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Effects of voids on quasi-static and
tension fatigue behaviour of carbon-fibre
composite laminates

Sanjay Sisodia1,2, E Kristofer Gamstedt1, Fredrik Edgren2 and
Janis Varna3

Abstract

The effect of voids on quasi-isotropic carbon-fibre reinforced plastic laminates under quasi-static loading is compared

with that under cyclic tension loading. Emphasis is placed on following damage development at the non-crimp fabric ply-

level by investigating the influence of voids on damage accumulation, most notably transverse cracking and delamination.

Details from experiments include micrographs of voids taken in both scanning-electron and light microscopy, measure-

ments of void content and crack density using light microscopy, and stiffness plots from both quasi-static and cyclic tests.

The stiffness results are compared with theoretical predictions accounting for transverse cracks. Voids have a significantly

more detrimental effect on the mechanical properties in cyclic loading compared with quasi-static loading. Specifically, the

stiffness reduction development, the underlying transverse cracking in layers and the number of cycles to failure are

affected. Quality control by only quasi-static testing for void-containing composite materials to be used in components

subjected to fatigue cannot therefore be recommended.
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Introduction

In recent years, resin-transfer moulded (RTM) carbon-
fibre composites have gained interest as a cost-efficient
alternative to autoclave cured composites. Although
the quality of RTM composites has improved signifi-
cantly, the resin flow in the manufacturing step inevit-
ably induces some degree of voids in the material,
which cannot be found in autoclave-manufactured
composites. In higher end applications, fatigue resist-
ance is a desired property. The effects of voids on fati-
gue behaviour have been studied in Lambert et al.,1

Bureau and Denault,2 de Almeida and dos Santos
Nogueira Neto,3 Chambers et al.4 and Rotem and
Nelson.5 This study focuses on the effects of voids on
fatigue and static properties of carbon fibre reinforced
plastic laminates.

Material evaluation is increasingly oriented towards
understanding variability of the material properties and
investigating reasons for material failure.1,6–9 The con-
stituent materials of the composites, the fibre–matrix
interface, the fibre architecture and microstructural

inhomogeneity play an important role in the fatigue
performance.9 In RTM manufactured composites, the
thermoset matrix contain voids. When voids are present
(see Figure 1), the overall matrix behaviour of the final
composite are not well known. This article explores the
previous studies and discusses the results from present
experiments. A comparison is made between the effects
of voids on static and fatigue behaviour, respectively.

Defects like voids are regarded as being inherent in
manufacturing techniques such as RTM which is well
described in the literature.10–13 Voids may act as local
stress concentrators and reduce the delamination
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resistance,13–15,2,16,17,3,18–20 compression strength,13,21

shear strength,13–15,2,16,21–25 various bending
properties13–15,16,17,3,22,26,27 and fatigue strength.13,2–5

Experimental micromechanical studies allow to
better understand the underlying mechanisms and the
weak link in the material microstructure.28 As an exam-
ple, Prakash29 used scanning-electron microscopy and
ultrasonic methods during progressive fatigue loading
to study fibre debonding as controllable parameter,
which, in turn, led to the selection of what Ashby and
Bréchet28 describe as selection of a proper matrix
material. Related studies on the effects of interface
properties have also been done in Lambert et al.,1

Hapke et al.30 and Kosek and Sejak.31 In a similar
spirit, we focus in this study on the damage mechanisms
induced by the presence of voids in cyclic loading. This
has been done by investigating the stiffness and damage
accumulation in tension and cyclic loading for two void
concentrations, namely 0.8% and 3%. Furthermore,
the void content was varied systematically to see the
effects in cyclic loading. For all tests, a multidirectional
laminate with quasi-isotropic layup was examined. For
the assessment of void content and crack density, opti-
cal microscopy and replication techniques have proven
to be adequate. Results from experiment are also com-
pared with theoretical predictions based on models
accounting for transverse cracking in layers32–35 and
the ply-discount model in the framework of classical
laminate theory (CLT).

