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Prediction of stiffness and stresses in Z-fibre reinforced composite laminates
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Abstract

The mechanical properties of z-pinned composite laminates were examined numerically. Finite element
calculations have been performed to understand how the through-thickness reinforcement modifies the
engineering elastic constants and local stress distributions. Solutions were found for four basic laminate
stacking sequences, all having two percent volume fraction of z-fibres. For the stiffness analysis, a micro-
mechanical finite element model was employed that was based on the actual geometric configuration of a
z-pinned composite unit cell. The numerical results agreed very well with some published solutions. It
showed that by adding two percent volume fraction of z-fibres, the through-thickness Young’s modulus
was increased by 22-35 percent. The reductions in the in-plane moduli were contained within 7-10
percent. The stress analysis showed that interlaminar stress distributions near a laminate free edge were
significantly affected when z-fibres were placed within a characteristic distance of one z-fibre diameter
from the free edge. Local z-fibres carried significant amount of interlaminar normal and shear stresses.

Keywords: Z-fibre; 3-Dimentional reinforcement; mechanical properties; stress concentration; finite

element analysis (FEA).

1. Introduction

The notorious interlaminar weakness of laminated
composites can be overcome by using fibrous
reinforcement in the thickness direction, also
known as the z-direction. Established processes
such as industrial stitching and z-pinning offer
economic means of achieving increased
interlaminar fracture toughness [1-2]. This paper
deals with z-pinned composites, which is defined
as composite laminates with up to five per cent
volume fraction of the z-fibres or z-pins. These z-
pins can be made of steel, titanium, glass, Kevlar,
and carbon fibres depending on application [3].
This new 3D composite offers significant
improvement in impact resistance, compression-
after-impact (CAl) strength, and the ultimate
strength of stiffener pull-off [3-7]. It can be
fabricated with small changes to the conventional
cure cycles by using the Z-Fiber™" technique,
which allows composite designers to utilize the
advantages of the well-established manufacturing
approaches and yet to obtain three dimensional
properties where needed [8-9].

The z-pinning process will affect laminate’s
stiffness properties and hence the global elastic
response of z-pinned composite. Therefore,
crucial to the development of the technology is to
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obtain a better understanding of the mechanism
and mechanics of z-pinned composites.
Evaluating the engineering stiffness constants and
examining the stress distribution around a z-fibre
could be a first step towards the development of a
design tool for predicting damage initiation and
damage propagation in z-pinned composites.

For conventional laminated composites, there are
two approaches to obtain the stiffness properties,
i.e. macro-mechanical and micro-mechanical
methods. The former uses experimental data from
standard coupon specimens to build a set of
material constitutive equations that results in
engineering elastic constants. This approach treats
a composite as homogenous orthotropic
continuum, which may yield a useful design tool.
However, to obtain an in-depth understanding of
the material behaviour and accurate mechanical
properties an alternative method is necessary. The
micro-mechanical approach does not assume
homogeneity, but defines the micro-structural
details and uses the known material properties
specific to both fibre and matrix to determine the
overall behaviour of the composite material [10-
12]. Assuming that both the material structures
and the mechanical response are periodical,
composites can be modelled by a representative
volume element (RVE) or a unit-cell (UC). A unit
cell is the smallest region in a periodic material
structure. This technique can also model more
complicated textile composites, such as woven
fabrics [12].



The unit cell approach has also been employed
for modelling z-pinned laminates [13-14]. Lin &
Chan [13] used an analytical unit cell model that
was based on the classical laminate theory, i.e.
the rule of mixtures, by transferring the z-fibre
stiffness onto the laminate plane and
superimposing z-fibre stiffness to the in-plane
laminate stiffness. While this approach is
applicable to simple laminates, it is over-
simplistic for z-pinned composites since it does
not consider the interactions between the z-fibre
and the surrounding resin zone (see Fig. 1a). The
numerical or finite element (FE) unit cell model
on the other hand takes account of the important
micro-structural details, such as the pure resin
region and the misaligned in-plane fibre region,
both of which can influence the stiffness values.
Dickinson et al [14] made a detailed FE unit cell
model and performed an extensive parametric
study of the z-pinned laminates in order to obtain
the engineering elastic constants. He examined
the effects of z-fibre material, volume fraction
and insertion angle, and also the influence of the
misaligned fibre region around the z-pins and the
resin-rich pocket. However, a detailed stress
analysis appears to have been omitted, which
would help to understand the stiffness variations
due to the presence of z-pins.

