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The papers published in this Special Issue of the Journal of Composites Science will give the composite
engineer and scientist insight into what the existing challenges are in the characterization and modelling
for the composites field, and how these challenges are being addressed by the research community. The
papers present a balance between academic and industrial research, and clearly reflect the collaborative
work that exists between the two communities, in a joint effort to solve the existing problems.

Developing an advanced monitoring system for strain measurements on structural components
represents a significant task, both in relation to the testing of in-service parameters and in the early
identification of structural problems. Arena and Viscardi [1] provide a state-of-the-art review on strain
detection techniques in composite structures. The review compares different novel strain measurement
techniques. The challenges for the research community are discussed by opening the current scenario
to new objectives and industrial applications.

Composites are susceptible to unnoticeable damage as they experience various loading conditions
in-service such as fatigue, bird impacts, lightning strikes, etc., which can alter their dynamic
characteristics ultimately leading to failure. The formation of cracks in a structure may lead to
catastrophic events. Govindasamy et al. [2] present a novel technique called the node-releasing
technique in Finite Element Analysis (FEA), whichis used to model the perpendicular cracks as well as
slant cracks of various depths and lengths for unidirectional laminate composite layered configurations
simulating the actual damage scenario. Furthermore, Saadati et al. [3] studied the interlaminar fracture
toughness and delamination behavior of unidirectional flax/epoxy composite under Mode I, Mode II,
and Mixed-mode I/II loading.

González and Fernández-León [4] have developed a supervised machine learning model to
detect flow disturbances caused by the presence of a dissimilar material region in the liquid molding
manufacturing of composites. The machine learning model can predict the position, size and relative
permeability of an embedded rectangular dissimilar material region through the use of only the signals
corresponding to an array of pressure sensors evenly distributed on the mold surface.

Additive manufacturing (AM) has continued to grow exponentially since its inception for its
extensive benefits. Landes and Letcher [5] investigated an additive manufactured composite material
that is a greener alternative to other composites that are not reinforced by natural fibers. A bamboo filled
polylactic acid (PLA) composite manufactured by fused filament fabrication was evaluated to gather
mechanical strength characteristics. Moreover, lattice cell structures can be easily manufacturing via
3D printing and have many scientific and engineering applications. Alwattar and Mian [6] studied the
equivalent quasi-isotropic properties required to describe the material behavior of the body-centered
cubic (BCC) lattice unit cell. Finite element analysis was used to simulate and calculate the mechanical
responses of the BCC unit cell, which were the mechanical responses of the equivalent solid. In addition,
cell specimens were fabricated on a fused deposition modeling 3D printer using acrylonitrile butadiene
styrene (ABS) material and tested experimentally under quasi-static compression load demonstrating
the validity of the proposed method.

J. Compos. Sci. 2021, 5, 47; doi:10.3390/jcs5020047 www.mdpi.com/journal/jcs1
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Rouhana and Stommel [7] investigated a highly ordered, hexagonal, nacre-like composite stiffness
using experiments, simulations, and analytical models. Polystyrene and polyurethane were selected as
materials for the manufactured specimens using laser cutting and hand lamination. A simulation was
conducted using material data based on component material characterization. Available analytical
models were compared to the experimental results, and a more accurate model was derived specifically
for highly ordered hexagonal tablets with relatively large in-plane gaps. Additionally, Kriwet and
Stommel [8] have used the new developed Arbitrary-Reconsidered-Double-Inclusion (ARDI) model to
describe stiffness and damping. A homogenization equation was used to derive the transversal-isotropic
stiffness and damping tensors. By rotating and weighting these tensors using orientation distribution
functions, it was possible to create a material database.

Singh et al. [9] present a model for the fiber-matrix interface in polymer matrix composites. Finite
element models were developed to study the interfacial behavior during the pull-out of a single fiber in
continuous fiber-reinforced polymer composites. It was determined that the force required to debond
a single fiber from the matrix was three times higher if there was adequate distribution of the sizing on
the fiber. It was observed that the interface debonded first from the matrix and remained in contact
with the fiber even when the fiber was completely pulled out.

Geopolymer concrete (GPC), due to its capability to minimize the consumption of natural resources,
has attracted the attention of researchers. Azarsa and Gupta [10] studied fly-ash based GPC and
bottom-ash based GPC, which were exposed to harsh freeze-thaw conditions. The dynamic elastic
modulus of both types of GPC was determined by resonant frequency testing. The results showed
that bottom-ash based GPC had better freeze-thaw resistance than fly-ash based GPC. Moreover, the
leachability of bottom-ash based GPC was also investigated to trace the heavy metals. The results
showed that all the heavy metals could be effectively immobilized into the geopolymer paste.

The collection of papers in this issue may help advance technology and bring industry closer to
understanding these approaches of the characterization and modelling of composites, and thus being
able to confidently implement them into a variety of applications.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Developing an advanced monitoring system for strain measurements on structural
components represents a significant task, both in relation to testing of in-service parameters and
early identification of structural problems. This paper aims to provide a state-of-the-art review on
strain detection techniques in composite structures. The review represented a good opportunity
for direct comparison of different novel strain measurement techniques. Fibers Bragg grating (FBG)
was discussed as well as non-contact techniques together with semiconductor strain gauges (SGs),
specifically infrared (IR) thermography and the digital image correlation (DIC) applied in order to
detect strain and failure growth during the tests. The challenges of the research community are finally
discussed by opening the current scenario to new objectives and industrial applications.

Keywords: characterization; composite; measurements; testing; structural monitoring

1. Preface and Motivation

For the development of lightweight structures, in recent decades, the use of advanced composite
materials and modern manufacturing methods has intensified the need to provide effective means of
performing experimental investigations to support analytical and numerical analyses. The complexity
and high associated costs of full-scale experiments indicate enhancing the reliability of the experimental
research to improve precise and effective techniques capable of reducing full-scale testing to
subcomponent testing. In the aerospace industry, for instance, several application areas have garnered
significant interest. In effect, structural monitoring can improve the characterization and prediction of
effects associated with failure that affect the structural safety. In addition, non-destructive techniques
can offer fault tolerance to component/subsystem/system-level, thus offering the possibility to reduce
costs associated with ordinary/extraordinary maintenance [1]. Chia et al. illustrated an ambitious plan
towards developing smart hangar technology, where noncontact measurements would be used to inspect
aircraft structures [2]. Rapid inspection also regarded space structures for pre-launch verification using
health monitoring technologies [3,4]. Advanced composite materials have encouraged considerable
interest in the research community owing primarily to their increased application in both military and
general aviation vehicles. Next-generation marine vessels are also adopting orthotropic materials and,
for similar reasons, the need for capable monitoring systems is crucial [5]. In this large framework,
many different sensing methodologies have thus been deployed for these structural monitoring
applications. Many of these methods are based upon strain measurements, which can be detected by
conventional gauges or other techniques [6]. Since 1940, the resistance strain gauges (SGs) exemplified
the most powerful tool concerning the experimental stress evaluation, even today representing a
common choice for monitoring material deformations and damage on in-service composite vehicles.
The physical environment of the strain gauge is, in any case, a crucial parameter that has to be
considered in gauge selection and protective coating. Owing to their relatively high surface area and

J. Compos. Sci. 2020, 4, 60; doi:10.3390/jcs4020060 www.mdpi.com/journal/jcs5
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the need for protective coatings, electrical resistance strain gauges have found a lot of difficulties in
acceptance of their filling into laminated composite materials. A main drawback to such an approach
is given by their surface limitation, so a large quantity of them would be necessary to monitor an
entire vehicle, yielding a complex network with a lot of wires and cables. For this reason, the strain
gauges’ location is often optimized for the most critical areas. Optical fibers have been introduced
recently just to overcome the weaknesses given by conventional SGs. In many approaches, fiber
optic sensors are used to achieve static or quasi-dynamic strain, providing better resolution of up
to two to three orders of magnitude compared with conventional SGs [7–9]. Structural monitoring
requirements have increased rapidly in the last few decades, and these requirements have prompted
many new developments in various sensing technologies. The present article deals with a review of
the strain characterization techniques; the technological approach and introduction to experimental
techniques are topics illustrated within the following chapters. In this perspective, Fibers Bragg grating
(FBG)-based sensors represent of course the most advantageous application to monitor in situ strains
over the life of a component, providing more reliable decisions regarding maintenance and replacement
of the system. Additionally, semiconductor-based SGs represent another contact transducers category
for embedded structural monitoring applications, revealing a high fatigue life, which makes them
very attractive for long-term installations. Infrared (IR) thermography and digital image correlation
(DIC) represent attractive non-contact techniques offering an interesting full-field investigation of the
material response. Their combination could allow a coupled analysis of different specimen aspects
from the early stages of testing. A further, very appealing possible integration of the hybrid monitoring
system is that which provides the use of non-destructive and non-contact controls such as online
monitoring with infrared thermography or DIC in order to highlight possible hot-spots during the
tests. The inspection is accomplished in a remote way, avoiding any direct contact, thus preserving
the controlled surface from any contamination. Moreover, it can be performed far away from any
dangerous environment, safeguarding the safety of the operator. All these techniques are analyzed
here and numerous examples are provided for different damage scenarios and aerospace components
in order to identify the strength and limitations of each approach. The development of an efficient
monitoring system inevitably has repercussions on the life-cycle of the product. Several scientific
studies [10] have shown how the proper implementation of structural monitoring may have a positive
effect on a structure’s life-cycle cost, thus achieving a positive cost/benefit ratio. Commercial insights
and industry perceptions pointed out many scenarios where immediate, near-term, and long-term cost
savings outweigh the cost of the measurement system, confirming the benefits of its implementation.

2. Contact-Based Techniques

2.1. FBG Sensing Network

2.1.1. Theory Background

One of the alternatives to strain gauge-based sensors for structural monitoring is given by FBG
optical sensors. The theory of fiber Bragg gratings may be developed by considering the propagation
of modes in an optical fiber. Although guided wave optics is well established, the relationship between
the mode and the refractive index perturbation in a Bragg grating plays an important role in the
overall efficiency and type of scattering allowed by the symmetry of the problem [11]. Being de facto
small and flexible, FBG sensors can be embedded discretely into composites at locations of interest,
thereby allowing for the detection of local strain distribution and progression without compromising
the structural integrity of the host material. Often, it is mandatory for getting the strain state in many
stations of the structure; the need for a dense network of sensors, that is, strain gauges, could lead to a
considerable size increase of the test set-up, comprising a large amount of electric wirings and so on.
From this perspective, optical FBG sensors are lightweight and versatile, they can be non-intrusively
inserted into adhesive materials as well as multiplexed into an array of single FBG sensors. Taking into
account the advantages of electromagnetic noise tolerance, high sensitivity, and multiplexing capability,
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the fibre optic sensing technique has been recognised as a reliable means of measuring structural
strain response (static and transient), and FBGs have been successfully developed and employed in
structural health monitoring (SHM) for strain, temperature, refractive index, or loads measurements.
An FBG is a delimited and systemic discontinuity, imprinted on an optical fibre wire, which reflects
different wavelengths. Narrowband reflections can be obtained by deploying discontinuities to allow
this system to filter those frequencies [12–17]. FBGs are formed by exposing an optical fiber to an
ultraviolet interference pattern, producing a periodic change in the refraction core index. These periodic
changes cause a reflection when the light in the waveguide is of a particular wavelength (owing to the
constructive interference of grating plane reflections), while other wavelengths are transmitted in the
fiber, as shown in Figure 1 [18].

Figure 1. Reflected and transmitted light through a Bragg grating [18].

