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The scope of this work is to study the effects of manufacturing and installation defects on mechanical per-
formance of polymer matrix composites appearing in civil infrastructure and aerospace applications. The
objective of this study is to create a link between defects detected through nondestructive testing (NDT)
and the mechanical performance of the composite structures using strain mapping technique. Monotonic
tensile samples of polymer matrix stitch-bonded biaxial composite laminates [90,0]s are tested. Flash
Thermography, a conventional NDT technique, is used to predict detectable pre-existing surface and
sub-surface irregularities and defects. Attention is drawn to the homogenized mechanical behavior and
to damage initiation and propagation. Damage onset and propagation are studied using time-dependent
nonlinear regression of the strain field. Effects of the manufacturing and installation irregularities on
damage initiation, propagation, and failure are monitored as the structure is subjected to load or studied
at the end of the loading process.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The use of composite materials is driven by the need for strong
and lightweight structures, which is why applications of different
composite materials in the aerospace and civil infrastructure
industries, such as power plants, have taken on ever-increasing
importance. Additionally, one of the most important challenges
of today is the repair of deteriorated and damaged infrastructures
– such as buried steel and concrete pipes that have been in service
for more than several decades. Composite materials have many
advantages over other structural materials, mainly due to their
high specific strength and specific stiffness; however, their general
application has suffered from difficulties associated with installa-
tion and inspection of hard-to-access structures (Fig. 1) [1].
Improvement of mechanical properties, particularly interlaminar
shear of stitch-bonded composites in comparison with un-stitched,
has been confirmed in the literature [2–4]. However, the prediction
of mechanical performance of stitched laminates under real oper-
ational conditions is very complicated. Understanding actual fail-
ure mechanisms begins with identification of the weakening
areas (or load concentration areas) such as a hole, notch, cutout,
bolted joint, and a manufacturing defect (a fiber ends or a free
edge) [5]. Irregularities in composites due to manufacturing and
installation-induced scenarios are generally related to the curing
procedure of composite materials, in addition to the extreme
environmental conditions (e.g., temperature and moisture) that
can occur during the fabrication and installation processes. When
composite parts are transported from the factory to the industrial
site, they may be accidentally exposed to moisture. Humidity can
also lead to a loss of performance in polymer matrix composite
materials. Irregularities, such as deviation of strands from their
theoretical position can occur in dry fiber strands or during the
injection/installation process. While irregularities on the surface
of composite samples can be detected by the naked eye, the degree
to which manufacturing and installation-induced defects influence
the mechanical performance of composites is still not fully under-
stood, and therefore represents a challenge, especially in the con-
text of repairing and maintaining aerospace and civil industry
applications.

The mechanical properties of laboratory-cured composites and
the formation of damage and its influence on composite properties
have been studied extensively [3–12]. Vallons et al. [7] used X-ray
radiography to monitor damage evolution at certain cycles in
fatigue tests. Lomov et al. [6] and Giordano et al. [9] used acoustic
emission, X-ray, and ultrasonic C-scan to study damage in labora-
tory-cured composite samples. Some of these NDE techniques such
as ultrasonic C-scan and X-ray are not on-line based techniques
and require the targeted structural component to be taken out
for a period of time for damage inspection and assessment [10].
On-line health monitoring techniques such as piezoelectric sensor
and optical fiber involve the attachment of an external sensor or

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2013.09.011&domain=pdf
http://dx.doi.org/10.1016/j.compositesb.2013.09.011
mailto:Masoud.yekanifard@asu.edu
http://dx.doi.org/10.1016/j.compositesb.2013.09.011
http://www.sciencedirect.com/science/journal/13598368
http://www.elsevier.com/locate/compositesb


Fig. 1. Carbon fiber composite repair of 3m pipe underground.

Table 1
Specifications of the resin and fiber.

