‖⊥/E⊥ −v‖⊥/E⊥ 0 0 0
−v‖⊥/E‖ 1/E⊥ −v⊥⊥/E⊥ 0 0 0
−v‖⊥/E‖ −v⊥⊥/E⊥ 1/E⊥ 0 0 0

0 0 0 1/G‖⊥ 0 0
0 0 0 0 1/G‖⊥ 0
0 0 0 0 0 1/G‖⊥

⎡
⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎦

=
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s2

s3

t12
t13
t23

⎡
⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎦ (1)

Continuum mechanics formulation for contact
For the analysis of solids and structures with large displa-
cement and large strain, a Lagrangian formulation
usually represents a more natural and effective analysis
approach. The FE solution of the governing continuum
mechanics equation is obtained by using discretisation
procedures for the principle of virtual work in addition
to contact traction through externally applied forces,
and the constraint equation is defined as42 shown below:

∑N
L=1

∫
t+DtV

tt+Dt
tijdt+Dt eijd

t+Dt
V =t+DtR

=
∑N
L=1



t+Dt V dui

t+Dt
f Bi d

t+Dt
V

+ 

t+Dt Sf

duS
i

t+Dt
f Si d

t+Dt
S

( )

+
∑N
L=1

∫
t+Dt Sc

duc
i

t+Dt
f ci d

t+Dt
S

(2)

where t+Dttij is the Cartesian component of the Cauchy

stress tensor; dt+Dteij = 1
2

∂dui
∂t+Dtxj

+ ∂duj
∂t+Dtxi

( )
is the strain

tensor corresponding to virtual displacement; dui is the vir-
tual displacement vector imposed at t+ Dt, a function of
t+Dtxj ; t+Dtxj is the Cartesian coordinates of material point
at t+ Dt; t+DtV is the volume at time t+ Dt.
The component of contact tractions is denoted as

t+Dt
f ci

and act over the area
t+Dt

Sc, and the components of exter-
nally applied tractions are denoted as

t+Dt
f Si and act over

the area
t+Dt

Sf . We assume that
t+Dt

Sf is a part of
t+Dt

Sc

although such an assumption is not necessary.
We consider two bodies I and J as shown in Fig. 4, with

each body supported such that without contact, no rigid
body motion is possible.
The virtual work due to contact traction from equation

(2) is as follows:∫
SIJ

duIi f
IJdSIJ +

∫
SJI

duJi f
JI dSJI =

∫
SIJ

duJi f
IJdSIJ (3)

Let tf IJi be a vector of contact surface traction on the
body I due to contact with body J; then, tf IJi = −tf IJi .
Additionally, duI

i
and duJ

i
are the components of the vir-

tual displacement on the contact surface of body I and
J, respectively. SIJ and SJI are contact pair, not necess-
arily of equal size.
We can decompose the corresponding contact traction

tf IJi acting on SIJ into normal and tangent components n
and s on SJI as follows:

tf IJ = ln+ ts (4)

where l and t are the normal and tangent traction com-
ponents. Thus,

l = (tf IJ )Tn; t = (tf IJ )Ts (5)

To define the actual value of n,s that can be used in our
contact calculation, consider a generic point x on SIJ , and
let y∗(x,t) be the point on SJI satisfying

‖x− y∗(x, t)‖2 = min
y[sJI

{‖x− y‖2} (6)

The (signed) distance from x to SIJ is then given by the
gap function g:

g(x.t) = (x− y∗)Tn∗ (7)

4 Bodies in contact
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where n∗ corresponding to point x is the unit normal vec-
tor at y∗(x,t). Thus, the condition of normal contact defi-
nition is as follows:

g ≥ 0; l ≥ 0; gl = 0 (8)

If g> 0, then we must have l = 0, and vice versa.