FBG operation is based on the Fresnel reflection: a broadband light band is diffused into the
optical fiber. Once the signal goes through grating, a specific wavelength (i.e., a narrow frequency
band, centred at the nominal frequency) is reflected and detected by a spectrometer as well. When fiber
is stretched, the gratings time is contracted or expanded and the wavelengths reflected are modulated
in turn. The most common way to print gratings inside a glass core fibre is to perform a periodic
modulation of the effective refractive index using lasers or UV sources and a suitable method to realize
the spatial pattern, such as phase mask. The reflection of light signal by the grating occurs at the
Bragg wavelength λB. At each plane, light waves are scattered, interfering constructively. Bragg’s law
defines the requirement for constructive interference from several grating planes, so this narrow energy
component is reflected back and missed in the spectrum of transmission. The particular reflected
wavelength λB is dependent upon the FBG’s period of core index modulation Λ and the effective core
index of refraction n0, according to Equation (1) [19].

λB = 2n0Λ (1)

The grating’s period length varies and the reflected wavelength changes when an FBG is subjected
to a local deformation. The typical period of a Bragg grating is about 0.5 μm. For silica core fibres
(ρe = 0.22), the typical strain sensitivity is nearly 1.2 pm/με. A crucial issue is related to embedding
optical fiber sensors into laminates; it represents a mandatory step towards the industrialization of the
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SHM. In the case of fibre-optics strain sensors, the engineering strain ε could be treated as the ratio
between the total wavelength shift Δλ and the initial wavelength λ, in particular, by Equation (2):

ε =
Δλ
λ

=
ΔL
L0

(2)

where ΔL = L − L0 is the length change between final L and initial value L0. Different gage factors
hwere estimated, that is, 0.79 for a conventional single mode fibre [20]. When an FBG is strained,
it stretches or contracts, causing Λ and n0 to increase or decrease. This, in turn, produces a differential
increase or decrease in λB directly related to Λ and n0, as represented in Equation (3).

δλB = δ(2n0Λ) = 2Λ(δn0) + 2n0(δΛ )δλB = δ(2n0Λ) = 2Λ(δn0) + 2n0δΛ (3)

Because λB is scalar, the multi-dimensional differential operator, δ, could be expressed by a 1D
discrete symbol, Δ, representing changes or shifts. The same for changes in Λ, which, under the
assumption of constant strain along the single FBG length (and not necessarily the entire fiber), relates
to the 1D linear mechanical strain in the fiber direction, as per Equation (4).

ΔλB

λB
=

2Λ(δn0)

2n0Λ
+

2n0(ΔΛ)

2n0Λ
=
δn0

n0
+

ΔΛ
Λ

=
δn0

n0
+ ε (4)

Equation (4) can be further simplified into a constitutive relationship between strain and index of
refraction change using photoelasticity laws. This will make the left side of Equation (4) exclusively
a function of measured wavelength and the right side exclusively a function of constant material
properties and strain in the fiber direction. A strain-optic tensor is used to relate the index of refraction
changes to strain analogous to a stiffness tensor relating stress to strain [21]. The strain-optic tensor
components encompassed material properties, that is, photoelastic constants, which correlate index to
strain changes. The set of equations collapses to a single expression (analogous to a 1D stress–strain
relationship), shown in Equation (5), when the strain field is mainly uniaxial along the fiber grating axis.

ΔλB

(λB)0
= (1− pe)Δε (5)

where λB0 is the unstrained Bragg wavelength and pe is a reduced, first order strain-optic coefficient [22].
While the equations determining λB are not influenced by additional FBGs written onto the same
fiber, the signal processing of multiple gratings must provide each individual FBG’s contribution to a
combined reflection signal. The wavelength shift changes linearly with both strain and temperature.
When the grating part is subjected to external disturbance, the period of the grating will be changed
and the Bragg wavelength is varied accordingly. The variation of the Bragg wavelength can be given
by Equation (6):

ΔλB

(λB)0
= (α+ ξ)ΔT + (1− pe)Δε (6)

where ΔT is the temperature change, α is the coefficient of the thermal expansion, and ξ is the
thermo-optic coefficient. The authors of [23] reviewed FBG strain sensors with a high focus on the
description of physical principles, the interrogation, and the read-out techniques. Their operative
performance are reported and compared with the conventional architectures, promoting advanced
applications in technological key sectors. The following subparagraph deals with collecting FBGs
applications in the field of composite materials characterization.

2.1.2. FBGs Application

Small FBG sensors inserted in a composite layup can provide in situ data on polymer curing
(strain, temperature, refractive index). Composite manufacturing processes such as resin transfer
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molding (RTM) and resin film infusion (RFI) could be really improved by implementing these
sensors. Moreover, their application is very attractive in monitoring the composite “health” and
impact detection [24]. Among applications in this field, French aeronautics equipment manufacturer
Ratier-Figeac, in collaboration with the CEA-LIST (the Atomic Energy Commission, Laboratory
for Systems and Technology Integration), developed an advanced measurement system, based on
embedded FBG sensor technology in order to get insights into the following: the process sequence,
map resin flow by detecting air-to-resin transitions during the injection, checking for dry zones or voids
in the structure, and consequently improving the manufacturing quality and reducing development
costs. The use of optical-fiber sensors led to supervising the manufacturing airplane propeller blades,
as shown in Figure 2 [25].

Figure 2. Progression of the resin flow in an airplane propeller blade mold [24,25].

Green and Shafir overviewed the main approaches to overcome this limitation owing to their high
fragility, especially when working with a molding process [26]. It is a practical method comprising the
addition of a loose tube shield around the optical fiber at the edge of the composite materials specimen,
Figure 3. The tube may be realized in polyvinylidene fluoride (PVDF) or polytetrafluoroethylene (PTFE,
well-known as Teflon) [27–42]. The study of [43] investigates the influence of strain state distribution on
the accuracy of embedded FBGs used as strain sensors with structural loading coaxial to the fiber optic
direction. Finite element analysis (FEA) helped for evaluating the fiber optic sensors output, both at
far field and in near field areas of the constraining grips. A direct comparison among testing fiber optic
strains, strain gauges, and FEA outcomes provided good correlation in the far field, with error of less
than 1%. However, in the near field location, some differences found are owing to birefringence arising
from complex strain distributions. Some insights are schematized in Figure 4; sensors’ installation and
the main results are reported. In the work of [44], both analytical and testing investigations on the
strain transfer mechanism of surface-attached FBG sensors on composite structures under thermal
loading have been performed. Sensitivity analysis indicated that the strain path is mainly affected
by the bonded length; on the other side, the strain transfer efficiency is relatively less sensitive to the
bonding thicknesses and to the thermal expansion coefficient of the host material. FBGs could be
applied to monitor structures exposed to repetitive high strain amplitude dynamic loads: common
strain gauges have low fatigue resistance, which causes unreliable strain monitoring in cyclic loading
conditions. Aluminum and polypropylene (PP) plates with different thermal expansion coefficients
were surface-bonded with FBG sensors and then exposed to various temperatures field (30–70 ◦C).
The proposed error-modification formula can be used to effectively improve the strain measurement
accuracy and instruct the optimum design of FBG-based sensors. The work of [45] illustrates the
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strain monitoring of biaxial glass-fiber reinforced epoxy matrix composites subjected to a constant,
high strain uniaxial cyclic loading. The results pointed out that such damage mechanisms observed in
fatigue causes FBG strains follow the stiffness degradation trend where damage mechanism occurred;
such a strain rate allowed for detecting the specimen onset failure.

 
Figure 3. Teflon protective loose tube of optical fiber integration of surface-mounted connector [42].

Figure 4. Composite specimen layup and strain trend. FEA, finite element analysis [43].
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Another paper [46] presents a cross-correlation function-based method applied for a skin-stringer
debonding detection and length estimation. The proposed methodology is applied to investigate the
debonding line extension caused by low/medium (45 J) energy impact on 24-ply carbon fiber-reinforced
plastic (CFRP) stiffened panels. The results showed a good coherence with respect to the NDI
(nondestructive inspection) performed by ultrasonic C-scan flaw detector. Application studies
consisted of two different impact events, two different sensor layouts, and two different load conditions
after impact (unloaded and quasi-static load, respectively). The main details concerning sensor layout
and spatial strain distribution after impact are represented in Figure 5. The aim of the works of [47,48]
is to evaluate the feasibility of an efficient hybrid SHM system on a CFRP panel demonstrator, inserting
an FBG network within the stack of the preform according to the design requirements. The proposed
hybrid monitoring system was successfully applied to different CFRP panels, achieving good results
in both low velocity impact tests and guided wave propagation experiments. The signals acquired
through the FBG sensors are compared with those gathered from piezo-electrics (PZTs), demonstrating
a very satisfactory matching. An experimental configuration is sketched in Figure 6.

Figure 5. Composite panels setup and differential strain distribution [46].

Figure 6. Composite panels setup and differential strain distribution [48].
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Singh et al. presents an FBG sensor that may be surface mounted for simultaneous strain and
temperature measurements. By inserting an FBG sensor into the laminate, local birefringence causes
the bandwidth of the FBG spectrum to change with strain as well as temperature. Thermal–mechanical
testing was performed to validate the sensor performance of FBG-composite assembly; the measurement
errors, within one standard deviation, were found to be ±62 με and ±1.94 ◦C for the strain and
temperature measurements, respectively [49]. A correlation between strain-gauge and FBG response
has been investigated in [50,51] with reference to a composite sample representing a portion of a main
landing gear bay for large aircraft in the contest of the ITEMB (Integrated Full Composite Main landing
gear Bay Concept) Clean Sky 2 program, Figure 7. The experimental-numerical study [52] assesses the
feasibility of the FBG sensor integrated into a composite tube structure. The results demonstrate that
the FBG sensor can be successfully used for in-service SHM of the composite tube, showing that this
category of sensors can be efficiently used, not only in purely plate-like structures. Looking at more
innovative health monitoring tools for the next generation of composite structures, a nanotubes-based
strain sensor has been realized in [53]. FBG measurements were performed to prove the feasibility
of the sensor, Figure 8; a high correlation level was achieved between FBG response and nanotubes’
electrical resistance change.

Figure 7. Tensile test on composite sample (UniNa laboratory) [50,51]: (a) Rosette; (b) FBG.

  
(a) (b) 

Figure 8. Tensile test on nanotubes-based coupon (UniNa laboratory) [53]. (a) Strain gauge; (b) FBG.