Resin PRI 2002-3-R-A

Viscosity, cPs 3000
Glass transition temperature, �C 75
Specific gravity 1.16
Bulk density, pounds/gallon 9.74
Ingredients: Concentration
Bisphenol-A type epoxy resin >50%
Bisphenol-F type epoxy resin <40%
Aliphatic glycidyl ether <20%

Continuous filament carbon fiber PRI 2000-1-C bounded by polyester
stitching

Carbon fiber tow �94 wt.%
Sizing �4 wt.%
Texturized polyester yarn �2 wt.%
Specific gravity 1.6–2.0
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additional fibers in composite structures [11,12]. Most of the
embedded or attached sensors are not durable and are difficult
to repair. DC and AC electrical conduction measurements have
been used for detection of damage in composites for fiber failure
and matrix cracking, delamination, and fiber/matrix debonding,
respectively [13]. However, detection of damage locations and
sizes from electrical resistance changes is not always a straight for-
ward process. Statistical tools and inverse problem algorithms are
necessary to locate delamination [14]. Markatos et al. [8] investi-
gated the effects of different manufacturing-induced and in-service
defects on the mechanical performance of composite structures.

Laser Raman spectroscopy has been widely used to non-
destructively measure strain and stress fields and to investigate
the macro-mechanical performance of a damaged specimen [15–
19]. Potluri et al. used this method to measure in situ fiber strains
[19]. In this method, the strain values are obtained from the
embedded reinforcing bars. Some amorphous fibers such as glass
fibers have a very weak Raman response and cannot be used for
strain measurements [20]. Katerelos et al. [20] studied residual
strain and modulus reduction due to cracking in cross-ply GFRP
composites using Kevlar fibers as Raman strain sensors. Moire
Interferometry [21–23] and grating shearography [24] have also
been employed to investigate surface strain field in textile compos-
ites. The effects of pre-existing defects on surface strain distribu-
tions were ignored in these studies.

Image correlation has been used to perform an extensive study
of surface strain fields and for characterization of nonlinear mate-
rial behavior [25–32]. The DIC system is a powerful optical mea-
surement tool with sufficient accuracy for strain measurements
and understanding of micromechanical behavior of composite sys-
tems [33–35]. For example, Godara and Raabe [33] studied the
influence of fiber orientation on global mechanical behavior and
strain localization in glass fiber reinforced polymer composites
during tensile tests. Gao et al. [35] analyzed damage evolution in
Kevlar composites using the DIC technique. However, DIC mea-
surements are also accompanied by noise. Linear regression was
used by Lomov et al. [28] to determine just the damage initiation
for the linear elastic behavior. Lee et al. [24] employed a Gaussian
low-pass filtering method to remove noise. In modern thermogra-
phy practices, Flash Thermography has been routinely used to
measure plate thickness and thermal diffusivity [36–38]. The cases
discussed in the cited research represent a range of idealized con-
ditions where the samples used were laterally infinite with no edge
or boundary condition effects. A missing element in the current lit-
erature, however, is the examination of the effects of pre-existing
defects and ‘‘irregularities’’ on the mechanical behavior of aniso-
tropic composite materials.
Descriptions of composite laminates are based on simplifying
assumptions related to the geometrical periodicity of strands.
However, in reality, the geometrical periodicity is not fully main-
tained due to stochastic variations of the strand dimensions and
placements. Development of different damage modes in relation
to the internal structure of non-crimp fabric reinforced composites
was studied by Greve and Pickett [39] and Mattsson et al. [3]. They
observed cracks in fiber bundles at the onset of damage followed
by local delamination which lead to premature fiber damage. Ran-
dom placement of the laminas in a composite laminate in the form
of nesting the layers may not affect the homogenized mechanical
properties of the laminate, but it can lead to resin-rich zones and
influence the strain fields. Also, actual fiber volume fractions may
vary across the composite laminate, especially under not fully con-
trollable conditions during fabrication and installation at industrial
sites. Some of these variations or ‘‘irregularities’’ may be identified
by NDT and structural health monitoring techniques.

Due to the high biaxial performance of stitch-bonded compos-
ites, these fabrics are highly desirable materials for pipe coatings
and for the rehabilitation of civil infrastructures. In this paper,
damage characterization in stitch-bonded carbon/epoxy biaxial
composites – initiation and development will be studied. Damage
at the macro level involves stiffness reduction, maximum strength,
and failure strain. Meso-level damage is related to damage initia-
tion sites inside the structure of the reinforcement (strands) and
associated deterioration of the homogenized mechanical proper-
ties of the composites. Meso-level in bidirectional composite de-
fines the internal structure of the reinforcement and the
variation in fiber volume fraction. The study is focused on issues
that have not been sufficiently addressed in the current literature.