It is also important to examine the stress changes
due to the insertion of z-fibres, so that stress-
based failure criteria may be applied for
predicting damage initiation at stress raisers, e.g.
at laminate free edges and open-hole edges. The
stress state in a laminate is basically two-
dimensional, but in the presence of transverse
loads (such as impact load) or geometrical
discontinuities (such as free edges, open holes,
and ply-drops) it becomes essentially three-
dimensional with very high interlaminar stress
components [15]. Since the characteristic
dimension of the z-fibre induced stress field is
less than an individual ply thickness, z-fibre
effect on stress components has been analysed at
micro-mechanical scales [16-17]. Barrett [16]
made a detailed FE study on a cracked z-pinned
laminate. The work concentrated on the crack-tip
stresses and the effect of z-fibres on interlaminar
(Mode 1) crack growth; the in-plane fibre
waviness and the resin pools around z-fibres were
not included in the FE model. It was found that an
intact z-fibre could reduce the three principle
stresses by 67-76% when the z-fibre was placed
in the immediate vicinity of the stress
concentration zone. This result implies that crack

propagation rate will be significantly reduced due
to local intact z-fibres.

The objective of this work was to evaluate the
effect of z-pinning on engineering elastic
constants and on local stress distributions near a
z-fibre. The laminates used in the study had 2%
volume fraction of z-fibres, which is the typical
density used in many structural tests [18]. The
work was carried out using a finite element unit
cell model for stiffness analysis and a more
detailed micro-scale 3D FE model for
interlaminar stress analysis. The unit cell model
for stiffness evaluation was similar to the
numerical model devised by Dickinson et al [14].
The results presented in this paper were
calculated in the linear elastic field and the curing
stresses were not taken into account.

2. Finite element models

2.1 Unit cell model for engineering elastic
constants

Fig.1 (a) is a microscopic photograph of a
unidirectional (UD) laminate with a single z-fibre
showing the distinct microstructures of the pure
resin pocket and the misaligned in-plane fibres
surrounding the z-fibre. In this study a 3D finite
element unit-cell model, Fig. 1 (b), was used to
model the microstructure of the unit cell. This
micro-mechanical model consisted of 20-noded
hexahedral elements. Different geometric shapes
were used to mesh different regions within the
unit cell following the star-pattern approach [14]
to maintain mesh compatibility across the
interface  between the plies of different
orientations. The NASTRAN software package
was employed to perform the FE analysis. Four
basic laminate stacking sequences were studied,
i.e. unidirectional [0]4, cross-ply [0, 90]s, angle-
ply [£45]s, and quasi-isotropic [+45, 90, -45, O]..
The composite laminate used in this
computational example was made of the
AS4/3501-6 carbon/epoxy pre-preg, and the z-
fibre pins were made of impregnated carbon tows
(T300/9310) with axial Young’s modulus of 144
GPa. The basic material properties inputted in the
FE model were taken from references [11, 14] as
given in Table 1 in order to validate the results
against published data.