Another current FBG application concerns the debonding detection. Disbonding of the
adhesive–adherent interface or cracks in the bond lead to a redistribution of the strain–stress profile in
the bond layer. Therefore, research is investigating a method that allows continuously assessing the
load distribution in the adhesive bond, thus getting data about the bond quality. The papers of [54,55]
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present the SHM technique of composite repair patches using small-diameter FBG sensors embedded
into the adhesive layers. The debonding length was evaluated quantitatively by the monitoring of
the form of the reflection spectrum. The authors of [56] have developed a novel technique to detect
debonding in honeycomb sandwich structures using small-diameter chirped FBG sensors between the
core and the facesheet during the curing process of the adhesive layer. The work outlines some key
insights with reference to numerical modeling of debonding. Debonding can be detected with high
sensitivity in real time from the recovery in the shape of the reflection spectrum. The development
of a damage detection system using ultrasonic waves is described in [57,58] with reference to the
skin/stringer debonding of an aeronautical CFRP panel. A novel damage index was investigated that
could be acquired on the basis of the difference in the distribution of the wavelet transform coefficient.
In particular, this damage index increased with an extension in the debonded area. Furthermore,
it was experimentally verified in [59] that the pre-attachment and curing (PAC) technique has sufficient
feasibility for the applications of debonding monitoring. Recent advances and applications of FBG
sensors, to the structural health monitoring of composite aircraft structures, have been reviewed in [60].
The performance characteristics and intrinsic limitations of currently available fiber optic-based sensors
were outlined deploying to many possible application cases. The authors highlighted that distributed
sensing may offer several advantages over quasi-distributed sensors, where large rather than local
areas have to be monitored, with high spatial resolution at relatively low frequency. The FBG sensor
readings are mostly affected by both thermal and mechanical effects; therefore, these properties should
be isolated from one another. The authors of [61] present a hybrid approach to thermally isolate FBGs
addressed to cure monitoring of thermoset matrix composites. The results showed good correlation
between the model and the experimental method of fibres encased in the glass capillary tube. A very
recent application encompasses the embedded FBG as temperature sensors to assess the effects of
laminate thickness on the manufacturing quality of composites through cure monitoring performed
using microwave curing equipment [62]. FBG-based measurements allowed authors to analyze the
impact of temperature overshoot on curing quality as well as the effect of thickness variations and size
on the quality of microwave curing, as represented in Figure 9. Fiber optic temperature (FOT) sensors
were inserted into the sample to track temperature gradient at each step of the curing process. A futher
paper [63] presents the results of numerical simulations with reference to a polymer composite material
with an embedded optical fiber, which can be surrounded by a resin pocket, Figure 10. The presented
outcomes allowed for estimating the error of the strain values calculated on the basis of 1D stress state
assumption of the optical fiber. The relationships between the data measured by the sensor and the
strain in the Bragg grating have a unique solution under the condition of uniaxial stress state of the
fiber, which are not fulfilled when the fiber is embedded in the material. The work of [64] focuses on
implementing an SHM approach to detect structural debonding during the in-service operative life of
a composite winglet, Figure 11. The short time fast Fourier transform is applied to acquiring a strain
data set in real time during the cyclic load condition. Deviation of structural dynamic response from
normal condition is observed, owing to bonding failure in the skin-spar. The layout definition for FBGs’
path was selected on the basis of a validated FE model strain distribution. The paper [65] outlines the
application study of smart composites embedding FBG sensors, with focus on two main aspects: sensor
network has been used for checking the composite resin flow line and residual stress state during the
curing process to improve the cure technics. Simultaneously, the embedded FBGs could monitor strain
changes and damages in laminates by processing the amplitude and the shape of FBG wavelength.
A measurement method using two FBGs is proposed in [66], which allows microdeformations and
minimal temperature deviations to be detected with high sensitivity, while the measuring circuit
remains quite simple in design and cheap. The transfer characteristic of the sensor is considered,
and the optimal range of the sensor is determined to ensure a linear characteristic. A method of damage
detection of three-dimensional and six-directional (3Dim 6Dir) braided composites by embedding FBG
sensors is proposed in [67]. By analyzing FBG sensors’ signals, it is found that different damages and
different damage locations at the 3Dim 6Dir braided composites will cause the wavelength of FBG
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sensor signals at different positions to have unusual changes. This shows the feasibility to detect the
damages of 3 Dim braided laminates using FBG sensors.

Figure 9. FBG and fiber optic temperature sensor (FOT) sensors configuration [62].

Figure 10. Representation of a polymer composite material with embedded optical fiber [63].

Figure 11. FBGs stations on composite winglet and reference numerical model [64].

For the real-time condition assessment, control, and safety monitoring of morphing aerospace
structures, the FBG strain sensing technology represents a novel shape-sensing methodology [68,69].
The deformation of a shape memory polymer (SMP) skin at different temperature conditions is analyzed
by FBGs array in order to establish the relationship between the deformation of the skin and pre-strain
applied in the SMP skin. The relation of the strain and the deflection of the trailing-edge is established
for the shape reconstruction [70]. A morphing wing prototype with polyimide thin film skin is
constructed, and forty-eight FBG sensors are glued on the skin surface. The 3D shapes of the polyimide
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skin at different airfoil profiles are reconstructed. The 3D precise visual measurements are conducted
using a digital photogrammetry system, and then the correctness of the shape reconstruction results is
verified. The results prove that the maximum error between the 3D visual and FBG measurements is
less than 5%, and the FBG sensing method is effective for the shape sensing of flexible morphing wing
with polyimide skin [71,72]. In their study, the authors proposed a specially coated FBG, demonstrating
its compatibility with in-flight conditions (fatigue, humidity, pressure cycling) of aerospace-grade
composite materials [73]. The purpose of [74,75] is to present a conceptual design and modeling of an
FBG-based distributed sensor system tailored to measure the span-wise and chord-wise variations of
an adaptive trailing edge, thus allowing the complete deformed shape reconstruction, Figure 12.

Figure 12. Shape reconstruction of a composite morphing wing segment [75].

2.2. Semiconductor Strain Gauges

The SG works as a bonded sensor; an ohmic resistor R is attached on an insulator I, fixed to
a substrate S to be monitored. When S is strained, the length change is observed as ΔR gradient;
the accuracy depends mainly on the bonding quality. The resistance of a conductor having length l,
cross-sectional area A, and resistivity ρ is expressed by Equation (7):

R =
ρl
A

(7)

The deformation Δl/l implies a resistance change according to Equation (8); or, in other terms,
owing to a Poisson contraction in A, a resistivity change follows.

ΔR
R

=

(
1 + 2ν+

1
ρ

Δρ
Δl

)
Δl (8)

The ratio (ΔR/R)/(Δl/l) represents the gauge factor. The term (1 + 2ν), where ν is Poisson ratio, is
about 1.6 ÷ 2 for most metals when there is no resistivity change. Nickel-based alloys are usually used
as the strain-sensitive conductor, notably nichrome (nickel-chromium) and constantan (copper-nickel).
For backing insulator, instead, epoxy resins and polyamide films are used [76–79]. The application of
standard SGs in composite structures is very wide [80–89]. Semiconductor-based SGs represent another
category of contact devices for embedded structural monitoring applications. The sensors typically
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have a thin rectangular form, with a thickness of about 10 mm. The fiber-like form and material
similarity to glass fibres make these transducers appealing to composite control. Their proportions are
similar to the standard fiber; the length dimension is greater than the width or thickness. The basic
principles of semiconductor SGs were described in 1964 by Higson [90]. Semiconductor SGs are
much more sensitive than the metallic ones, and commonly used, but specific circuit arrangements
are needed when high accuracy is required. The introduction of two new SG alloys provided the
perspective of increasing the operative range from 400 ◦C up to about 1000 ◦C. The piezoresistive
effect in silicon (Si) and germanium (Ge) was first studied by Smith in 1954 [91]. When exposed to an
external force, the crystalline configuration of Ge and Si goes towards a reorganization, allowing more
mobility to electronic charges, and thus resistivity changing. The gauge factor could be expressed as
per Equation (9):

G =
ΔR
R

/
Δl
l
= 1 + 2ν+

l
ρ

Δρ
Δl

= 1 + 2ν+ πE (9)

where π is the piezoresistive coefficient (m2/N) and E is the elastic modulus (Pa, psi). In Equation (9),
the metal SGs’ behavior is explained by (1 + 2υ) contribution, but for semiconductor SGs,
the piezoresistive parcel, πE, prevails [92]. The semiconductor material commonly silicon exhibits
generally high piezoresistivity; the gauge factor can be up to 60 times higher compared with metallic
foil gauges [93]. Moreover, they provide the possibility to be used as distributed wireless networks [94].
The linearity error of semiconductor SGs is in the range 10%–20%, while standard gauges have
linearity error equal or less of 1%. The following references resume some characteristics of metal and
semiconductor SGs [92,95–97]. The high fatigue life is one of the advantages of semiconductor SGs.
Thanks to their single-crystal configuration, they do not present hysteresis or creep; in such a way,
they are very suitable for long-term installations. High cycle loading of specimens with embedded
and surface mounted semiconductor SGs is analysed in [98]. The base material comprised glass
fiber laminate. Two different matrixes, that is, polyester and epoxy resins, were used. Hygrothermal
loading was applied to weaken the sensor–matrix interface as well as to reproduce operative conditions.
The embedded semiconductor SGs’ performance was estimated using fatigue testing according to
ASTM (American Society for Testing and Materials) E1949 standard [99]. One limit associated with
semiconductor SGs is the sensibility to temperature change with a reduction of the signal-to-noise ratio.
A possible mitigation could be given by integrating temperature compensation circuitry, commonly
used in most commercially available sensors [100].

3. Noncontact-Based Techniques

3.1. Infrared Thermography

Infrared thermography (IRT) is well recognized as a technique for the inspection of composite
materials, performed avoiding any surface contact. IR thermography detects surface temperature
gradient as a direct function of thermal energy emitted by controlled bodies (in the infrared band of the
electromagnetic spectrum) [101–105]. IR thermography is based on the physical evidence that, above the
temperature of 0 K, any kind of body represents a thermal radiations source, owing to micromechanical
entropy associated with the internal energy of the material. Constitutive components of thermal energy
are the photons, generally classified as discrete particles with zero mass, no electric charge, indefinitely
long lifetime, and moving in vacuum at the speed of light of c � 3 × 108 m/s. The photon energy Eph is
equal to its frequency fph multiplied for the Planck’s constant (h = 6.6 × 10−34 J s). A general law for
such an energy level, according Einstein notation, is given by Equation (10):

Eph = h fph = h
c
λ

(10)

which states an inverse proportionality with respect wavelength λ of the considered radiation. To a
higher energy level, will correspond a shorter wavelength. In order to express another general law
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for thermal radiation, it can be helpful to recall the black body concept. Planck’s law in Equation (11)
describes the spectral distribution of the radiation emitted by a black body:

Eλb =
2πhc2

λ5
(
e

hc
λkbT − 1

) (11)

where Eλbrepresents the black body (monochromatic) spectral radiation intensity, T is its absolute temperature
(K), and kb is Boltzmann’s constant equal to 1.38 × 10−23 J/K. In particular, by differentiating Equation (11)
with respect to λ, it is possible to evaluate, for a specific temperature value, the λmax threshold equivalent to
the maximum radiation intensity and given by Wien’s displacement law, Equation (12):

λmax =
dw

T
(12)

in which dw is Wien’s displacement constant, approximately equal to 2898 μm K. By integrating
Planck’s law over the whole bandwidth, the total hemispherical radiation intensity emitted by a black
body can be obtained as per Equation (13):

Eb = σT4 (13)

which is well-known as Stefan Boltzmann’s law, where σ is in fact the Stefan Boltzmann constant
(σ = 5.67 × 10−8 W/m2K4). Relying upon the black body concept, an important issue regarding IR
measurement is the emissivity ε, which is the ability of surface to emit energy. Values of ε are between 0
(for a perfect reflector) up to 1 (for the black body). IR techniques are deployed to solve low or uneven
emissivity concerns, which could perturb acquisitions by undesirable reflections. IR thermography is
mostly classified as passive (steady) and active (unsteady) technique [106,107]. The passive approach
is commonly applied when materials present a temperature gradient with respect to the environment
in which they operate [108]. It could be appropriate for the cyclic loading test to monitor heat
variations owing to the resulting hysteretic. On the other side, active IR thermography generates
heat transfer in the inspected component by means of external sources such as optical radiation (e.g.,
halogen heat lamps and laser), electromagnetic actions (induced eddy currents and microwaves), and
mechanical ultrasonic waves [109,110]. In active test conditions, an IR camera tracks and analyzes
temperature gradient responses at the medium surface to provide details about the structure’s integrity.
Additionally, the heat response allows for detecting damages or material defects by the thermal waves
discontinuities [111]. Thanks to its versatility, active IR tools represent a well-recognized experimental
method in terms of reliability and costs, especially if compared with more sophisticated ones such as
ultrasonic phased array and X-ray system. Scientific literature now offers a huge amount of information
about for several application fields and types of materials/damage [112,113]. The work of [114] is one
of the more recent reviews including a deep assessment of active IRT thermography specifically for
the aerospace industry. Table 1 summarizes the main active IR methods according to their physical
principle and thermal sources [114].