Experimental procedures

Materials

Composite laminates were manufactured through
RTM to produce a low and controlled level of
volume voids as described in George and Drechsler.12

The composite reinforcement was a carbon fibre
(HTS40) uni-directional (UD) non-crimp fabric with

fibre areal weight of 242.5 g/m2. Quasi-isotropic lay-
ups of the reinforcement were prepared for laminate
production using 16 layers. The laminate stacking
sequence was [0/�45/90/þ45]2s. The resin used was
Hexcel’s HexFlow RTM6.

For the purpose of obtaining high concentration
voids in the material, sample laminates were manufac-
tured with the same materials, but with a wet layup
process. This process entailed pouring the resin onto
the mould, then laying the reinforcement on top, seal-
ing it with a semi-permeable membrane, and applying
vacuum across the top of the membrane. The mould
and resin were pre-heated to 80�C. To induce a high
level of volume voids, the resin was vigorously stirred
for several minutes to aerate it. A vacuum pressure of
60 mbar was applied above the membrane, and then the
mould was placed into an oven to start a standard
RTM6 cure.

The resulting fibre volume fraction for all laminates
ranged from 53.6% to 56.0%. Experimentally charac-
terised elastic constants for unidirectional plies are
given in Table 1. From the produced plates, samples
with dimensions 175� 25� 4mm were cut using a dia-
mond saw. The thickness of an individual ply was
0.25mm. End tabs were made of glass fibre/epoxy
material with dimensions 40� 25� 1.5mm, and were

Figure 1. Scanning-electron micrograph of a polished cross-section showing (a) voids in a non-crimp fabric reinforced epoxy

composite and (b) an enlarged view of the indicated void.

Table 1. Experimentally characterised elastic

constants of unidirectional plies at 25�C (0.8%

voids).a

Modulus GPa

Tension – 0�, E1 126.60

Tension – 90�, E2 9.18

In-plane shear, G12 3.90

Poisson’s ratio, �12 0.31

aThe values are used in the stiffness predictions of the

damaged laminates.
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bonded on the specimen using a two component epoxy
adhesive system (Araldite AW4858). The gauge length
between the tabs was 90 mm. Sample dimensions are
based on details from Sisodia et al.36 and ASTM.37

Image analysis

The specimens for image analysis were prepared using
silicon carbide abrasive paper, and final polish was
applied using synthetic diamond compound of
0.25 mm. A light microscope with a digital camera was
used to examine the specimens. Preliminary work estab-
lished a magnification of �500 and five images per spe-
cimen provided statistically representative data for
reliable void content characterisation. The images
were captured using Leica Application Suite and ana-
lysed using MATLAB’s Image Processing Toolbox.
The analysis provided a quantification of void content,
denoted by VV, with respect to the total volume of the
composite including the three components fibres,
matrix and voids. Some example images of unloaded
laminates are shown in Figure 2.

Quasi-static loading

Quasi-static tests were initially done in an Instron 4505
mechanical testing machine to obtain the stress–strain

relationship and determine the stiffness and crack dens-
ity after loading to given strain values. Tests were per-
formed under displacement control using a crosshead
speed of 1mm min�1 in dry conditions at 25�C. The
specimens were loaded and unloaded to increasing
levels of strain using fixed increments of strain.
Between each ramp, a hold time of 5min was imple-
mented to allow for relaxation. For strain measure-
ments, an extensometer Instron 2620-602 with a
gauge length of 50mm was used. Before unloading,
edge replicas of the specimen were taken to determine
the density of transverse cracks. In this manner, the
laminate stiffness and the corresponding crack density
was found after each load increment. The elastic modu-
lus was obtained as linear trendline for all data points
along the unloading slope, between 0.1% and 0.3%
strain. The average longitudinal modulus for three
undamaged specimens was 46GPa. This compares
well with the analytical approximation 48GPa when
using CLT and the elastic properties of the individual
plies in Table 1.

Cyclic loading

Fatigue tests were carried out in a 100 kN servo-
hydraulic Schenk PB250 mechanical testing machine
with a �25mm potentiometer to trace the crosshead

Figure 2. Light microscope images of laminates with voids.