It should be noted that the z-fibre diameter used
in the present work was 0.28 mm, but in reference
[14] two z-fibre diameters, 0.254 and 0.635 mm,
were used. According to the literature, typical
range of z-fibre diameter is between 0.15 mm and
1 mm depending on different applications [3, 9].
However, since the main variables of the model,



i.e. the size of the resin pocket inclusion and
deviated fibre region, were kept as the function of
z-fibre diameter, the relative z-fibre densities in
the two computational models were the same.
Therefore, a direct comparison with [14] could be
made. The region of intact lamina was not an

Pure resin
pocket

Misaligned
in-plane fibres

issue for this model; therefore each single lamina
was modelled as a homogeneous three-
dimensional orthotropic continuum with principal
axes oriented in the local reference frames

without the distinct representation of the fibres
and matrix.
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Fig. 1 (a) Microscopic photograph of a unidirectional laminate with a single z-fibre inserted:;
(b) 3D finite element unit cell model (XY view) used in this study.

Table 1. Basic material properties used in the finite element models (unit: GPa).

Materials E; E; Es Gy Gos Gas Vip Vo3 Vi3 Vi
Lamina 136.40 8.90 8.90 5.95 3.21 5.94 0.25 0.38 0.25 0.6
(AS4/3501-6)

Z-fibre 144.00 7.31 7.31 4.45 2.65 4.45 025 | 039 | 025
(T300/9310)

Epoxy Resin 4.44 1.65 0.34

(3501-6)




z-fibre reinforced plate

a
plate free-edge

z-fiber density = 2%
z-fiber diameter = 0.28 mm

a=2.11mm
b =1.45mm
h=0.132 mm

Z-pin distance from the free-edge:

d; =1.25 mm
d, =0.69 mm
d;=0.25 mm

z-fibre in three
different positions
from the free edge

Fig. 2 (a) Schematic of a z-pin reinforced laminate with three different parametric distances from the free-

edge.
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Fig. 2 (b) Finite element model of % z-pinned cross-ply laminate, [0, 90], under applied micro-strain

80:0.1%.

According to references [10-11], the engineering
elastic constants of a heterogeneous composite
can be described by equivalent engineering
constants of a macroscopically homogeneous
material. This could be done by averaging the

micro-stresses and micro-strains (o; and &;; ) over
the volume of the unit cell to yield the average

macroscopic stresses and strains as given in
equations (1) & (2):

-1
o =\7J0ij (x,y,2)dVv (1)

1
i :Vfgij (x,y,2)dV (2)
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The  equivalence  between  the  actual
heterogeneous composite medium and the
homogeneous medium described by the average
stresses and strains and the equivalent elastic
constants were demonstrated in [11]. The direct
use of the above equations would be
computationally expensive especially for models
with a large numbers of degree of freedom. In
order to avoid such problem the average strains
could be found by applying the Gauss theorem
that equates the stain energy between the volume
of the unit cell and the boundary surface [11]:
-1 1
&; =\74'gijdv :W.[(uinj +u;n;)dS  (3)
where, V and S are, respectively, the volume and
the boundary surface of the unit cell, u; is the it
component of displacements and n; the i
component of the unit normal to S. The boundary
displacements are determined by FEA.
The principle of strain energy equivalence
between the external work and the stored
deformation energy of the unit cell can be
expressed as:
1 1 - -
2 Fioi =5 oij & V 4
Where P; is the external load applied on the unit
cell, and & is resultant displacement found by
finite element analysis. From equations (3) & (4)
the average stress component acting on the unit
cell is obtained as:
_ PsS
O = % (%)
eV
The effective elastic constants can then be found
from the average stress and strain components.
The boundary conditions and the external loads
applied on the unit cell depend on the elastic
constant required [11-12].

2.2 Model for interlaminar stress analysis

A 3-D model consisting of 20-noded hexahedral
quadratic elements was used to model a z-pinned
laminate. ~ The  micro-mechanical ~ model
represented a rectangular block of laminate
containing one z-pin that might be placed in three
different locations indicated as di, d,, and d3 with
respect to the distance from z-pin to free edge as
shown in Fig. 2(a). For meshing compatibility
three z-fibre locations were allocated in the FE
model but only one location was effectively
assigned with the z-fibre material property whilst
the other two had the properties of baseline
laminate. FE model is shown in Fig. 2(b).