The generic reader will be able to deepen every single technique thanks to the bibliographic
references provided. The manuscript will instead flow into an analysis of the applications in the field
of composite materials in order to analyse the progress of the scientific community, thus opening the
discussion towards new objectives. IRT-based non-destructive evaluation could be performed with
different approaches that allow for identifying material defects and reconstructing their position in a
3D reference too. IRT methods have found in fact a large interest for detecting defects within adhesive
bonds. Furthermore, IR technology could represent an advanced method for thermo-elastic stress
analysis (TSA) purposes, monitoring the surface temperature gradient of a mechanical component.
The paragraph is introducing the reader to these two main branches of application.
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3.1.1. Quality Control: Defects Detection

Thermography methods are not so recent. Infrared imaging had always offered a particularly
attractive solution for the inspection of composite material structures [130]. The work of [131]
explained practical examples of the remote thermal inspection as a non-destructive method to
characterize subsurface features and defects. Avdelidis et al. developed a transient processing
technique, useful for the inspection of failure inside different composite configurations representative
of various aircraft panels [132]. The study of [133] discusses the development of a novel holistic
inspection approach for aviation composite materials comprising three thermographic cameras,
which operate at different wavelengths. A large number of different types of defects have been
investigated, covering different manufacturing stages. An in-house methodology involving best
fitting and normalisation techniques has been implemented to process the thermal images, increasing
the results’ quality. The works describes the raw thermal image obtained from a CFRP coupon:
the non-uniform heating effect has been significantly improved thanks to the proposed processing
algorithm. The idealized process demonstrates an increased signal-to-noise ratio, allowing for more
indicative mapping results. The study of [134] focuses on the comparison of the results obtained by
means of different camera devices: one is FLIR SC5000, while the other one is from the high-end
ImageIR series, ImageIR 8300. Both of them belong to the medium wavelength infrared (MWIR)
class. Additionally, a long wavelength infrared (LWIR) camera, an ImageIR 8800, was used too.
The comparative study was carried out by inspecting three different calibrated and induced defect
samples using similar excitation sources, so that the tests configuration and lay out are comparable with
each other. A proposed processing to increase signal-to-noise ratio has been assessed. Optical pulsed
thermography (OPT) was selected as one of inspection techniques; flash lamps and their corresponding
generators were used as heat sources, thus exciting the specimens by heat pulses (close to theoretical
Dirac delta signal during three milliseconds). Optical lock-in thermography (OLT) uses halogen lamps,
which emitted radiation and can be modulated in both amplitude and frequency. D’Orazio et al.
address the issue of developing an automatic signal processing system that performs a time–space
denoising in a sequence of thermographic images, thus allowing the identification of undetected
defects in composite laminates [135]. The original thermographic images were segmented both using a
neural network classifier trained with a backpropagation algorithm and using the self organizing map
(SOM) too. Such a method led to a signal-to-noise ratio optimization, recognizing different regions
containing several types defects. In the study of [136], three different CFRP specimens having the
same thickness and defects characteristics, but with a different shape (planar, trapezoid, and curved)
were investigated under laboratory conditions. The qualitative analysis of the three samples indicated
that techniques as thermographic signal reconstruction (TSR), pulsed phase thermography (PPT),
and principal component thermography (PCT) can improve the perceptibility of the recorded pulsed
thermographic signals and additionally enhance the thermal “footprints”, which is critical in the case
of deep and/or small flaws. De Angelis et al. [137] compared nondestructive systems detecting defects
across vulnerable surfaces of a Typhoon air-cooling inlet composite panel. The research of [138] likewise
provided a quantitative analysis of artificial defects in a glass fibre reinforced plastic (GFRP) composite
plate comparing lock-in thermography (LIT) amplitude and phase images with shearograhy and linear
ultrasounds. An inverse analysis based methodology was established to simultaneously identify
the thermal diffusivities and subsurface defect of CFRP laminate through lock-in thermographic
phase profile reconstruction [139]. Experimental and FE simulation of defective areas were used to
assess the thermal diffusivities, recognizing the size and depth of subsurface defect. The outcomes
showed a good agreement between estimation and reference values, with a relative deviation of less
than 5%. IR thermography has represented an efficient tool during the manufacturing of graphene
nanoplatelet (GNP)/polymer composites to measure void content and map void distribution [140].
Considering the size of each pixel (~100 μm), this method enables the NDI of flaws having a size
of 200 μm approximately (Figure 13). Their impact on thermal conductivity has been assessed at
nanoscale level by 3D FEA. The studies of [141–143] prove that long pulse thermography could forecast
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and characterize defects in basalt composites in reflection and transmission mode. During the test,
both peak contrast derivative method and Parker method were used to determine the defects depth.
The first one predicts the defects’ depth with a better resolution, independent of their sizes and error
percentage increases with increasing depth. The Parker method [144] could be used for estimating
the thermal diffusivity if the sample depth is known, for few milliseconds heating time. In the Parker
method, in fact, the error percentage is higher for a lesser depth.

Figure 13. Thermal analysis on graphene nanoplatelet (GNP)/epoxy specimen. (a) Thermal diffusivity;
(b) Temperature fields and void detection; [140].
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3.1.2. Structural Qualification: Stress–Strain State Detection

The change in temperature is mostly used to perform thermo-elastic stress analysis tests [145–149].
In the assumption of reversible and adiabatic conditions, thus neglecting heat transfer within the body
and to the environment and elastic regime as well, for isotropic materials, the temperature variation
can be written as Equation (14):

ΔT = −KTaΔσ (14)

where Ta is the absolute body temperature, Δσ is the mean stress amplitude variation, and K is the
material thermo-elastic constant. Practically, Equation (2) relates the temperature local variations to
the volume variations. In particular, under adiabatic conditions, positive dilatation (tension) entails
cooling of the material, and vice versa. In metals, the thermo-elastic limit is generally assumed [149]
as an indication for the yielding point. In orthotropic materials, as CFRP, Equation (14) modifies as
follows [146]:

ΔT = − Ta

ρcp
(α1Δσ1 + α2Δσ2) (15)

with α1 and α2 representing the mean thermal expansion coefficients along the principal material
directions. Generally, within the thermo-elastic stress analysis, the infrared imaging device is mainly
used for mapping temperature variations under cyclic loading. ΔT depends on several quantities: the
material elastic modulus E, the thermoelastic constant K, and some geometrical parameters. Luong [150]
discussed on the use of IR thermography for spotting the intrinsic dissipation onset or as a damage
indicator. The assumed procedure consisted of acquiring a thermal map after a fixed number of load
cycles. The analysis was carried out towards the thermoplastic phase, where the temperature gradient
is remarkable and then easy to be measured. A much more difficult concern deals with measurement
of thermal variations experienced by the specimen during the elastic phase, that is, thermo-elastic
effects. In this context, a common approach is to perform tensile tests with simple standard notched
specimens. IRT bases its principle on the thermal energy emitted from bodies in the infrared band of
the electromagnetic spectrum [151]. As recently demonstrated by the research group at the University
of Naples “Federico II” [152–163], an IR-based imaging device could be really useful to monitor thermal
effects evolving on the composite materials’ surface when subjected to mechanical loads. Regardless of
whether the type of load may be cyclic bending, quasi-static bending, or impact, the infrared camera is
able to visualize thermal signatures, which may be related to what happened to the specimen under
external load. This is possible because the hot spots that occur on the displayed surface are indicative
of damage sites grown in the sample. Examples of images taken during online monitoring are shown
in Figure 14a (impact events) and in Figure 14b (quasi-static bending). In particular, Figure 14a shows
some thermal images recorded during impact with a modified Charpy pendulum, [159], on GFRP
specimens with unidirectional E-glass fibers (300 g/m2) and low viscosity epoxy resin (MATES® SX10,
Italy). More specifically, the images of Figure 14a are ΔT images of specimen impacted at E = 8.3 J,
accounting for the temperature rise over the initial ambient temperature. It is worth noting that
an abrupt temperature rise is a symptom of fibres breakage, while light temperature variations are
mostly linked with delamination. The ΔT images acquired at the lower frame rate by means of SC6000
camera have been additionally post-processed for the evaluation of the warm area extension: the noise
correction reference (NCR) has been applied to improve the image quality (Figure 14a on the right).
Figure 14b shows some thermal images of a specimen undergoing quasi-static bending at 5 mm/minute;
the infrared camera views the specimen from its bottom surface and thickness contemporaneously
and records sequences of images at 30 Hz, [163]. It is possible to see the initiation of the damage
through the formation of the hot spot on the top right image and its successive enlargement and
final collapse as the specimen is bent. Infrared thermography is also effective as a non-destructive
testing technique to either ascertain the integrity of a structure before structural testing or detect the
occurred damage. The research of [50,51], as already seen previously, provides some relevant outcomes
concerning the design of a composite sample for the main landing gear bay of a large commercial
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airplane within Clean Sky 2 ITEMB project. The innovative method used to forecast the shape and the
location of the breakdown showed in the filler of the ITEMB coupons was the acquisition of images
from a thermal camera. The thermal camera measurements were useful to understand the crack
triggering inside the sample. The frame sequence highlights a compression of the filler, and then its
sudden and symmetrical failure, which expands on each side of the coupon, Figure 15. The durability
and efficiency of the patch repair during both maintenance (off-line) and service (on-line) conditions
were duly investigated by Grammatikos et al. with respect to an aluminium wing structure with
CFRP composite patches [164]. The skin-to-core disbonds in a titanium alloy honeycomb structure
were analysed in [165]; the numerical predictions by a detailed finite element matched in a very good
correlation with experimental evidence. Recent studies have demonstrated the applicability for fatigue
test monitoring. In [166], the authors proposed a procedure for tracking the damage of composite
materials obtained by automatic fiber placement. Studies were carried out on three specimens of the
reference fatigue curve used to evaluate the thermoelastic maximum and minimum limits compared
with the extensometer values. The stress/strain redistribution and the consequent stiffness degradation
were assessed by following the thermoelastic temperature signal.

Figure 14. IR online monitoring of rising fiber fractures (UNINA laboratory) [163]. (a) Rising fiber
fractures when impact occurred; (b) quasi-static bending tests.

The authors of [167] evaluated the static and fatigue performance of FRP specimens (a pre-preg
IM7/8552 carbon fibre-epoxy and a glass-fibre reinforced epoxy laminates) under Mode II delamination,
proposing an innovative approach given by the combined use of a modified transverse crack tension
(MTCT) test coupon and IR thermography. The instable crack growth onset under monotonic loading
as well as the delamination growth under fatigue cycling have been well achieved by thermographic,
thermoelastic, and second harmonic signals. The study of [168] explored the feasibility of pulsed
thermography technique for detecting damage owing to heat exposure, that is the case of aero-engine
structures. Data indicated that the thermal degradation is mainly dependent on the material properties,
environmental condition, and heat source. IR spectra were collected and analyzed in [169] using
multivariate analysis techniques with reference to a short beam strength testing (ASTM D2344-16 [170]).
The aim of the authors is to develop a physical model for predicting the onset and extent of damage as
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a function of interlaminar shear strength change. The study of [171] discusses on assessment of ageing
for thin thermal barrier coatings (TBCs) by applying active IR thermography. As the material ages
and the physical properties, that is, porosity, change over time, it becomes possible to evaluate the
remaining useful life of coating ageing.

 

Figure 15. IR online monitoring of sample failure [50,51].

3.2. Digital Image Correlation (DIC)

Developed since the 1980s by a research group from the University of South Carolina [172],
DIC is an original non-invasive optical technique for measuring displacements, strain, crack tip, and
propagation by comparing digital photographs of a component or test piece at different loading
steps [173]. Starting from a reference blocks of pixels, namely the region of interest (ROI), representative
of the controlled map, the DIC-based system can quantify surface translation building up 2D and 3D
deformation vector fields and strain contours. The surface strains could be determined with a very
high spatial resolution, as well as with quite poor pixel resolution of the image. It requires no particular
lighting and, in many cases, the clean surface to be controlled already has an acceptable texture for
recording, thus there is the need for any special surface preparation. Moreover, images can be acquired
from many sources including conventional Charge-Coupled Device (CCD) or commercial digital
cameras, high-speed video, up to scanning electron and atomic force microscopes for particularly
advanced applications. The DIC has been considered of extreme suitability in the characterization
of strain distributions in different load conditions (tensile, torsion, bending, or combined tests).
The study of [174] provided a review of surface deformation and strain measurement using 2D DIC.
Figure 16 represents a schematic sketch of the 2D DIC windowing set-up with a focus on the reference
measurement stage.