Failure criteria
Puck’s theory43 has been the most promising approach for
3D application. The maturity of this failure criterion for
the prediction of lamina failures and post-failure analysis
has been illustrated on WWFE-II.44–46 It defines two
types of failure: the fibre failure fE,FF and inter-fibre fail-
ure (matrix cracking) fE,IFF.
The following expression defines fibre failure43–46:

fE,FF = 1
+Rt,c

‖
s1 − n⊥‖ − n⊥‖f

E‖
E‖f

( )
(s2 + s3)

[ ]
︸����������������������︷︷����������������������︸

a

Rt
‖ for a ≥ 0

− Rt
‖ for a ≥ 0

(9)

The following expression defines inter-fibre failure or
matrix failure43–46:

fE,IFF u( )=

�����������������������������������������������������
1
Rt

⊥
−Pt

⊥c

RA
⊥c

( )
.sn u( )

[ ]2
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RA

⊥⊥

( )2

+ tn1(u)
RA

⊥‖

( )2
√√√√

+Pt
⊥c

RA
⊥c

sn u( )

for sn≥0

fE,IFF u( )=

�������������������������������������������
tnt(u)
RA

⊥⊥

( )2

+ tn1(u)
RA

⊥‖

( )2

+ Pc
⊥c

RA
⊥c

sn u( )
( )2

√√√√
+Pc

⊥c

RA
⊥c

sn u( )

for sn,0 (10)

Stress concentration factor (SCF)
The SCF for uniaxial in-plane loading in x direction for a
balanced symmetric orthotropic infinitely wide laminate

5 Progressive damage analysis of stitched open-hole laminates: a longitudinal stitch; b transverse stitch
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is defined as follows47:

k1t = 1+
��������������������������
2

���
Ex

Ey

√
− nxy + Ex

2Gxy

( )√√√√ (11)

The theoretical SCF is defined by the maximum stress
smaxat a discontinuity to nominal stress sn computed
assuming that the discontinuity is not present; i.e.

kt = smax/sn (12)

Additionally, the effective SCF keis given by the follow-
ing expression23,47,48:

ke = sx

sn
≈ 1+ j2

2
+ 3j4

2
− (k1t − 3)

2
(5j6 − 7j8)

[ ]
fw (13)

where j = (a/y), fw = 2+ (1− 2a/w)3/3(1− 2a/w); a is the
radius of the hole; y is the distance from the centre of
the hole; fw is the correction factor for a finite width
plate; w is the width of the finite plate.
It has been noted that the correction factor differs by

less than 10% from the exact solution in most cases if
2a/w ≤ 1/3.47

Normally, ke is lower than kt because of a reduced sen-
sitivity of the material to notches. The notch sensitivity is
defined as follows:

q = ke − 1
kt − 1

(14)

The notch sensitivity ranges from 0 to 1, corresponding
to minimal to full sensitivity to the notch.

Stress concentration calculation from the
strain
When the mechanical properties of woven fabric lami-
nates are assumed to be orthotropic, the axial stresses
around the notch can be calculated from the measured
strain from the stress–strain relation using the following
expression:

sx = Ex1x
1− n2xy(Ey/Ex)

+ nxyEy1y
1− n2xy(Ey/Ex)

(15)

Results and discussions
Progressive failure analysis
The progressive damage analysis depicted in Fig. 5a and b
shows longitudinally and transversely stitched open-hole
laminates. From Puck’s failure criteria, it was found that
failure occurred due to matrix failure. Figure 6 depicts

7 Stress–strain distributions of open-hole laminates with
different stitch orientation: a longitudinally stitched; b
transversely stitched

6 X-ray radiography final damage: a longitudinal damage; b transverse damage
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the X-ray radiograph of the damaged laminates after the
experiment. The FEM result shows that initiation of
matrix damage occurred in the direction perpendicular
to load application, as shown in Fig. 5 at t = 0.1. With
the increase in load, this damage propagates towards
the characteristic length. At t = 0.3, it can be observed
that the longitudinal stitch suppresses crack propagation
and is capable of withstanding more stress, while at the
transverse stitch, crack propagation occurs.
In the layer-wise failure analysis defined by Puck, a

macroscopic crack through an entire lamina causes fail-
ure of the lamina. The damaged portion of the lamina
no longer transmits any load, but neighbouring laminae
still apply load onto the undamaged sections of the
damaged lamina. This load transmission results in the
multiplication of cracks if more load is applied. At t =
0.3, it can be observed that damage was initiated at
the contact region between the stitch and laminates,
which signifies matrix debonding of the stitch at the
resin-rich region. This debonding eventually leads to
fibre breakage. This phenomenon has also been
observed in 2D orthogonal stitched laminates.49 Thus,
a simultaneous matrix-crack followed by fibre-matrix
debonding finally leads to catastrophic failure of the
laminate. In both cases, FEM analysis is able to predict
damage effectively, as correlated by the X-ray radiogra-
phy shown in Fig. 6.