Sisodia et al. 3

 at Uppsala Universitetsbibliotek on September 26, 2014jcm.sagepub.comDownloaded from 

http://jcm.sagepub.com/


XML Template (2014) [1.7.2014–2:40pm] [1–12]
//blrnas3/cenpro/ApplicationFiles/Journals/SAGE/3B2/JCMJ/Vol00000/140130/APPFile/SG-JCMJ140130.3d (JCM) [PREPRINTER stage]

motion. The cyclic tests were performed under load
control at a frequency of 7 Hz and a load ratio of
R¼ 0.1 in dry conditions at 25�C. The applied max-
imum stress in cyclic loading was 370MPa. This cor-
responded to 60% of the ultimate strength or 0.8%
strain in quasi-static loading for a laminate with 0.8%
voids. This stress level assured a low risk for run-outs
and too few cycles to failure with a static-like failure.
Failure in fatigue was defined as total loss of laminate
load carrying capability. The elastic modulus in fatigue
testing was determined by dividing the difference
between the maximum and minimum applied stresses
by the difference between the maximum and minimum
strains.

Crack quantification

It is not self-evident that the crack-density data for
the specimen edges is representative of the damage
state inside the specimen. Especially in fatigue of
thin layer laminates it may happen that the tunnelling
cracks are initiated at the specimen edges but they do
not grow at once over the whole width of the speci-
men.38 As a consequence, the crack density measured
by edge observations may be higher than the average
value over the whole volume of the lamina. A uni-
formity check of the crack-density distribution across
the width of the laminate sample was done for both
the quasi-static and cyclic tests. In the quasi-static
case damage was characterised on the specimen
edges and in a section at specimen centre width
after loading to 1% applied strain. A similar cutting
and inspection procedure was done in fatigue. It
should also be noted that crack densities measured
in the 45-layers are averaged readings for the entire
laminate.

In quasi-static tests, a surface replication technique
was used for in situ determination of microstructural
deterioration and damage accumulation of the mater-
ial. Surface replicas provided an image of the surface
topography of the polished edge of the specimen.
Replicas were produced using Repliset T1 by Struers.
The compound was applied and extracted before
unloading. After the last strain increment, the test sam-
ples were studied under the microscope to confirm that
the crack density evolved uniformly through the lamin-
ate width and that edge view is representative for the
damage state in the laminate. Samples were cut in the
axial direction at about 50% of the width. This resulted
in four surfaces for study under the microscope, namely
two internal surfaces from the axial split and the two
opposite edges of the laminate. After cyclic loading, the
samples were cut in the axial direction and the created
surfaces were inspected for cracks using light
microscopy.

Results and discussion

Effects of voids on mechanical properties

Three categories of material properties have been sub-
ject to measurement and analysis in experiments. One
has been referred to as fatigue life (i.e. number of load
cycles to final failure). The other two properties are
quasi-static strength and stiffness, and are expressed
in terms of the elastic modulus obtained from quasi-
static stress–strain curves. For these three properties, all
related data points were normalised with the corres-
ponding value at 0.8% voids, which corresponds to
the technically void-free material. Using the RTM tech-
nique, it was not possible to produce totally void free
laminates (i.e. 0% voids). A total of 28 samples were
used to produce the results presented in Figure 3; 24
samples for fatigue loading and 4 samples for static
loading. All data have been fitted by least squares
with power law trend lines, rendering linear relations
in log–log plots. There is negligible influence of the
voids on the quasi-static strength and stiffness. There
is no significant difference in quasi-static properties for
laminates with 0.8–5% voids. For the same increase in
void content, the fatigue life degrades by two orders of
magnitudes, and for laminates up to 20% voids by
three orders of magnitudes. Although it should be
kept in mind that fatigue life and static tensile param-
eters are quite different properties, there is clearly a
striking difference in void sensitivity on these fatigue
and static mechanical properties. Both fatigue life and
tensile properties are parameters used in design or
materials selection, and can be compared if normalised
as in Figure 3.