Using a stereoscopic transducer setup, the position of each point in the area of interest (Figure 16)
is focused on a specific pixel in the camera plane. The average in-plane displacement of the examined
surface is determined by mapping shape functions [175] of the image under loading conditions.
These shape functions have zero-order for representing rigid body motions with respect xy frame.
Therefore, the first-order shape functions are more adequate to represent the subsets subjected to a
combination roto-translation, normal and shear strain and expressed in the form of Equation (16):

ς1 = u + ∂u
∂x Δx + ∂u

∂y Δy

η1 = v + ∂v
∂x Δx + ∂v

∂y Δy
(16)

In the equations, ς1, η1 are the subset total displacements, while u and v are translations.
The derivative terms (∂u/∂x; ∂v/∂y) and (∂u/∂y; ∂v/∂x) are the normal and shear strains, respectively.
Δx and Δy are the incremental distances from the subset centre to an arbitrary point, within the
same subset in x- and y-directions, respectively. Many higher-order interpolation schemes have been
outlined in the years for the image processing, conceived to provide results with a reliable degree
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of accuracy [176–180]. Both industrial and scientific interests have been rapidly growing in several
engineering fields including composite material characterization and analysis. DIC combined with a
stereo camera system allows for reconstructing full-field deformation (in-plane and out-of-plane) and
surface strains in many structural testing applications. The DIC can be used to measure 3D surface
displacement fields of the specimen during dynamic or static loading [181]. 3D DIC utilizes images
taken simultaneously from a pair of digital cameras to track a stochastic pattern on a structure in order
to provide full-field displacement and strain information for a structure. This is performed by using the
principle of stereo-photogrammetry and bundle adjustment along with the standard two dimensional
technique of DIC. In summary, the method of stereo-photogrammetry assumes the relative position
of a pair of digital cameras with respect to each other is known through a calibration process and
remains constant throughout testing. By imaging a common point with both cameras, the location of
that point, with respect to the camera pair, can be triangulated in three-dimensional space. In addition,
deformation and strain analysis can be applied to fatigue tests, fracture mechanics, FEA validation,
and much more. The potential of the 3D DIC method in measuring strain and displacement of
large bodies subjected to quasi-static and cyclic loading is demonstrated by several studies [182–187].
The images taken from a pair of stereo cameras are used to determine surface geometry, deformation,
and strain in three dimensions on a part of a blade [188]. The real-time monitoring of the loaded
structure then allows to capture both damage onset and growth. DIC provides additional information
on damage pattern as crack location and width and composite-to-substrate load transfer mechanism
(effective bond length and local stress concentrations). In the work of [189], DIC is used in tensile and
bond tests on composite reinforcements comprising different textiles and matrices. The results obtained
were then validated by comparison with displacement and strain transducers. The 2D DIC method
has been used to investigate superficial strain state of carbon and glass fabric-reinforced composites
subjected to low load level tensile and compression test. Artificial through-delamination, inserted
into specimens contained, was detected from a strain map by DIC in most cases [190]. The authors
of [191,192] explain the use of DIC to monitor the surface strain of composite samples under both tensile
and buckling loading conditions and analyse results from both FE models and practical experiments.
The paper [193] studied the delaminations’ consequences on strain maps, combining FE numerical
analyses as a guideline. The well correlated results could be used to extract the orthotropic bending
stiffnesses of the damaged and undamaged zones and to assess the interlaminar properties (location,
extent, and depth of delamination damage). Always within the ITEMB project, [50,51], the authors
implemented the DIC during tensile test for correlating numerical strain distribution, Figure 17.
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Figure 16. Schematic diagram of the image set-up.
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Figure 17. DIC online monitoring of plane strain components [50,51].

The full-field measurements through DIC are used as an efficient support for the experimental
investigation on composite structures, as demonstrated in [194] to also fill the limits of standard
techniques (LVDT sensor, strain gauges, acoustic emission). The additional evidence provided by DIC
permitted to check the boundary conditions of the tests, such as detection of initial misalignment of
the specimen in the experimental device, for instance, as well as to improve the damage and failure
mechanisms characterization. It allowed for validating static and buckling behaviours predicted by FE
simulations. Caminero et al. employed both 2D and 3D DIC techniques to obtain full-field surface
strain measurements in notched carbon–fibre/epoxy M21/T700 composite plates. The same authors
investigated the stiffness redistribution when adhesively bonded patch repairs are applied: DIC strain
results were well correlated with X-ray measurements, providing high-quality information on the
location and extent of damage identified [195]. The issue of damage evolution in adhesively bonded
patch repair of carbon/epoxy unidirectional composite laminates was faced in [196] too; damage
initiation and propagation in notched and repaired panel as well as patch debonding were recorded
using 3D DIC. The real strain trend was successfully compared with a 3D finite element analysis.
Image stereo-correlation was combined with IR thermography describing the deformation and thermal
state of CFRP specimens in conditions of axial and off-axis tensile tests, respectively. The experimental
exploration allowed to characterize the influence of the material initial anisotropy on damage growth,
localization, and failure mode too [197]. A practical approach based on the evolution of the DIC strain
field is proposed by [198] in order to detect local non-linearities leading to a local damage indicator
for 3D carbon/epoxy composites. The authors addressed the development of filtering algorithm for
post-processing stage too. Considerable key insight for the DIC data analysis has been recently discussed
in [199]; a stochastic approach is proposed in order to extract the probabilistic density functions of the
composite mechanical properties. Characterizing the mechanical properties of fibres is a crucial issue to
acquire more insight about the composite mechanics. Although standardized, the current experimental
methods could still lead to a significant error. A method is outlined in [200] for tensile test where direct
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strain measurement based on DIC eliminates the machine slippage effect at different gauge lengths
thanks to the optical monitoring of the fiber deformation. Périé and Passieux led an interesting special
issue covering recent developments of DIC based algorithms or new methodologies which could help
to reduce the amount of measurement and identification uncertainties, [201]. The article [202] discusses
about DIC methodologies to address for the inspection of the in-situ manufacturing of thermoplastic
composite materials. Transient kinematic measurements have been performed in order to assess the
DIC potentiality to detect gaps and overlaps, as shown in Figure 18. Just for evaluation purposes,
two tows were inserted in such a way to intentionally create continuously decreasing gap. The authors
found that thanks also to a fine random pattern quality, gaps and overlaps as small as about 0.4 mm size
could be really tracked. A DIC-based inverse characterization was proposed in [203] for measurement
of following properties with reference to a carbon/epoxy open-hole compression sample: interlaminar
stress–strain, interlaminar tensile (ILT) strength, and ILT fatigue life, Figure 19.

Figure 18. DIC ply inspection. (a) Overlap between two tow detections; (b) gap detection [202].

Figure 19. DIC inspection. (a) Strain distribution in an acceptable failure mode; (b) failure due to
drilling imperfection [203].
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Direct strain measurement could be advantageous for reducing the amount of measurements and,
therefore, of prototypes if compared with indirect techniques. The feasibility has been demonstrated
by the authors extending the study to natural fibres, technical flax, and bamboo fibres. 3D high-speed
digital photogrammetry was used in [204] to catch displacements and strains distributions following
low-velocity impact phenomenon on a composite back surface. Current advances in digital images
processing allowed for extending the applicability of DIC to reconstruction of dynamic structural
response. The study in [205] presents a comparison among accelerometer, laser vibrometry, and 3D DIC
for the vibrations analysis; the results achieved by the three approaches, correlated well with the FEM
predictions, demonstrated that the DIC approach could be suitable for full-field modal measurement.
The authors of [206] proposed a modal expansion approach for dynamic strain reconstruction on
structures containing several components, like rotor based systems, and subjected to complex loading
conditions. In this case, time-dependent strains on a wind turbine prototype subjected to arbitrary
excitations, that is, hammer and shaker, were successfully extracted, and demonstrated to be in
extraordinary agreement with standard strain gages output. Strain measurement by the 2D DIC
technique has been used for quantitative in situ investigations of damage nucleation and propagation
in a large variety of materials [207,208]. The strain field can be obtained with high precision starting
from displacement field. DIC, however, is confined to the surface of specimens. 3D DIC allowed
for overcoming the limits of surface detection; tomography by digital volume correlation (DVC)
can provide quantitative information of the damage level inside material [209–212]. The elastic
strains are generally obtained by scattering techniques such as diffraction; even if widely applied to
monolithic materials [213–215], some difficulties can be found into heterogeneous materials (such as
graphite) [216–218]. DIC of X-ray radiographs and digital volume correlation of tomographs allows
bulk elastic moduli measurement and inspection of the deformation heterogeneity at microstructure
level. The authors of [219] studied in situ the mechanical response to tensile and bending loading of
polygranular Gilsocarbon nuclear grade near-isotropic graphite (grade IM1-24) by neutron diffraction
and synchrotron X-ray diffraction, Figure 20.

Figure 20. A section of the three-dimensional microstructure, observed by computed tomography and
X-ray maps during tensile loading [219].

4. Discussion and Conclusions

The standard methodology for nondestructive characterization of mechanical properties, even if
extensively safe in terms of structural load distribution, leads to many drawbacks owing to both the poor
reliability for the inspection of damage quality and integrity, but especially to detecting the strain state,
especially for composites. The development of different NDT procedures, with a robust methodology
for virtual prediction, could lead to an interesting simplification of the whole sub-assembly with a
potential advantage in terms of material characterization and cost saving. This paper has presented
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an overview of most and less recent techniques for the non-destructive evaluation of composite
components. For the reliable application of composite materials, strain monitoring provides effective
means to understand the material behaviour when loaded. Strain-gauges or strain-gauge-based
extensometers have been commonly used sensors for strain monitoring for many ages. However,
they have various drawbacks as they are sensitive to electromagnetic fields, have a surface limitation,
and do not fit with embedding target inside composite layups. In addition, they have low fatigue
resistance, which causes unreliable strain monitoring in fatigue. Taking into account their miniaturized
dimensions and relative robustness, FBGs play an interesting role for integration into laminates.
FBG transducers can be embedded discretely into laminates’ layup, allowing for the analysis of local
strain distribution and growing without compromising the structural integrity of the host material.
They also have further key attributes such as light weight, multiplexing and absolute measurement
capability, and high corrosion resistance, which make them ideal for strain and structural monitoring
tasks. They are extremely useful when the structural state over large areas is required, thanks to the
possibility of being able to obtain numerous gratings from a single optical wire. Thus, the greatest
advantage for the application in composite materials is precisely the ability for meshing a dense sensing
network with low structural impact. On the other side, their extreme fragility requires careful and
expert installation capability. The authors have presented an overview of semiconductor SGs other
possible contact transducers for composite monitoring. The main benefit with respect to traditional
SGs is a higher fatigue life, thus fitting with long-term installations. They show high gauge factor,
which provides high sensitivity; dynamic strains as small as 0.01 microstrains can be measured.
Moreover, a small SG size (<1 mm) makes possible to measure highly localized strains, where a foil
metal SG would be too large. Composite structures including various resistors in a Wheatstone bridge
can be manufactured, in this case also leading to an embedded transducer configuration. Anyway,
semiconductor SGs suffer noteworthy limitations such as non-linearity and strong thermal dependence.
Where direct access to the structure is not possible, non-invasive measurement approaches could
anyway represent a reliable alternative. As already said, IR thermography can be used in a wide
range of applications; there is availability of a wide selection of infrared devices, which differentiate
for weight, dimensions, shape, performance, and of course costs to fulfil the needs of users in a huge
variety of applications. However, infrared thermography has been used mainly for nondestructive
evaluation purposes to discern either manufacturing flaws, or artificially created defects, or impact
damage within composite materials. On behalf of its working principle, different techniques have been
developed: pulse, long, or step pulse; lock-in; pulse phase; ultrasound lock-in and so on. With regard to
the impact damage, IR thermography can also be used to monitor impact tests and acquire information
useful for identifying the impact damaging physics. In the recent years, the DIC technique has
represented an effective tool for the displacement measurement in experimental solid mechanics.
In comparison with the IR methods, the DIC system has been given significant attention as it does
not require a rigorous experimental setup as well as a complex optical system. Furthermore, as it
requires neither the fringe processing nor the phase analysis, the surface deformation measurement
using the DIC method can be carried out effortlessly. The processing algorithms have been thus
gradually improved in order to increase their computation efficacy and measurement accuracy. In this
perspective, interesting applications of DIC in composite materials deal with the reconstruction of
dynamic structural response; many research studies demonstrated that DIC approach could be suitable
for full-field modal measurement. The testing methodologies discussed in this review are essential
to provide to the transport industry novel highly integrated systems to ensure safety of complex
structural configurations. Within this scenario, the main expected impacts of the current research will
be as follows:

• to develop integrated sensing technology, which transforms passive composite elements into
self-sensing smart structures by embedding FBGs;

• to achieve longer life-cycles and more accurate remnant life predictions for composite components
through the use of structural monitoring data;
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• to develop new design criteria for developing lighter composite structures;
• to improve the answer to FAA/EASA damage tolerance requirements with higher knowledge and

accuracy in inspections;
• In addition to health monitoring purpose, these techniques providing a strong spatial resolution

could be extended to dynamic applications even in service. The characterization of the modal
parameters is an index of the right stiffness and inertial distribution, thus allowing for further
evaluation of the structural integrity.