The z-fibre reinforced laminates analysed in this
section were cross-ply [0, 90]s and angle-ply
[+45]s sequences. The z-fibres were arranged in a
square array with a space of 211 mm
representing a volume density of 2%. The length
for both models was 2.11 mm; the width was 1.45
mm for the [0, 90]s laminate (522 20-noded
hexahedronal solid elements, 3039 nodes) and 2.9
mm for the [£45]; laminate where symmetric
boundary condition cannot be applied (2088 20-
noded hexahedronal solid elements, 9489 nodes).
This 3D FE model was used to examine the stress
distribution near a z-fibre and the interlaminar
stress variation at the free edge. The distance
between a z-pin and the free edge had a
parametric variation from five times of a z-pin
diameter (pin was placed far from the free-edge,
at ds position) to one z-pin diameter (z-pin closest
to the free edge, at d; position). The applied strain
was 0.1% along the x-axis.

3. Results and discussion

3.1 Comparison of elastic constants

Tables 2 to 6 present calculated elastic constants
and comparisons with some published results [13,
14] for various stacking sequences. As a baseline
solution, Table 2 provides the elastic constants for
the unpinned laminates. Tables 3, 4, 5 & 6
contain the elastic properties for the four different
laminates, respectively; all had 2% volume
density of z-fibres. In this numerical study it was
assumed that z-fibres were inserted at right angles
(90°) to the principal in-plane axes, i.e. z-fibres
are parallel to the z-axis of the classical laminate
theory. It should be noted that the closed form
solution (CFS) [13] was originally formulated for
a z-pinned sandwich panel with two laminate
faceplates and a centre core. The elastic constants
quoted in these tables for the CFS [13] were
obtained by the authors of this paper by assuming
a zero-thickness centre core. Therefore, two
faceplates together with the correct laminate
stacking sequence can be treated as a single
laminate. The analytical CFS [13] only provided
in-plane elastic properties. The comparisons show
that the FE results obtained in this work agreed
very well with both the closed form solution
(CFS) [13] and the numerical unit cell solution
[14]. Detailed comparisons for pinned and
unpinned laminates based on this study are
discussed below.

Firstly, for all four z-pinned laminates considered
in this work, the through-thickness longitudinal
modulus E; increased significantly, by 22-35%, as



shown in Fig. 3(a). The magnitude of increment direction was reduced because of the added z-
depended on laminate stacking sequence. The fibre stiffness.
Poisson’s contraction ratio in the thickness

Table 2. Stiffness values for control cases (unpinned). Unit of elastic modulus: GPa

Lay-up Ex E, E, Gyy Gy, Gy, Vyy Vyz Vyz

Analytical Closed Form Solution [13]

[0, 0]s 136.40 8.90 8.90 5.95 3.21 5.94 0.25 0.38 0.25
[0, 90], 72.88 72.88 1 5.95 I 1 0.03 1 I
[45, -45]; 20.57 20.57 1 35.36 " 1 0.73 I I
[45, 0, -45, 90], 53.34 53.29 I 20.65 I 1 0.29 I I

Unit Cell Model [14]

[0, 0]s 136.40 8.85 8.85 5.95 3.21 5.94 0.25 0.38 0.25
[0, 90]s 72.80 72.80 10.05 5.90 4.16 4.16 0.03 0.36 0.36
[45, -45]; 20.52 20.52 10.05 35.30 4.25 4.25 0.73 0.10 0.10

[45, 0, -45, 90], 53.28 53.28 10.05 20.64 4.23 421 0.29 0.26 0.26

Unit Cell Model (this study)

[0, 0]s 136.40 8.86 8.81 5.95 3.20 5.94 0.25 0.37 0.25
[0, 90], 72.80 72.80 10.05 5.94 4.15 4.15 0.03 0.34 0.34
[45, -45]; 20.60 20.60 10.03 35.32 4.29 4.29 0.75 0.12 0.12

[45, 0, -45, 90], 53.28 53.28 10.05 20.64 421 4.23 0.29 0.26 0.26

Table 3. Stiffness values for z-pinned UD laminate [0], with 2% z-fibre density.