The present work also aims to contribute to the understanding
of the relationship between NDT and in situ monitoring techniques
through an analysis of surface and subsurface damage that can
compromise the quality of composite structures as a function of
loading. The following areas are investigated: (1) Tensile tests on
samples cut from plates fabricated in the industrial site accompa-
nied with optical-extensometer are performed to produce stress
strain curves and to identify strain levels characteristic of: (i) first
damage visible at the macro-scale; (ii) developed damage; and (iii)
failure strain before final fracture. (2) Flash Thermography tests are
used to reveal pre-existing damage induced by the manufacturing
and installation processes. (3) A full-field strain mapping technique
is employed to highlight the relationship between strain concen-
trations linked with the surface and subsurface irregularities asso-
ciated with damage initiation and development. The effectiveness
of nonlinear-regression time-wise filtering to remove noise from
the signals is investigated. (4) Damage propagation and associated



Fig. 2. Biaxial dry fiber reinforcement: (a) top layer 90�; (b) bottom layer 0�; (c)
misalignment of fibers in a composite plate fabricated in industrial site.

Fig. 3. Tensile stress–strain diagram for [90/0]s composite laminate; points
correspond to slope changes in the diagram.

Fig. 4. (a)–(c) Irregularities and surface/subsurface pre-existing defects in samples
one, two, and three; (d) field of view for local strain field.

M. Yekani Fard et al. / Composites: Part B 56 (2014) 821–829 823
reduction of composite stiffness are analyzed. (5) An adaptive algo-
rithm for online damage detection to indicate the influence of the
pre-existing irregularities on damage propagation and failure is
examined.

2. Material and specimens

Stitch-bonded continuous filament carbon fibers (biaxial fabric
PRI 2000-1-C) and resin (PRI 2002-3-R-A) with catalyst (PRI 2000-
5-HR-B) provided by Pipe Reconstruction Inc. were used in this
study. The specifications of the fiber and the resin are listed in
Table 1. Two biaxial fabric laminas, as shown in Fig. 2, were used
to fabricate a composite plate with the stacking sequence of [90/
0]s giving an average thickness of 4.6 ± 0.04 mm and an average
fiber volume fraction of 49 ± 1%. All samples have a nominal size
of 310 mm length, 13.5 mm width and were cut from the plates
using a water-cooled diamond saw. Composite end tabs were



Fig. 5. (a) Major strain distribution and the location of mobile token at different zones (a and b are fractions of the unit cell); (b) vertical strain field at stages 32, 57, and 81;
and (c) measured major strain profile at different stages of loading.
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constructed from the same material, but cured under laboratory
conditions and attached onto the samples using the same resin.
3. Mechanical tests

The tensile test, a common mechanical characterization test,
simulates a plane stress strain state in the sample during the load-
ing process. In this study, monotonic tensile tests were conducted
according to ASTM 3039 [40]. Specimens of longer length than the
minimum requirements of the standard were used to keep the field
of view area as far from the grips as possible and as a way to obtain
consistent results. The distance between the grips was 210 mm
prior to introducing the load and the length of the tabs was
approximately 90 mm. Tensile load was applied to the specimens
under a constant strain rate of 22 lstr/s.
The samples were tested using an MTS biaxial/torsion test
frame (50 KN capacity for each axis). Laser and grip alignment fix-
tures were used to mount the samples in the grips and to eliminate
bending and premature failure. Appropriate grip pressure was used
to avoid slippage and any premature failure of the specimen in the
grip area. The DIC system, extensively used to study strain field and
stress state and to develop constitutive stress–strain relationships
[25–27], was used to perform the strain mapping study, and to
determine the strain field and occurrence of cracks and failure.
GOM ARAMIS 5M and 2M 3D with 5 and 2 mega pixels systems,
respectively, were used in this study. Images were taken at a rate
of 0.33 fps to obtain global strain. Local strain values were obtained
over the area of interest (a rectangle surrounding the surface/sub-
surface defect zones) to study the strain field. The DIC system was
used as an optical extensometer with no side or grip effects with a
strain accuracy up to 100 lstr (Fig. 3). To ensure the software



Fig. 6. (a) Registered major strain before filtering and filtered major strain after
application of time regression at point 2 of the mobile token at zone 1, (b) envelope
of the averaged index (relative noise level) of all points in the token in zone 1.