Material properties for two void concentrations

Crack-density distribution. Measurements of crack density
were done in both quasi-static and fatigue loading.
Results in Figure 4(a,b) for quasi-static loading after
1% strain show that crack densities on specimen
edges and in specimen centre are consistent, and that
the deviations do not have any systematic trend, which
suggest that edge measurements are representative. For
cyclic loading, samples were loaded for duration of
1000 cycles and then sectioned for fracture study
(Figure 4c,d). One sample for each respective load
case is presented in Figure 4. The conclusion is that
damage in the centre of the specimen is the same as
observed on the edge. In the quasi-static test at 1%
strain the laminate voids has no noticeable effect on
the crack density in the 45�-layers. The effect of voids
is larger on cracking in the 90�-layer. In cyclic loading
similar trends can be observed. A more brittle and void-
sensitive formation of transverse cracks is expected in
the 90� plies. The significant shear stresses in the

4 Journal of Composite Materials 0(0)
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polymer matrix in the 45� plies generally make deform-
ation non-linear, more ductile and the crack formation
becomes less sensitive to flaws.39,40

Quasi-static properties. Axial modulus reduction as a
function of increasing applied strain was measured for
two laminates with voids at 0.8% and 3%. The axial
modulus E was normalised with respect to the initial

specimen modulus without any transverse cracks E0.
The typical behaviour of one specimen for each void
concentration is presented in Figure 5. The normalised
stiffness E/E0 is plotted along the ordinate in
Figure 5(a). The experimental results for crack density
versus applied strain are presented in Figure 5(b).

Cracking in the 90� plies starts at strains above
0.3%, as can be seen in Figure 5(b). A distinct

Figure 3. Normalised engineering properties plotted against volume voids: quasi-static strength and stiffness normalised with that

for a technically void-free laminate (VV¼ 0.8%), and fatigue life at a maximum stress level of 60% of the ultimate tensile strength

normalised with the corresponding fatigue life for a void-free laminate.

(a) (b) (c) (d)

Figure 4. Uniformity check for crack density in laminate with voids (VV) (# at edge,« at �50% width): (a,b) quasi-static test at 1%

applied strain; and (c,d) cyclic test at N¼ 1000 cycles and 60% of the ultimate tensile strength.

Sisodia et al. 5
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difference is seen in crack density already at 0.4%
strain, where the laminate with 3% voids has extensive
cracking and stiffness drops by 2% (Figure 5a); whereas
the 0.8% voids show very little signs of damage or stiff-
ness change. At intermediate strains the cracking in the
90� plies increases in both laminates but in the laminate
with high voids even the 45� plies starts to crack. The
stiffness decrease does not show the same trend. At 1%
strain, both laminates are showing almost the same
crack densities in both the 90� and the 45� plies, and
also the same stiffness decreases. It seems, thus, that
voids have an effect on the initiation of micro cracks
and not on the saturated crack density for the present
material. However, this may not be the general case,
since other types of composites may be affected differ-
ently by the degree of local stress relaxation due to
different kinds of damage and viscous deformation.

These trends (Figure 5a,b) are related to the statis-
tical nature of the transverse cracking process in the
specimen and the size and spatial distribution of
voids.21 Defects located at random positions in each
layer cause the weakest link to fail first. Eventually,
the ply will be saturated with transverse cracks, since
build-up of sufficiently high stresses to cause further
cracking between existing cracks is no longer possible.
This explains the commonly observed sigmoidal of the
crack density curve.35 The voids are distributed statis-
tically (size and location) creating regions of local stress
concentration on loading. In regions with a high dens-
ity of sufficiently large voids, transverse cracking starts
earlier, usually connecting voids, as shown in Figure 6.
This explains the sensitivity of the crack density to void
content in the low strain region. With increasing
applied strain the multiple cracking continues primarily
in locations containing voids. After cracks have devel-
oped in all local concentration zones, further cracking
is possible only in regions with no voids. This may be

the reason why the crack density at high strain becomes
less dependent on the void content, as observed in
Figure 5(a,b).34 For static stiffness design of RTM-
manufactured laminates, it is therefore advisable to
control the processing conditions so that the trans-
verse-crack inducing voids are on average further
apart than the transverse-crack density at saturation.