Ex Ey E, ny Gyz Gy, Vxy Vyz Vxz
CFS[13] 133.81 8.86 11.60 5.79 3.22 5.79 0.26 0.37 0.26
UC [14] 123.10 8.85 11.17 5.80 3.17 5.70 0.31 0.31 0.20

UC (this study) | 121.80 8.60 11.92 581 3.13 5.67 0.33 0.27 0.24

Table 4. Stiffness values for z-pinned cross-ply [0, 90]s with 2% z-fibre density.

Ex Ey E, ny Gyz Gy, Vxy Vyz Vxz
CFS[13] 71.50 71.50 1 5.80 I ! 0.032 1 I
UC [14] 67.48 67.48 12.30 5.87 4.00 4.00 0.04 0.29 0.29

UC (this study) | 67.30 67.30 12.31 5.82 3.98 3.98 0.05 0.30 0.30

Table 5. Stiffness values for z-pinned angle-ply [45, -45]s with 2% z-fibre density.



Ex Ey E, ny Gyz Gy, Vxy Vyz Vxz

CFS [13] 20.09 20.09 I 34.69 I I/ 0.72 1 I

UC [14] 20.10 20.10 12.37 32.00 4.13 4.13 0.71 0.09 0.09

UC (this study) | 19.45 19.45 12.27 31.90 4.10 4.10 0.70 0.10 0.10

Table 6. Stiffness values for z-pinned laminate [+45, 0, -45, 90]s with 2% z-fibre density.

Ex Ey E, ny Gyz Gy, Vxy Vyz Vxz
CFS[13] 52.35 52.35 1 20.25 I 1 0.28 1 I
UC [14] 49.70 49.70 12.30 19.00 4.09 4.09 0.30 0.21 0.21

UC (this study) | 49.51 49.51 12.00 18.87 3.98 3.98 0.29 0.19 0.19

) E.(GPa) . unpinned
: @ 2% Pinned

(VA

[04] [0,90]s [45,-45], [+45,0,-45,90],

. unpinned
@ 2% Pinned

Fig. 3 Stiffness variations for four different laminates: (a) through-thickness longitudinal modulus E;; (b)
in-plane longitudinal modulus E,.
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For the in-plane elastic properties, all stacking
sequences showed a small reduction in the Young’s
moduli that were contained within 10%. Examples
for the longitudinal modulus E, are shown in Fig.
3(b). The worst case was E, of the UD laminate
[0]s. This can be attributed to the influence of
misaligned in-plane fibres and pure resin region
caused by insertion of z-fibres; the deviated in-
plane fibres along the longitudinal direction and the
pure resin zone would make the longitudinal
stiffness and strength weaker. For the [0, 90];
laminate the reductions in moduli E, or E, were
about 7%. The reduction in the shear modulus Gy,
for the [0]; and [0, 90]s laminates was less
significant compared to the reduction in the
Young’s modulus because the angled fibre region
around a z-pin can carry more shear load and thus
provides extra stiffness that offsets the added
compliance due to the pure resin region. The local
shear stresses carried by the deviated fibres can be
seen in Fig. 4. For the [+45]; laminate G, was
reduced by 9%, whilst for the quasi-isotropic
laminate a smoothed almost uniform reduction in
Ex, E, and G,y was observed (6-7%).

The computational results demonstrated that the
in-plane fibre alignment is a critical factor for the
in-plane stiffness values of z-pinned composites.
From this point of view, z-pin diameters should
be minimised in order to minimise the angle of
misaligned in-plane fibres and to avoid micro-
buckling during compressive loads.