Fig. 7. Damage identification and development at the location of the pre-existing
defect zone1.
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achieves better image recognition, a random speckle pattern was
applied to the surface of the samples. The facet size was
25 � 25 pixels with a 3 � 3 matching mode. Strain values in
Fig. 3 are averaged strains calculated from full field strain measure-
ments in the longitudinal direction. The points marked on the
curve correspond to the strain levels where the non-linearity of
the material response begins. A small stress drop typically referred
to as ‘‘pop-ins’’ was observed at stage 57. After the load drop, stress
increased with a reduced stiffness (a kink point at stage 91) until
final fracture at 1.6% strain.
4. Results and discussion

4.1. Detection of pre-existing damage and irregularities

A Flash Thermography test is a sequence of a collection of pixel
time histories obtained after flash heating the surface of materials
[41]. As heat from the front travels toward the interior of the plate,
subsequent cooling of the surface takes place. In thermographic
analysis of the images, regions of contrast between discrete fea-
tures and intact background areas can be visually identified and
recognized as possible damaged areas.

In this study, experiments were conducted using a commercial
pulsed-thermography system (EchoTherm, Thermal Wave
Imaging, Inc.) with a 320 � 256 InSb IR focal plane array camera
operating at 60 Hz. A composite plate with dimensions of
70 mm � 140 mm with several discrete flat bottom holes was used
for the calibration. The flat bottom holes, ranging in diameter from
1 mm to 5 mm and in depth from 0.2 mm to 2 mm, were machined
into the back side of the calibration plate. The regions of irregular-
ities and possible surface/subsurface defects (seen in red color) in
three samples were marked by a blue dashed circle as shown in
Fig. 4(a–c). An analysis of the log temperature vs. the depth plot
for a typical surface point shows that the deepest detectable defect
is almost one third of the composite laminate thickness. Due to
amount of energy input, only two thirds of the sample volume
could be interrogated. Based on the Flash Thermography results,
it was concluded that irregularities and pre-existing defects were
present on the composite sample surface and subsurface; however,
the effect on stress strain response was unknown. All three
samples showed defects in zones 1, 2, 3, and 4 except sample in



Fig. 8. No detectable damage identified in zone 2 (a) and 3 (b).

826 M. Yekani Fard et al. / Composites: Part B 56 (2014) 821–829
Fig. 4c which does not show any defect in zone 3. Fig. 4(d) shows
the field of view for local strain field study.
4.2. Detection of damage initiation/propagation

Strain mapping is a system of determining strain fields using
digital images taken while samples are loaded. As tensile load is
applied, the system takes consecutive images and analyzes them,
while comparing them to initial images in order to determine local
displacement and engineering strain values. The following damage
development scenarios are possible in stitch-bonded biaxial [90/0]
composite laminates: (i) onset of cracks (matrix or inter-fiber or
intra-strand) in a 90� layer; (ii) onset of local delamination on
the boundaries of fiber strands (ends); (iii) onset of fiber failure,
large delamination zones, and ultimate failure of the samples.
The definition of ‘‘damage initiation’’ can be fairly fuzzy since the
source of cracks due to different pre-existing irregularities and
defects is unknown; in this context, we consider the damage
initiation strain to be an indication of a crack (coalesced cracks)
associated with the transition from the initial linear behavior of
the stress–strain curve to its nonlinear behavior. At the damage
initiation stage, very few cracks will be present, and most likely
these will appear at the location of pre-existing defects. Further
accumulation of damage, however, may lead to several cracks dis-
tributed across the specimen (e.g., at the location of stress concen-
trations and not necessarily other identified pre-existing defects).
The focus of this section is on damage initiation and propagation
at the location of pre-existing defects.

Full-field strain mapping was registered using ARAMIS system
in 3D mode. Fig. 5(a–c) presents full field DIC results for stages
51, 61, and 86 in the stress strain curve shown in Fig. 3. Fig. 5(d)
shows the major strain distribution at different stages of the load-
ing process along Section 1, which show the development of the
same ‘‘hills and valleys’’ as observed in other studies [19,28]. The
reason for the hills and valleys may lie in a non-ideal placement
(misalignment) of fiber strands as evident in Fig. 2(c). This possibly
happened during fabrication of the composite laminate in the
industrial site because of relative flexibility of the structure of
the fiber reinforcement. By choosing a higher strain field size than
of 3 � 3 (e.g., 9 � 9), the sharpness of the hills and valleys can be
smoothened. However, high strain field sizes will also wash out
the local effects in the strain field.