In Figure 5(a), two model predictions are presented,
viz. the ply-discount model and the analytical global-
local model are presented in Appendix 1. The ply-dis-
count model here represents the extreme case of zero
stiffness in the transverse and shear directions for the
plies containing transverse cracks (here the 90� plies,
or both the 90� and �45� plies). The more detailed ana-
lytical model depends on crack densities and accounts
for realistic stress transfer between transverse cracks. As
expected, the ply-discount model underestimates the
stiffness, which can be explained by that cracked plies
still carry load. The analytical model predicts stiffness
relatively close to the measured values. In this case, the
stiffness is slightly overestimated. A possible reason is
that the model does not account for delaminations. Even
under static conditions, small interply delamination can
be observed, starting to formwhere the transverse cracks
intersect with the adjacent plies. However, for low stres-
ses and not too high number of elapsed load cycles, the
model predicts the stiffness change accurately.

Fatigue properties. Figure 7 shows stiffness retention and
crack density versus number of cycles for two laminates
with voids at 0.8% and 3%. The highest density of
cracks can be found, as expected, in the 90� layer.
The presence of voids accelerates the cracking and at
low number of cycles. Many more cracks are present in
layers of laminate with high voids (as was also observed
for intermediate strains in the quasi-static case,
cf. Figure 5). With increasing number of cycles the

Figure 5. Effects of voids on quasi-static material properties. Stiffness retention normalised with the initial modulus for the

undamaged laminate.

6 Journal of Composite Materials 0(0)
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cracking continues and the effect of the presence of
voids on it becomes smaller and smaller, cf.
Figure 5(b). The same tendency was observed for
increasing strain under quasi-static conditions. It
could be assumed that when transverse cracking
approaches saturation, both under quasi-static and
cyclic conditions, the remaining uncracked ply seg-
ments between transverse cracks are void free, or that
the small voids therein are not sufficiently large to cause
any further cracking.

As can be noticed in Figure 7(a), the ply-discount
model severely underestimates the stiffness, since it here
assumes that cracked plies carry no transverse or shear
stresses. The results for crack densities in each layer

were used in the analytical model to calculate the elastic
modulus reduction for the laminate at each experimen-
tally determined damage. During the first 1000 cycles
the difference in normalised modulus between the ana-
lytical predictions and experiments is very small
(0–0.5%). After 1000 cycles the predictions are system-
atically greater than the experimentally measured. The
differences with experiment become greater at higher
number of cycles. It may be explained by the observed
delaminations that are not included in the model.
Delaminations have been known to grow progressively
during fatigue, and emanate from transverse crack
tips.41 The main reason for the stiffness decrease is
the underlying accumulation of transverse cracks and

Figure 6. Arrows indicate transverse cracks which connect voids in 90�-layer at 0.4% strain in quasi-static loading of laminate with

VV¼ 3%.

Figure 7. Effects of voids on fatigue material properties. Stiffness retention is normalised to first cycle modulus (i.e. E/E0).
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is shown to increase progressively during fatigue, cf.
Figure 7(b).

Figure 8 shows the fracture morphology of a lamin-
ate with 3% voids before and after the ‘knee’, which
can be seen in Figure 7(a). Before the knee point the
stiffness is almost constant during cyclic loading. At
some point, the stiffness starts decreasing noticeably
during continued fatigue. This defines the knee point
for stiffness degradation in cyclic loading. The control-
ling mechanism for this distinct drop in stiffness is gross
delamination. As can be seen in Figure 8, before the
knee point, the delaminations are limited. After this
point, the delaminations have spread to most load car-
rying plies of the laminate. Full delamination means
that loads cannot be transferred from one ply to
another, and the load-carrying capacity is entirely lost
in the fully delaminated ply. Eventually, it is the 0� plies
that carry all loads, which essentially is the critical ply
controlling the residual fatigue life after failure and
delamination of the all other off-axis plies.42,43

Conclusions

This study has been investigating the effect of voids on
quasi-isotropic laminates under cyclic tensile loading

and quasi-static tensile loading. The following conclu-
sions can be made:

. The fatigue life of the investigated carbon-fibre rein-
forced plastic laminates was found to be very sensi-
tive to the void concentration, induced from the
resin impregnation process. In comparison to this
void sensitivity on fatigue behaviour, the effects of
voids on quasi-static strength and stiffness are negli-
gible. In light of this marked difference in void
sensitivity, it should be emphasised that only quasi-
static mechanical testing is not sufficient in quality
control of composite materials intended for compo-
nents to be used under fatigue conditions.