The CFS [13] appeared to have predicted some of
the elastic constants quite well. The model was
based on the volume fraction of z-fibres using the
simple rule of mixture for the laminate properties
and the classic laminate theory. Since the z-fibre
volume fraction plays a crucial role in some
elastic properties, such as the transverse and shear
moduli, the CFS was accurate enough for these
constants. However, larger differences resulted
between the CFS and FE solutions in the in-plane
longitudinal modulus, E,, as shown in Fig. 3(b)
and Tables 3, 4, and 6. In these cases, the CFS
overestimated the values of E, for the UD and
cross-ply laminates, and G,, for the angle-ply
laminate. This is because that the closed-form
analysis did not consider the effect of the
misaligned in-plane fibres and resin pocket
around a z-pin, which do weaken the stiffness and
strength in the longitudinal direction. However,
the overall results obtained from the CFS [13]
were accurate enough. The disagreement with the
two FE results was contained within 5-7% as
shown in Tables 3-6. The CFS model is easy to
use for quick estimation of the stiffness properties
for this new composite material.

It’s worth mentioning that the FE results of this
study were also validated against the
experimental data provided in [4]. The tests were
conducted with a different carbon fibre material
using also 2% volume fraction of z-fibres. The
same range of variations in the elastic constants
as aforementioned examples was found.
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Fig. 4 In-plane shear stress distribution around a z-fibre (UD laminate). Note: deviated in-plane
fibre region carried shear stresses providing extra stiffness that offset the added compliance due to

the pure resin region. Unit: MPa.
3.2 Stress field around a z-fibre



The stress field in a z-fibre inclusion is essentially
three-dimensional under uniaxial loads. This can
be demonstrated by the following example. A
uniform strain of 0.1% was applied in the x-axis
of a unidirectional laminate. It resulted in an
increased shear path along the misaligned fibre
region as well as interlaminar stress components.
This was due to the excessive mismatch of the
elastic properties between the z-fibre and the
surrounding laminate region. The von Mises
stress is plotted in Fig. 5 showing high stress
concentration around the z-pin. The figure also
shows that the stress perturbation due to the z-
pin’s presence disappeared beyond a distance of
about two z-fibre diameters from the axis line of
the z-pin. Therefore, z-fibre spacing and its
interaction with the resin-rich zone should be
further studied.

The FE results also showed that when carrying
the through-thickness stress components z-fibres
absorbed up to 25% of the total elastic strain
deformation energy stored in the unit cell; a non-
uniform shear lag at the interface of the z-fibre
and matrix was observed from the numerical
example. Therefore material compatibility and the
interfacial adhesive bond between the z-fibres and
their surrounding matrix are important because a
large part of the through-thickness loads is
transferred to the z-fibres. This was also
mentioned in several papers based on

experimental investigations, e.g. ref [18]. From
this point of view, for carbon/epoxy laminates a
carbon z-pin would be a better choice, which
offers excellent adhesion to the surrounding
thermo-set resin and good
characteristics.

compatibility
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Fig. 5 Von Mises stress field around a z-fibre (UD laminate). Applied strain g, = 0.1%. Stress unit: MPa.

3.3 Interlaminar stresses

At the laminate free edge, the interlaminar
stresses are extremely high. According to the
classic lamination theory, the interlaminar normal
stress (or peeling stress) for the [0/90] cross-ply
laminate goes to infinity at the free edge. This is a
stress singularity problem. The distance over
which the free-edge interlaminar stresses rise
shapely is very small. According to the study by
Hu & Soutis [15] this characteristic distance had a
maximum length of 2-ply thickness. Therefore,
for carbon/epoxy composite this distance is about

0.25 mm. In order to study the effect of z-pinning
on interlaminar stresses, z-pins were placed at
three parametric distances, i.e. d;, d, and ds, being
1.25, 0.69 and 0.25 mm from the free edge
respectively as shown in Fig. 2. It was expected
that only the z-fibre position at d=d; could give
relevant results with regard to stress singularity.
Two laminate stacking sequences were studied in
the present work. They were [0/90]s and [+45];
laminates.
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Fig. 6 FE results of o; stress distributions for [0, 90]; cross-ply laminate: (a) through-the-thickness variation
(along z-axis); (b) from inside plate to the free edge (y-axis); (c) along the free-edge (x-axis).