The noise of the strain field was analyzed to evaluate the health
condition in the irregular zones detected by Flash Thermography.
The zone studied had the length of 75 mm (surrounding the defect
zones) and covered the entire width of the specimen. The facet grid
used is of a rectangular pattern with each facet incorporating
(11 � 11) pixels. The strains at the early stages of loading were
comparable with the noise level of the strain mapping. A mobile
token 3 � 3 points, as shown in Fig. 5(a), was introduced to analyze
the registered strain mapping. Time-dependent nonlinear regres-
sion was applied to every point of the mobile token in the regis-
tered major strain field to obtain the filtered major strain at that
specific point, as shown in Fig. 6(a). At every point of the mobile
token, a filtered strain tensor SEF = F(n or t or eapplied) was intro-
duced where the dependency is defined in terms of stage of loading
n, time t , or the global applied strain eapplied.

For major strain components, a fourth order polynomial was
considered. The relative noise level at every point i of the token
and at any instant of time is calculated as (ei � efiltered,i)/efiltered,i.
The same filtering and time-dependent regression procedure can
be applied to all the points of a mobile token to identify damage.
The envelope function NE of the averaged relative noise levels of
the token is considered as a threshold for the identification of dam-
age (Fig. 6(b)). Points 2 and 6 (Fig. 7) clearly show damage initia-
tion and development at the location of the pre-existing defect.
The damage index DI, defined based on the ratio of the relative
noise level to the envelope function, stays inside the limit for some
stages of loading.

DI ¼ ðe� efilteredÞ=efiltered

NE
ð1Þ

The reason for inconsistent damage identification throughout the
loading phase may lie in the inhomogeneous nature of the compos-
ite material (due to pre-existing defects and irregularities) and
redistribution of load among strands. The relative noise level is high
at the early stages of linear elastic behavior due to the reason dis-
cussed earlier in this section and decreases as the local major strain
increases. The definition of the damage index, as outlined in Eq. (1),
considers the effects of nesting on strain fields. The same damage
identification procedure was applied to zones 2 and 3, and no dam-
age was detected through strain mapping, as evident in Fig. 8. Strain
field data were not available in zone 4 of sample 1 due to the
peeled-off surface in that area.

The few red marks observed in zones 2 and 3 (Fig. 5), from Flash
Thermography, can be attributed to side effects or to pre-existing
subsurface defects that do not influence strain field at the surface
of the sample.



Fig. 9. Pre-existing cracks and damage in composite laminate [90/0]s. (a) pre-existing defect before test (sample one); (b) defect at zone 1 developed at 300 MPa (sample
two); (c) parallel cracks formed in other parts of sample (sample three); (d) large damage at 600 MPa (sample two).
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The damage state of the samples identified using optical
microscopy reinforced the damage evolution results shown in
Figs. 3, 7 and 8. Optical microscopy has been used to investigate
the relationship between the development of damage and the
change in stiffness in 2D and 3D woven composites [42–45]. Dag-
gumati et al. [42] used optical microscopy to study damage initia-
tion and propagation in weft yarns in a 5-harness satin weave
carbon polyphenylene sulfide. Masters and Ifju [16] used optical
microscopy post-mortem examination and X-ray to study damage
development in 3D braided composites. Samples 2 and 3 were ob-
served under 50�magnification. In the damage characterization
process of healthy (with no pre-existing defects) composite
samples, the following stages of damage development are expected
[3,16,39,43–45]: (i) inter fiber and transverse cracks; (ii) delamina-
tion on the boundaries of the fiber bundles; and (iii) fiber failure
and large size delamination. However, damage initiation/propaga-
tion may not follow the above classifications if there is a pre-
existing defect in a composite sample. In addition to Flash
Thermography, optical microscopy examination of the samples be-
fore the tensile test showed pre-existing defects near the surface at
90� lamina in zone 1 (Fig. 9(a)). It should be noted that only the
most reliable trends of damage evolution, particularly in zones
1–4, were sought in this analysis. Furthermore, no effort was made
in this study to directly associate a particular damage mode with
stress drops and kink points. The optical microscopy results pre-
sented herein are however examined in comparison to damage
states at stages 57 and 91 described before. The optical examina-
tion identifies the local damage modes. The pre-existing defect in
zone 1 developed at 300 MPa load level, as shown in Fig. 9(b).
Small cracks, perpendicular to the loading direction, had formed
in the middle 0� layer in other parts of the sample. These cracks
were parallel to the sample surface (Fig. 9(c)), and had developed
due to stress redistribution in the sample after stage 57 (approx.
230 MPa). The size of the defect in zone 1 at 600 MPa is fairly large
and creeps closer to the surface of the sample.