. The sensitivity to voids was found to be greater for
transverse cracking in the 90� plies than in off-axis
plies, both under cyclic and quasi-static conditions.
The sensitivity is most significant at intermediate
static strains and during multiplication of transverse
cracking in fatigue.

. The measured stiffness was compared with predic-
tions from the ply-discount model and an analytical
global-local model accounting for the measured
transverse crack densities. The ply-discount model
significantly underestimates the stiffness, since it

Figure 8. Fatigue damage at R¼þ0.1 for laminate with VV¼ 3%, particularly at (a) 10,000 cycles and (b) 100,000 cycles.
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assumes that plies with cracks do not carry any load.
The analytical model slightly overestimates the stiff-
ness. This difference becomes significant after
extended fatigue or at high static strains. The lamin-
ates then contain a considerable amount of delam-
inations. The deviance between the model and the
experimental results indicate the onset of extensive
delamination.

. Plots of the stiffness retention as a function of
the number of load cycles typically show two distinct
regimes; one with constant stiffness during the first
part of the fatigue life, and after a knee point,
a monotonic drop in stiffness. Microscopic investi-
gations show that before the knee point delamin-
ations between the cracked plies remain limited,
but after this point there is substantial overall
delamination.
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Appendix 1

Analytical stiffness model

In an attempt to understand the observed laminate stiff-
ness reduction during the loading, experimental data
were compared with theoretical predictions based on
models accounting for transverse cracking in layers.
The model considers a symmetric N-layered laminate.
The k-th layer of the laminate is characterised by thick-
ness tk and fibre orientation angle �k. Direction 1 is
fibre direction in the layer and direction 2 is transverse
to fibres. The total laminate thickness is denoted h,

h ¼
XN
k¼1

tk ðA1Þ

Depending on loading, each layer may contain a certain
number of transverse cracks which is quantified by the
crack density in the k-th layer �k defined as the number
of cracks per mm length measured transverse to the
crack plane. The crack density in a layer is �k ¼
1=ð2lk sin �kÞ, where lk is the average half distance
between cracks in the layer measured on the specimen
edge. The dimensionless crack density �kn in k-th layer
is introduced as

�kn ¼ tk�k ðA2Þ

The macroscopic stiffness matrix of the damaged lami-
nate is [Q]LAM and the stiffness of the undamaged lami-
nate is [Q0]

LAM. A bar above the matrix and vector
entities in the following text indicates layer character-
istics in the global coordinate system x, y, z. Classical
laminate theory is used to find the stiffness matrix of the
undamaged laminate. The kth layer of a symmetric
N-layered laminate is characterised by stiffness matrix
in the local axes [Q]. The fibre orientation angle �k
defines the stress transformation matrix between
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global and local coordinates, and [T]k is used in CLT
to transform stresses, strains and the stiffness matrix.
½ �Q�k is the layer stiffness matrix in global coordinates
defined as

�Q
� �

k
¼ T½ ��1k Q½ � T½ ��1k

� �T
ðA3Þ

The undamaged laminate stiffness matrix is
calculated as

Q½ �LAM0 ¼
1

h

XN
k¼1

�Q
� �

k
tk ðA4Þ

Analysing elastic constants of damaged laminate in the
framework of CLT, the ply-discount model, is the sim-
plest and most conservative option. The assumption in
this model is that as soon as damage appears in a layer
the stress in this layer is very low and the layer is not
participating in the load sharing. This is formally
achieved by taking the elastic constants of the damaged
layer equal to zero and calculating the damaged lami-
nate stiffness using (A4). In the version of the ply-
discount model used in this paper only the transverse
and shear modulus of the layer are zeroed as soon as
transverse cracks appear. This version of the ply-
discount model is identical to assuming infinite
number of transverse cracks in the layer. The predic-
tions of this model are shown in Figures 5 and 7, where
experimental axial modulus reduction in the quasi-
static test as well as in the cyclic test is also presented.