Author Contributions: Both authors have equally contributed to this review paper. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors are extremely grateful to the colleagues of the Industrial Engineering Department
of University of Naples “Federico II” for their collaboration in research activities concerning the development and
application of the described methodologies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Srivastava, A.N.; Mah, R.W.; Meyer, C. Integrated Vehicle Health Management. In Automated Detection,
Diagnosis, Prognosis to Enable Mitigation of Adverse Events, NASA Technical Plan 2009, Version 2.03; NASA
Aeronautics Research Mission Directorate Aviation Safety Program: Washington, DC, USA, 2009.

2. Chia, C.C.; Lee, J.-R.; Park, C.-Y.; Jeong, H.-M. Laser ultrasonic anomalous wave propagation imaging method
with adjacent wave subtraction: Application to actual damages in composite wing. Opt. Laser Technol. 2012,
44, 428–440. [CrossRef]

3. Zagrai, A.; Doyle, D.; Arritt, B. Embedded nonlinear ultrasonics for structural health monitoring of satellite
joints. In Proceedings of the SPIE 6935, Health Monitoring of Structural and Biological Systems 2008,
San Diego, CA, USA, 27 March 2008; p. 6935.

4. Mao, Z.; Todd, M. A structural transmissibility measurements-based approach for system damage detection.
In Proceedings of the SPIE 7650, Health Monitoring of Structural and Biological Systems 2010, San Diego,
CA, USA, 8 April 2010; p. 7650.

5. Do, R.; Haynes, C.; Todd, M.; Gregory, W.; Key, C. Efficient Detection Methods on a Composite Plate with
Interior Embedded Fiber Optic Sensors via Impact Test. In Proceedings of the International Workshop on
Structural Health Monitoring, Stanford, CA, USA, 10–12 September 2013.

6. Takeda, N.; Minakuchi, S.; Nadabe, T. Distributed Strain Monitoring for Damage Evolution in CFRP Bolted
Structures with Embedded Optical Fibers. Key Eng. Mater. 2013, 558, 252–259. [CrossRef]

7. Karbhari, V.M.; Kaiser, H.; Navada, R.; Ghosh, K.; Lee, L. Methods for Detecting Defects in Composite Rehabilitated
Concrete Structures; Oregon Department of Transportation Research Unit: Salem, OR, USA, 2005.

8. Walter, P.L. Strain gage instrumentation. In Harris’ Shock and Vibration Handbook; Piersol, A.G., Paez, T.L.,
Eds.; McGraw-Hill Companies Inc.: New York, NY, USA, 2002.

9. Starr, G.E. Basic Strain Gage Characteristic. In Strain Gage Users’ Handbook; Hannah, R.L., Reed, S.E., Eds.;
Chapman & Hall: London, UK, 1994.

10. Radojicic, A.; Bailey, S.; Brühwiler, E. Consideration of the Serviceability Limit State in a Time Dependant
Probabilistic Cost Model, Application of Statistics and Probability; Balkema: Rotterdam, The Netherlands, 1999.

11. Kashyap, R. Theory of Fiber Bragg Gratings-Chapter 4, Fiber Bragg Gratings, 2nd ed.; Academic Press: Cambridge,
MA, USA, 2010; pp. 119–187.

12. Othonos, A.; Kalli, K. Fiber Bragg Gratings: Fundamentals and Applications in Telecommunications and Sensing;
Artech House: New York, NY, USA, 1999.

13. Kersey, A.; Davis, M.A.; Patrick, H.J.; Leblanc, M. Fiber grating sensors. J. Light. Technol. 1997, 15, 1442–1463.
[CrossRef]

14. Luyckx, G.; Voet, E.; Lammens, N.; Degrieck, J. Strain measurements of composite laminates with embedded
fibre Bragg gratings: Criticism and opportunities for research. Sensors 2011, 11, 384–408. [CrossRef] [PubMed]

29



J. Compos. Sci. 2020, 4, 60

15. Jensen, D.W.; Sirkis, J.S. Integrity of composite structures with embedded optical fibers. In Fiber Optic Smart
Structures; Udd, E., Ed.; Wiley: New York, NY, USA, 1995; pp. 109–129.

16. Shivakumar, K.; Emmanwori, L. Mechanics of failure of composite laminates with an embedded fiber optic
sensor. J. Compos. Mater. 2004, 38, 669–680. [CrossRef]

17. Kashyap, R. Fiber Bragg Gratings; Academic Press: San Diego, CA, USA, 1999.
18. Ye, X.W.; Su, Y.H.; Han, J.P. Structural Health Monitoring of Civil Infrastructure Using Optical Fiber Sensing

Technology: A Comprehensive Review. Sci. World J. 2014, 652329. [CrossRef] [PubMed]
19. Measures, R.M. Structural Monitoring with Fiber Optic Technology. Meas. Sci. Technol. 2001, 12. [CrossRef]
20. Gagliardi, G.; Salza, M.; Avino, S.; Ferraro, P.; Natale, P.D. Probing the Ultimate Limit of Fiber-Optic Strain

Sensing. Science 2010, 330, 1081–1084. [CrossRef]
21. Narasimhamurty, T.S. Photoelastic and Electro-Optic Properties of Crystals; Plenum Press: New York, NY, USA,

1981.
22. Othonos, A. Fiber Bragg gratings. Rev. Sci. Instrum. 1997, 68, 4309–4341. [CrossRef]
23. Campanella, C.E.; Cuccovillo, A.; Campanella, C.; Yurt, A.; Passaro, V.M.N. Fibre Bragg Grating Based Strain

Sensors: Review of Technology and Applications. Sensors 2018, 18, 3115. [CrossRef]
24. Ferdinand, P.; Magne, S.; Dewynter-Marty, V.; Rougeault, S.; Maurin, L. Applications of Fiber Bragg Grating

sensors in the composite industry. MRS Bull. 2002, 27, 400–407. [CrossRef]
25. Dewynter-Marty, V.; Rougeault, S.; Ferdinand, P.; Bugaud, M.; Brion, P.; Marc, G.; Plouvier, P. Contrôle de la

fabrication de pieces en matériaux composites réalisées par proceed RTM à l’aide de capteurs à réseaux de
Bragg. In Proceedings of the 20th Journées Nationales d’Optique Guidée (JNOG 2000), Toulouse, France,
20–22 November 2000.

26. Green, A.K.; Shafir, E. Termination and connection methods for optical fibres embedded in aerospace
composite components. Smart Mater. Struct. 1999, 8. [CrossRef]

27. Luyckx, G.; Kinet, D.; Lammens, N.; Chah, K.; Caucheteur, C.; Mégret, P.; Degrieck, J. Temperature-insensitive
cure cycle monitoring of cross-ply composite laminates using the polarization dependent loss property of
FBG. In Proceedings of the 15th European Conference on Composite Materials, Venice, Italy, 24–28 June 2012.

28. Lammens, N.; Kinet, D.; Chah, K.; Luyckx, G.; Caucheteur, C.; Degrieck, J.; Mégret, P. Residual strain
monitoring of out-of-autoclave cured parts by use of polarization dependent loss measurements in embedded
optical fiber Bragg gratings. Compos. Part A 2013, 52, 38–44. [CrossRef]

29. Luyckx, G.; Voet, E.; de Waele, W.; Degrieck, J. Multi-axial strain transfer from laminated CFRP composites
to embedded Bragg sensor: I. Parametric study. Smart Mater. Struct. 2010, 19, 105017. [CrossRef]

30. Voet, E.; Luyckx, G.; De Waele, W.; Degrieck, J. Multi-axial strain transfer from laminated CFRP composites
to embedded Bragg sensor: II. Experimental validation. Smart Mater. Struct. 2010, 19, 105018. [CrossRef]

31. Takeda, S.; Okabe, Y.; Takeda, N. Delamination detection in CFRP laminates with embedded small-diameter
fiber Bragg grating sensors. Compos. Part A 2002, 33, 971–980. [CrossRef]

32. Studer, M.; Peters, K.; Botsis, J. Method for determination of crack bridging parameters using long optical
fiber Bragg grating sensors. Compos. Part B 2003, 34, 347–359. [CrossRef]

33. Okabe, Y.; Yashiro, S.; Kosaka, T.; Takeda, N. Detection of transverse cracks in CFRP composites using
embedded fiber Bragg grating sensors. Smart Mater. Struct. 2000, 9. [CrossRef]

34. Kang, D.H.; Park, S.O.; Hong, C.S.; Kim, C.G. The signal characteristics of reflected spectra of fiber Bragg
grating sensors with strain gradients and grating lengths. NDT E Int. 2005, 38, 712–718. [CrossRef]

35. Huang, S.; Ohn, M.M.; LeBlanc, M.; Measures, R.M. Continuous arbitrary strain profile measurements with
fiber Bragg gratings. Smart Mater. Struct. 1998, 7. [CrossRef]

36. Sorensen, L.; Botsis, J.; Gmür, T.; Cugnoni, J. Delamination detection and characterization of bridging
tractions using long FBG optical sensors. Compos. Part A 2007, 38, 2087–2096. [CrossRef]

37. Daggumati, S.; Voet, E.; Van Paepegem, W.; Degrieck, J.; Xu, J.; Lomov, S.V.; Verpoest, I. Local strain in a
5-harness satin weave composite under static tension: Part I—Experimental analysis. Compos. Sci. Technol.
2011, 71, 1171–1179. [CrossRef]

38. Chiesura, G.; Luyckx, G.; Lammens, N.; van Paepegem, W.; Degriecj, J.; Dierick, M.; van Hoorebeke, L. A
micro-computer tomography technique to study the interaction between the composite material and an
embedded optical fiber sensor. In Proceedings of the International Conference on Composites Testing and
Model Identification, Aalborg, Denmark, 22–24 April 2013.

30



J. Compos. Sci. 2020, 4, 60

39. Peairs, D.M.; Sterner, L.; Flanagan, K.; Kochergin, V. Fiber optic monitoring of structural composites using
optical backscatter reflectometry. In Proceedings of the 41st International SAMPE Technical Conference,
Wichita, KS, USA, 19–22 October 2009.

40. Beukema, R.P. Embedding technologies of FBG sensors in composites: Technologies, applications and
practical use. In Proceedings of the 6th European Workshop on Structural Health Monitoring, Dresden,
Germany, 3 July 2012.

41. Kinet, D.; Garray, D.; Wuilpart, M.; Dortu, F.; Dusermont, X.; Giannone, D.; Mégret, P. Behaviour of optical
fibre Bragg grating sensors embedded into composite material under flexion. In Proceedings of the 14th
European Conference on Composite Materials, Budapest, Hungary, 7–10 June 2010; pp. 289–292.