Since the [0, 90]; laminate exhibits only a Poisson
mismatch between the layers (no shear coupling),
stress components o, and t,, are the non-zero
interlaminar ~ stresses. Fig. 6 shows the
distributions of the interlaminar normal stress, o,
along the three principal axes and for both pinned
and unpinned laminates. Figs. 6(a) & (b) show
that the maximum interlaminar peeling stress was
reduced significantly at the free edge when a z-
pin are placed at the immediate vicinity of the
free edge, i.e. d=ds. The peak stresses for the pin
distances d; and d, had virtually the same values
as those of unpinned laminate. However, when
the peeling stress in the localised laminate was
reduced by placing a z-pin at d=ds, the z-pin itself
picked up these high free-edge stresses, as shown
in Fig. 6(c), in order to satisfy the equilibrium
conditions. Similar stress distributions were found
for the interlaminar shear stress component ty,.
Therefore, in the stress concentration regions z-
fibres resist interlaminar stresses if they are
placed in the close vicinity of the stress raiser.

Since the interface between a z-fibre pin and the
surrounding resin pool is relatively weak,
delamination damage is still likely to initiate from
this free edge region.

The [+45], angle-ply laminate exhibits only shear
coupling (no Poisson mismatch between layers),
S0 Ty, is the only non-zero interlaminar stress. The
interlaminar shear stress has its maximum value
at the mid-thickness and reduces to zero on the
outside of the laminate. Figs. 7(a) & (b) plot
through-the-thickness distributions of t,, showing
that z-pinning can reduce the maximum shear in
the mid-thickness by about 15% if a pin was
placed at d=ds. The stress values for pin distances
d, and d, were virtually the same as those of
unpinned laminate. Part of the through-thickness
stress was carried by the z-fibre placed at d = ds,
as shown in Fig. 7(c). The differences in the
legends in Figures 6 and 7 should be noted.

The above stress analysis showed that
interlaminar stress components could be reduced
only when z- fibres were placed in the immediate
vicinity to the free edge (within 0.25 mm).
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Even though the stress distributions were
significantly affected, there were no overall
reductions in these peak stresses in the region
since the z-pins picked up some high stresses.
Barrett [16] obtained similar results for a different
stress singularity problem, i.e. an interlaminar
crack in z-pinned laminate under Mode I loading.
It should be noticed that over such a small
distance the assumption of material homogeneity
for the laminates might break down and the bi-
material nature of the composite should be taken
into account. Further work is necessary for more
detailed stress analysis using micro-mechanical
models for the surrounding matrices.

4. CONCLUSIONS

Three-dimensional ~ micro-mechanical  finite
element models were employed to examine the
mechanical behaviour of z-pinned laminates.
Tasks performed were: (a) calculation of the

engineering elastic constants, and (b) study of
stress distribution around a z-fibre and at z-
pinned laminate free edges. Following main
conclusions may be drawn.

By adding two percent volume fraction of z-fibres
the through-thickness Young’s modulus (E;) was
increased significantly, i.e. by 22-35%, for the
four different laminates studied in this work. The
reductions in the in-plane moduli were contained
within 7-10%. Therefore, the z-fibre technique is
very effective for design against damages caused
by out-of-plane loads, e.g. impact and stiffeners
pull-off.

The interlaminar stress distributions near the free
edge of a z-pinned laminate were significantly
affected when z-fibres were placed within a
characteristic distance of one z-fibre diameter
from the free-edge. Detailed numerical analysis
showed that local z-fibres carried significant
amount of the interlaminar normal and shear



stresses. Therefore, z-pins may be used to
reinforce free edges around structural cut-outs
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