The ply-discount model predictions are performed in
two approximations: (i) assuming that only the 90�

layer has cracked (infinite number of cracks); and (ii)
assuming that both the 90� and the �45� layer have
cracked. Since cracks were observed in all of these
layers, the experimental curves should asymptotically
approach to the lowest of the predicted curves. It is
clear that the ply-discount model is too conservative.

A much more accurate description of the laminate
stiffness reduction with increasing number of cracks in
layers can be obtained using the global-local model
described in detail in Lundmark and Varna.33–35 In
this model a unique link between global thermo-elastic
properties and local stress state characteristics is estab-
lished. The integral effect of the crack induced stress
perturbation is expressed in terms of crack densities,
average crack face opening and sliding displacements.
The damaged laminate stiffness expressions are as
follows

Q½ �LAM¼ I½ � þ
XN
k¼1

�kn
tk
h

K½ �k S½ �
LAM
0

 !�1
Q½ �LAM0

ðA5Þ

The [K]k matrix-function for a layer with index k is
defined as

K½ �k¼
2

E2

�Q
� �

k
T½ �Tk

0 0 0

0 uk2an 0

0 0
E2

G12
uk1an

2
664

3
775 T½ �K �Q

� �
k

ðA6Þ

These matrix expressions for thermo-elastic proper-
ties contain elastic ply properties, details of laminate
lay-up and dimensionless density of cracks in each
layer. In addition, the influence of each damage
entity is represented by the 3� 3 displacement
matrix in (A6) which contains the normalised aver-
age crack opening displacement (COD), uk2an and
normalised average crack sliding displacement
(CSD), uk1an of the crack surfaces in k-th layer. In
(A5) [l] is the identity matrix. Expressions for uk2an
and uk1an calculation are obtained fitting an extensive
FEM based parametric analysis. The expression for
u2an is

u2an ¼ Aþ B
E2

Es
x

� �n

ðA7Þ

In (A7), Es
x is the Young’s modulus of the layer

supporting the cracked layer in the transverse direc-
tion of the damaged layer. For a crack in an internal
layer:

A ¼ 0:52 B ¼ 0:308þ 0:165
t90
2ts
� 1

� �

n ¼ 0:0307
t90
2ts

� �2

�0:0626
t90
2ts

� �
þ 0:704

ðA8Þ

In (A8), ts is thickness of the adjacent support layer and
t90 is thickness of the cracked layer. For a crack in a
surface layer:

A ¼ 1:2 B ¼ 0:594þ 0:190 2
t90
ts
� 1

� �

n ¼ �0:523
t90
ts

� �2

þ0:887
t90
ts

� �
þ 0:258

ðA9Þ

The crack face sliding displacement u1an, also follows a
power law:

u1an ¼ Aþ B
G12

Gs
xy

 !n

ðA10Þ
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In (A10), Gs
xy is the in-plane shear modulus of the sup-

port layer in the coordinate system of the damaged
layer. For cracks in an internal layer:

A ¼ 0:3 B ¼ 0:066þ 0:054
t90
2ts

n ¼ 0:82 ðA11Þ

For cracks in a surface layer:

A ¼ 0:6 B ¼ 0:134þ 0:105
t90
ts=2

n ¼ 0:82 ðA12Þ

Expressions (A7) to (A9) and (A10) to (A12) show that
the normalised average COD and CSD are larger for

less stiff surrounding layers and they approach to a
certain asymptotic value with increasing support layer
and cracked layer stiffness ratio. For thicker support
layers the COD and CSD are smaller. This effect of
neighbouring layers on the crack face displacements is
called the constraint effect.

The presented expressions (A7)–(A12) are valid for
relatively low crack densities in layers (so called non-
interactive crack region) corresponding to the experi-
mental case in this study. For high crack densities the
interaction between cracks reduces the values and the
stiffness reduction slows down.35,38,44,45
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