The analysis of damage is supported by knee-points of the
stress–strain diagram that show the onset of macro damage and
its development. The threshold for identification of damage does
not depend on the absolute value of local major strains and is
not affected by the interpolation of strains in a registered strain
field. In thick laminates, damage in laminas below the surface layer
does not reflect on the surface strain field. However, for qualitative
damage analysis of thin composite laminates, the strain mapping
technique has proven to be an effective tool. A common useful fea-
ture of this technique for analyzing strain is that local high strain
areas relate to more compliant regions, such as local pre-existing
defects or irregularities (e.g., epoxy pockets or fiber misalign-
ments). Therefore, the combined results of an NDT test such as
Flash Thermography and a monitoring technique (e.g., strain map-
ping) can lead to an understanding of the internal structure of the
composite.
5. Adaptive algorithm for online damage detection

Data post processing is either performed in the harvesting part
of the system or in post-mortem monitoring. This section presents
the application of the strain mapping technique for adaptive on-
line detection of damage initiation and development in a compos-
ite laminate. The procedure discussed in Section 4 is used with
some modifications to assess the strain gradients simultaneously
as the load applies to the structure in order to perform damage
initiation and propagation, and strength prediction. As the sample
deforms, the filtered strain tensor gets updated. Thus, at each stage
of loading, time-wise filtering is used to obtain the filtered major
strain. The linear-regression filtering method can be used in the



Fig. 10. Online damage detection at zone 1 using adaptive strain mapping technique.
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elastic deformation regime [28]; however, the range of linear
deformation is not known, and it can vary from sample to sample.
For the sake of consistency, the same 4th order polynomial was
used in this study. The threshold of damage identification was up-
dated as the load was applied gradually to the specimen. The
threshold function was introduced as NE = c � nd and as evident
from Fig. 10, ‘‘d’’ is constant as NE continually updates. The statis-
tical readings were collected for all points of the token throughout
the strain mapping area each time a load was applied. As the abso-
lute amount of noise is almost constant, the relative noise level de-
creases while the load increases. The normalized filtered major
strain exceeds the limits as a strain disturbance, such as when a
sudden crack (e.g., at stage 58) occurs. While the crack exists at
the location of the pre-existing defect, load re-distribution in the
composite structure occurs (e.g., stages 58–90) as the applied load
increases up to the next critical deformation level (e.g., stage 91).
6. Conclusions

The work presented here is an attempt to describe the link be-
tween NDT and monitoring techniques in the characterization of
damage in composite structures. The results show the fundamental
need for understanding the damage behavior of advanced compos-
ites and the success of NDT/monitoring systems to characterize the
initiation and propagation of damage. Strain measurements
obtained from the optical extensometer were used to plot the
stress–strain diagram. Results show that although resolution of
DIC is an issue to determine strain field, DIC is still a powerful
technique in the determination of flaws (damage initiation and
propagation) in composite materials, especially at more advanced
stages of deformation where noise is less influential. Nonlinear
time-regression analysis of the registered strain field was used to
obtain a filtered strain tensor. The envelope of averaged relative
noise levels was used as the damage initiation threshold. Combin-
ing Flash Thermography and strain mapping techniques proved to
be successful in locating the damage initiation and development
and for assessing the effects of pre-existing surface and subsurface
defects on the macro-level mechanical behavior of thin composite
materials. The proposed methods can be successfully applied for
adaptive on-line detection of surface/subsurface damage in com-
posite structures.
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