From Figs. 5 and 6, it can be concluded that the lami-
nates are affected by the stitch orientations. It can also be
observed that the longitudinally stitched laminate (LSL)
is more effective than the transversely stitched laminate
(TSL) in suppressing damage along the characteristic
distance.

Stress–strain behaviour
Figure 7 depicts the open-hole tension finite element and
the experimental result validation on LSLs and TSLs at a
characteristic length (y−a) at 1 mm. These graphs show
an error of 5.18% and 4.97% at 1 mm characteristic length
with experimental data for open-hole LSLs (Fig. 7a) and
TSLs (Fig. 7b), respectively.
The stress distribution in Fig. 8 shows that along the x

direction, each laminate has a unique stress distribution.
The stress distribution has also been observed at the lami-
nate and stitches individually, as shown in Figs. 8 and 9.
To draw a conclusion for the failure, first the maximum
stress point as damage initiation point for the composite
and stitch was identified, and then the through thickness
stress was extracted at that point. Similarly, the through
thickness stress at the centre of the discontinuity was
plotted as illustrated in Fig. 10. These figures indicate
that the outermost layers are more susceptible to failure
than the inner laminates.

8 Stress history for open-hole laminates: a unstitched; b longitudinally stitched; c transversely stitched
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SCF visualisation
Figure 11 shows the effective SCF for the analytical sol-
ution and FEA solution for unstitched and stitched lami-
nates. These graphs illustrate that a transversely stitched
open-hole laminate has a reduced effective SCF by
8.07% compared to unstitched laminates. Similarly, the
effective SCF of the longitudinally stitched open-hole
laminate is reduced by 14.29 and 21.22% compared to
the transversely stitched and unstitched open-hole lami-
nates, respectively. Note that these comparisons have
been conducted with the corresponding node at the
characteristic length. Thus, unstitched laminates had a
higher notch sensitivity than TSLs, and the TSLs had a
higher notch sensitivity than the LSLs. This result arises
because the crack is propagated towards the characteristic
length and because a longitudinal stitch is able to suppress
damage propagation effectively due to its orientation.

Conclusion
An accurate and efficient numerical analysis of open-hole
laminates reinforced with stitches along different orien-
tation at the macroscopic structural level has been vali-
dated by experimental results. This kind of detailed
analysis is expected to be helpful for designers seeking
to understand stitched laminate fracture behaviour in
depth. Based on the numerical simulations, the following
points are highlighted:
. Progressive failure analysis using Puck’s failure cri-
teria has been shown to be capable of characterising
fracture propagation along with the effect of stitch
orientation, which plays a vital role in suppression
of damage on the discontinuous structure.

. The finite element result is consistent with experimen-
tal stress–strain results with less than a 5% error. Fur-
thermore, this method is capable of predicting SCF
behaviour with a good correlation with analytical

10 Through thickness stress distribution at different points
for open-hole laminates

9 Through thickness stress counters: a longitudinal stitch; b transverse stitch

11 Stress concentration factor distribution for laminates
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results, which was not otherwise clear before perform-
ing the experiment.

. SCF was reduced through stitching by 21 and 8% for
longitudinal and transverse stitches along the notch
respectively, compared to unstitched open-hole lami-
nates. The reduced SCF corresponds to an improve-
ment in structural performance.

. Longitudinally stitched open-hole laminates are more
effective than TSLs under applied uniaxial tension
loading. Longitudinal stitching decreases notch sensi-
tivity and improve notch strength more than trans-
verse stitching, and TSLs are similarly superior to
unstitched open-hole laminates.
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