42. Kinet, D.; Mégret, P.; Goossen, K.W.; Qiu, L.; Heider, D.; Caucheteur, C. Fiber Bragg Grating Sensors toward
Structural Health Monitoring in Composite Materials: Challenges and Solutions. Sensors 2014, 14, 7394–7419.
[CrossRef]

43. Emmons, M.C.; Karnani, S.; Trono, S.; Mohanchandra, K.P.; Richards, W.L.; Carman, G.P. Strain Measurement
Validation of Embedded Fiber Bragg Gratings. Int. J. Optomechatron. 2010, 4, 22–33. [CrossRef]

44. Wang, H.; Dai, J.-G. Strain transfer analysis of fiber Bragg grating sensor assembled composite structures
subjected to thermal loading. Compos. Part B Eng. 2019, 162, 303–313. [CrossRef]

45. Kocaman, E.S.; Akay, E.; Yılmaz, C.; Türkmen, H.S.; Misirlioglu, I.B.; Suleman, A.; Yildiz, M. Local Strain
Monitoring of Fiber Reinforced Composites under High Strain Fatigue using Embedded FBG Sensors.
In Proceedings of the 8th European Workshop On Structural Health Monitoring (EWSHM 2016), Spain,
Bilbao, 5–8 July 2016.

46. Ciminello, M.; Boffa, N.D.; Concilio, A.; Galasso, B.; Romano, F.; Monaco, E. Damage Detection of CFRP
Stiffened Panels by Using Cross-Correlated Spatially Shifted Distributed Strain Sensors. Appl. Sci. 2020, 10,
2662. [CrossRef]

47. Boffa, N.D.; Monaco, E.; Ricci, F.; Lecce, L.; Barile, M.; Memmolo, V. Hybrid structural health monitoring on
a composite plate manufactured with automatic fibers placement including embedded fiber Bragg gratings
and bonded piezoelectric patches. In Proceedings of the SPIE, Health Monitoring of Structural and Biological
Systems XIII, 109720U, Denver, CO, USA, 1 April 2019; p. 10972.

48. Boffa, N.D.; Monaco, E.; Ricci, F.; Memmolo, V. Hybrid Structural Health Monitoring on composite
plates with embedded and secondary bonded Fiber Bragg Gratings arrays and piezoelectric patches. In
Proceedings of the 11th International Symposium NDT in Aerospace (AeroNDT 2019), Paris-Saclay, France,
13–15 November 2019.

49. Singh, A.K.; Berggren, S.; Zhu, Y.; Han, M.; Huang, H. Simultaneous strain and temperature measurement
using a single fiber Bragg grating embedded in a composite laminate. Smart Mater. Struct. 2017, 26, 115025.
[CrossRef]

50. Viscardi, M.; Arena, M.; Ciminello, M.; Guida, M.; Meola, C.; Cerreta, P. Experimental Technologies
Comparison for Strain Measurement of a Composite Main Landing Gear Bay Specimen. In Proceedings
of the SPIE, Nondestructive Characterization and Monitoring of Advanced Materials, Aerospace, Civil
Infrastructure, and Transportation XII, 105990N, Denver, CO, USA, 27 March 2018.

51. Viscardi, M.; Arena, M.; Cerreta, P.; Iaccarino, P.; Inserra, S.I. Manufacturing and Validation of a Novel
Composite Component for Aircraft Main Landing Gear Bay. J. Mater. Eng. Perform. 2019, 28, 3292–3300.
[CrossRef]

52. Chen, Y.C.; Hsieh, C.C.; Lin, C.C. Strain measurement for composite tubes using embedded, fiber Bragg
grating sensor. Sens. Actuators A Phys. 2011, 167, 63–69. [CrossRef]

53. Viscardi, M.; Arena, M.; Barra, G.; Vertuccio, L.; Ciminello, M.; Guadagno, L. Piezoresistive strain sensing of
carbon nanotubes-based composite skin for aeronautical morphing structures. In Proceedings of the SPIE,
Nondestructive Characterization and Monitoring of Advanced Materials, Aerospace, Civil Infrastructure,
and Transportation XII, 105991C, Denver, CO, USA, 27 March 2018.

54. Takeda, S.; Yamamoto, T.; Okabe, Y.; Takeda, N. Debonding monitoring of a composite repair patch using
small-diameter FBG sensors. In Proceedings of the SPIE 5390, Smart Structures and Materials 2004: Smart
Structures and Integrated Systems, San Diego, CA, USA, 26 July 2004.

55. Takeda, S.; Yamamoto, T.; Okabe, Y.; Takeda, N. Debonding monitoring of a composite repair patch using
embedded small-diameter FBG sensors. Smart Mater. Struct. 2007, 16, 763–770. [CrossRef]

31



J. Compos. Sci. 2020, 4, 60

56. Minakuchi, S.; Okabe, Y.; Takeda, N. Real-time Detection of Debonding between Honeycomb Core and
Facesheet using a Small-diameter FBG Sensor Embedded in Adhesive Layer. J. Sandw. Struct. Mater. 2007, 9,
9–33. [CrossRef]

57. Okabe, Y.; Kuwahara, J.; Takeda, N.; Ogisu, T.; Kojima, S.; Komatsuzaki, S. Evaluation of debonding progress
in composite bonded structures by ultrasonic wave sensing with fiber Bragg grating sensors. In Proceedings
of the SPIE, Advanced Sensor Technologies for Nondestructive Evaluation and Structural Health Monitoring
II, 61790G, San Diego, CA, USA, 16 March 2006.

58. Okabe, Y.; Kuwahara, J.; Natori, K.; Takeda, N.; Ogisu, T.; Kojima, S.; Komatsuzaki, S. Evaluation of
debonding progress in composite bonded structures using ultrasonic waves received in fiber Bragg grating
sensors. Smart Mater. Struct. 2007, 16, 1370. [CrossRef]

59. Kim, S.; Yoo, S.; Kim, E.; Lee, I.; Kwon, I.; Yoon, D. Embedding techniques of FBG sensors in adhesive
layers of composite structures and applications. In Proceedings of the ICCM International Conferences on
Composite Materials, Jeju Island, Korea, 21–26 August 2011.

60. Sante, R.D. Fibre Optic Sensors for Structural Health Monitoring of Aircraft Composite Structures: Recent
Advances and Applications. Sensors 2015, 15, 18666–18713. [CrossRef] [PubMed]

61. Boateng, E.K.G.; Schubel, P.; Umer, R. Thermal Isolation of FBG Optical Fibre Sensors for Composite Cure
Monitoring. Sens. Actuators A Phys. 2019, 287, 158–167. [CrossRef]

62. Kim, H.; Kang, D.; Kim, M.; Jung, M.H. Microwave Curing Characteristics of CFRP Composite Depending
on Thickness Variation Using FBG Temperature Sensors. Materials 2020, 13, 1720. [CrossRef] [PubMed]

63. Kosheleva, N.A.; Matveenko, V.; Serovaev, G.; Fedorov, A. Numerical analysis of the strain values obtained
by FBG embedded in a composite material using assumptions about uniaxial stress state of the optical fiber
and capillary on the Bragg grating. Frat. Integrità Strutt. 2019, 13, 177–189. [CrossRef]

64. Ciminello, M.; De Fenza, A.; Dimino, I.; Pecora, R. Skin-spar failure detection of a composite winglet using
FBG sensors. Arch. Mech. Eng. 2017, 64, 287–300. [CrossRef]

65. Wang, W.; Song, H.; Xue, J.; Guo, W.; Zheng, M. Overview of intelligent composites with embedded FBG
sensors. In Proceedings of the 2011 IEEE 5th International Conference on Cybernetics and Intelligent Systems
(CIS), Qingdao, China, 17–19 September 2011; pp. 47–51.

66. Urakseev, M.A.; Vazhdaev, K.V.; Sagadeev, A.R. Differential Fiber Optic Sensor Based on Bragg Gratings. In
Proceedings of the 2019 International Multi-Conference on Industrial Engineering and Modern Technologies
(FarEastCon), Vladivostok, Russia, 1–4 October 2019; pp. 1–4.

67. Li, P.; Wan, Z. Study on the damages detection of 3 dimensional and 6 directional braided composites using
FBG sensor. In Proceedings of the 2019 IEEE Symposium Series on Computational Intelligence (SSCI),
Xiamen, China, 6–9 December 2019; pp. 3272–3274.

68. Derkevorkian, A.; Masri, S.F.; Alvarenga, J.; Boussalis, H.; Bakalyar, J.; Richards, W.L. Strain-Based
Deformation Shape-Estimation Algorithm for Control and Monitoring Applications. AIAA J. 2013, 51,
2231–2240. [CrossRef]

69. Pak, C.G. Wing Shape Sensing from Measured Strain. AIAA J. 2016, 54, 1068–1077. [CrossRef]
70. Yin, W.; Fu, T.; Liu, J.; Leng, J. Structural shape sensing for variable camber wing using FBG sensors.

In Proceedings of the SPIE 7292, Sensors and Smart Structures Technologies for Civil, Mechanical, and
Aerospace Systems 2009, 72921H, San Diego, CA, USA, 30 March 2009.

71. Sun, G.; Wu, Y.; Li, H.; Zhu, L. 3D shape sensing of flexible morphing wing using fiber Bragg grating sensing
method. Optik 2018, 156, 83–92. [CrossRef]

72. Sun, G.; Li, H.; Dong, M.; Lou, X.; Zhu, L. Optical fiber shape sensing of polyimide skin for a flexible
morphing wing. Appl. Opt. 2017, 56, 9325–9332. [CrossRef] [PubMed]

73. Goossens, S.; De Pauw, B.; Geernaert, T.; Salmanpour, M.S.; Khodaei, Z.S.; Karachalios, E.; Saenz-Castillo, D.;
Thienpont, H.; Berghmans, F. Aerospace-grade surface mounted optical fibre strain sensor for structural
health monitoring on composite structures evaluated against in-flight conditions. Smart Mater. Struct. 2019,
28, 065008. [CrossRef]

74. Ciminello, M.; Ameduri, S.; Concilio, A.; Dimino, I.; Bettini, P. Fiber optic shape sensor system for a morphing
wing trailing edge. Smart Struct. Syst. 2017, 20, 441–450.

75. Dimino, I.; Ciminello, M.; Concilio, A.; Gratias, A.; Shueller, M.; Pecora, R. Control system design for a
morphing wing trailing edge. In Proceedings of the 7th ECCOMAS thematic conference on smart structures
and materials (SMART 2015), Ponta Delgada, Azores, Portugal, 3–6 June 2015.

32



J. Compos. Sci. 2020, 4, 60

76. Holister, G.S. Experimental Stress Analysis, Principles and Methods; Cambridge University Press: Cambridge,
UK, 1967.

77. Window, A.L.; Holister, G.S. (Eds.) Strain Gauge Technology; Allied Science Publishers: London, UK, 1982.
78. Keil, S. Technology and Practical Use of Strain Gages: With Particular Consideration of Stress Analysis Using Strain

Gages, 1st ed.; Ernst & Sohn GmbH & Co. KG.: Berlin, Germany, 2017.
79. Noltingk, B.E. Chapter 9-Measurement of Strain, Instrumentation Reference Book, 4th ed.; Butterworth-Heinemann:

Oxford, UK, 2010; pp. 93–101.
80. Scowen, G.D. Measurement of surface strain in glass reinforced products. Strain 1982, 18, 99–104. [CrossRef]
81. Tuttle, M.E.; Brinson, H.F. Resistance-Foil Strain Gage Technology as Applied to Composite Materials. Exp.

Mech. 1984, 24, 54–65. [CrossRef]
82. Perry, C.C. Strain gauge measurement on plastics and composites. Strain 1987, 23, 155–156. [CrossRef]
83. Whitehead, R.J. Strain Gage Applications on Composites, Application Note; Measurement Group Raleigh: Raleigh,

NC, USA, 1988.
84. Slaminko, R. Strain Gages on Composites—Gage-Selection Criteria. In Manual on Experimental Methods for

Mechanical Testing of Composites; Pendleton, R.L., Tuttle, M.E., Eds.; Springer: Berlin/Heidelberg, Germany,
1989.

85. Salzano, T.B.; Calder, C.A.; DeHart, D.W. Embedded-strain-sensor development for composite smart
structures. Exp. Mech. 1992, 32, 225–229. [CrossRef]

86. Tairova, L.P.; Tsvetkov, S.V. Specific features of strain measurement in composite materials.
Mech. Compos. Mater. 1993, 28, 489–493. [CrossRef]

87. Ifju, P.G. Composite materials. In Handbook of Experimental Solid Mechanics; Sharpe, W.N., Ed.; Springer:
Berlin/Heidelberg, Germany, 2008; pp. 97–124.

88. Kanerva, M.; Antunes, P.; Sarlin, E.; Orell, O.; Jokinen, J.; Wallin, M.; Brander, T.; Vuorinen, J. Direct
measurement of residual strains in CFRP-tungsten hybrids using embedded strain gauges. Mater. Des. 2017,
127, 352–363. [CrossRef]

89. Belhouideg, S.; Lagache, M. Effect of Embedded Strain Gage on the Mechanical Behavior of Composite
Structures. J. Mod. Mater. 2018, 5, 1–7. [CrossRef]

90. Higson, G.R. Recent advances in strain gauges. J. Sci. Instrum. 1964, 41, 405. [CrossRef]
91. Smith, C.S. Piezoresistance Effect in Germanium and Silicon. Phys. Rev. 1954, 94, 42. [CrossRef]
92. Cobbold, R.S.C. Transducers for Biomedical Measurements: Principles and Applications; Wiley Chap: Hoboken,

NJ, USA, 1974.
93. Watson, R.B.; Sharape, W.N. Springer Handbook of Experimental Solid Mechanics: Bonded Electrical Resistance

Strain Gages; Springer: Berlin/Heidelberg, Germany, 2008.
94. Choi, H.; Choi, S.; Cha, H. Structural Health Monitoring System Based on Strain Gauge Enabled Wireless

Sensor Nodes. In Proceedings of the 5th International Conference on Networked Sensing Systems, Kanazawa,
Japan, 17–19 June 2008; pp. 211–214.

95. Dally, J.W.; Riley, W.F.; McConnell, K.G. Instrumentation for Engineering Measurements, 2nd ed.; John Wiley &
Sons: Hoboken, NJ, USA, 1993.

96. Geddes, L.A.; Baker, L.E. Principles of Applied Biomedical Instrumentation; John Wiley & Sons: Hoboken, NJ,
USA, 1968.

97. Webster, J. (Ed.) Medical instrumentation. In Application and Design, 4th ed.; Wiley & Sons, Inc.: Hoboken,
NJ, USA, 2010.

98. Herranen, H.; Saar, T.; Gordon, R.; Pohlak, M.; Lend, H. Fatigue Performance of Semiconductor Strain
Gauges in GFRP Laminate. Adv. Mater. Res. 2014, 905, 244–248. [CrossRef]

99. ASTM E1949-03e1, Standard Test Method for Ambient Temperature Fatigue Life of Metallic Bonded Resistance Strain
Gages; ASTM International: West Conshohocken, PA, USA, 2009.

100. Zhang, J.X.J.; Hoshino, K. Molecular Sensors and Nanodevices, 2nd ed.; Academic Press: Cambridge, MA, USA,
2019.

101. Planck, M. The Theory of Heat Radiation; P. Blakiston’s Son & Co.: Philadelphia, PA, USA, 1914.
102. Maldague, X. Nondestructive Evaluation of Materials by Infrared Thermography; Springer: Berlin/Heidelberg,

Germany, 1994.
103. Kaplan, H. Practical Applications of Infrared Thermal Sensing and Imaging Equipment; SPIE: Bellingham, WA,

USA, 1993.

33



J. Compos. Sci. 2020, 4, 60

104. Maldague, X. (Ed.) Infrared Methodology and Technology; Gordon and Breach: New York, NY, USA, 1994;
p. 525.

105. Cuevas, J.C.; García-Vidal, F.J. Radiative heat transfer. ACS Photonics 2018, 5, 3896–3915. [CrossRef]
106. Ibarra-Castanedo, C.; Galmiche, F.; Darabi, A.; Pilla, M.; Klein, M.; Ziadi, A.; Maldague, X.P. Thermographic

nondestructive evaluation: Overview of recent progress. AeroSense 2003, 5073, 450–459.
107. Balageas, D.; Maldague, X.; Burleigh, D.; Vavilov, V.P.; Oswald-Tranta, B.; Roche, J.M.; Carlomagno, G.M.

Thermal (IR) and Other NDT Techniques for Improved Material Inspection. J. Nondestruct. Eval. 2016, 35,
1–17. [CrossRef]

108. Montesano, J.; Fawaz, Z.; Bougherara, H. Use of infrared thermography to investigate the fatigue behaviour
of a carbon fiber reinforced polymer composite. Compos. Struct. 2013, 97, 76–83. [CrossRef]

109. Bates, D.; Smith, G.; Lu, D.; Hewitt, J. Rapid thermal non-destructive testing of aircraft components. Compos.
Part B Eng. 2000, 31, 175–185. [CrossRef]

110. Vavilov, V.P.; Pawar, S.S. A novel approach for one-sided thermal nondestructive testing of composites by
using infrared thermography. Polym. Test. 2015, 44, 224–233. [CrossRef]

111. Pickering, S.; Almond, D.-P. Matched excitation energy comparison of the pulse and lock-in thermography.
NDT E Int. 2008, 41, 501–509. [CrossRef]

112. Ibarra-Castanedo, C.; Maldague, X.P.V. Infrared Thermography. In Handbook of Technical Diagnostics;
Czichos, H., Ed.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 175–220.

113. Yang, R.; He, Y. Optically and non-optically excited thermography for composites: A review. Infrared Phys.
Technol. 2016, 75, 26–50. [CrossRef]

114. Ciampa, F.; Mahmoodi, P.; Pinto, F.; Meo, M. Recent Advances in Active Infrared Thermography for
Non-Destructive Testing of Aerospace Components. Sensors 2018, 18, 609. [CrossRef] [PubMed]

115. Maldague, X.P. Theory and Practice of Infrared Technology for Nondestructive Testing; John Wiley Interscience:
New York, NY, USA, 2001.

116. Bai, W.; Wong, B.S. Nondestructive evaluation of aircraft structure using lockin thermography. In Proceedings
of the SPIE’s 5th Annual International Symposium on Nondestructive Evaluation and Health Monitoring
of Aging Infrastructure, Newport Beach, CA, USA, 6–8 March 2000; International Society for Optics and
Photonics: Bellingham, WA, USA, 2000; pp. 37–46.

117. Badghaish, A.A.; Fleming, D.C. Non-destructive inspection of composites using step heating thermography.
J. Compos. Mater. 2008, 42, 1337–1357. [CrossRef]

118. Almond, D.P.; Angioni, S.L.; Pickering, S.G. Long pulse excitation thermographic non-destructive evaluation.
NDT E Int. 2017, 87, 7–14. [CrossRef]

119. Mulaveesala, R.; Tuli, S. Theory of frequency modulated thermal wave imaging for nondestructive subsurface
defect detection. Appl. Phys. Lett. 2006, 89, 191913. [CrossRef]

120. Li, T.; Almond, D.P.; Rees, D.A.S. Crack imaging by scanning pulsed laser spot thermography. NDT E Int.
2011, 44, 216–225. [CrossRef]

121. Woolard, D.F.; Cramer, K.E. Line scan versus flash thermography: Comparative study on reinforced
carbon-carbon. In Proceedings of the SPIE 5782, Thermosense XXVII, Orlando, FL, USA, 28 March 2005;
International Society for Optics and Photonics: Bellingham, WA, USA, 2005; Volume 5782, pp. 315–324.

122. Zweschper, T.; Riegert, G.; Dillenz, A.; Busse, G. Ultrasound excited thermography-advances due to frequency
modulated elastic waves. Quant. InfraRed Thermogr. J. 2005, 2, 65–76. [CrossRef]

123. Fierro, G.P.M.; Ginzburg, D.; Ciampa, F.; Meo, M. Imaging of barely visible impact damage on a
complex composite stiffened panel using a nonlinear ultrasound stimulated thermography approach.
J. Nondestruct. Eval. 2017, 36, 69. [CrossRef]

124. Wilson, J.; Tian, G.Y.; Abidin, I.Z.; Yang, S.; Almond, D. Modelling and evaluation of eddy current stimulated
thermography. Nondestruct. Test. Eval. 2010, 25, 205–218. [CrossRef]

125. Levesque, P.; Deom, A.; Balageas, D. Non destructive evaluation of absorbing materials using microwave
stimulated infrared thermography. In Review of Progress in Quantitative Nondestructive Evaluation; Springer:
Berlin/Heidelberg, Germany, 1993; pp. 649–654.

126. Sakagami, T.; Ogura, K. A New flaw inspection technique based on infrared thermal images under Joule
effect heating. JSME Int. J. Ser. A 1994, 37, 380–388. [CrossRef]

127. Ahmed, T.; Nino, G.; Bersee, H.; Beukers, A. Heat emitting layers for enhancing NDE of composite structures.
Compos. Part A Appl. Sci. Manuf. 2008, 39, 1025–1036. [CrossRef]

34



J. Compos. Sci. 2020, 4, 60

128. De Villoria, R.G.; Yamamoto, N.; Miravete, A.; Wardle, B.L. Multi-physics damage sensing in nano-engineered
structural composites. Nanotechnology 2011, 22, 185502. [CrossRef] [PubMed]

129. Pinto, F.; Ciampa, F.; Meo, M.; Polimeno, U. Multifunctional SMArt composite material for in situ NDT/SHM
and de-icing. Smart Mater. Struct. 2012, 21, 105010. [CrossRef]

130. Jones, T.S. Infrared Thermographic evaluation of marine composite structures. Nondestruct. Eval. Aging
Infrastruct. 1995, 2459, 42–51.

131. Wu, D.; Busse, G. Lock-in thermography for nondestructive evaluation of materials. Rev. Gen. Therm. 1998,
37, 693–703. [CrossRef]

132. Avdelidis, N.P.; Hawtin, B.C.; Almond, D.P. Transient thermography in the assessment of defects of aircraft
composites. NDT E Int. 2003, 36, 433–439. [CrossRef]

133. Jorge Aldavea, I.; Venegas Bosom, P.; Vega González, L.; López de Santiago, I.; Vollheim, B.; Krausz, L.;
Georges, M. Review of thermal imaging systems in composite defect detection. Infrared Phys. Technol. 2013,
61, 167–175. [CrossRef]

134. Moustakidis, S.; Anagnostis, A.; Karlsson, P.; Hrissagis, K. Non-destructive inspection of aircraft composite
materials using triple IR imaging. IFAC-PapersOnLine 2016, 49, 291–296. [CrossRef]

135. D’Orazio, T.; Leo, M.; Guaragnella, C.; Distante, A. Analysis of Image Sequences for Defect Detection in
Composite Materials. Adv. Concepts Intell. Vision Syst. 2007, 4678, 855–864.

136. Theodorakeas, P.; Avdelidis, N.P.; Ibarra-Castanedo, C.; Koui, M.; Maldague, X. Pulsed thermographic
inspection of CFRP structures: Experimental results and image analysis tools. In Proceedings of the SPIE
9062, Smart Sensor Phenomena, Technology, Networks, and Systems Integration, San Diego, CA, USA, 8
March 2014.

137. De Angelis, G.; Dati, E.; Bernabei, M.; Betti, L.; Menner, P. Non Destructive Investigation of disbonding
damage in air cooling inlet composite panel using active thermography and shearography. MAYFEB J. Mater.
Sci. 2016, 1, 10–20.

138. Ranjit, S.; Choi, M.; Kim, W. Quantification of defects depth in glass fiber reinforced plastic plate by infrared
lock-in thermography. J. Mech. Sci. Technol. 2016, 30, 1111–1118. [CrossRef]

139. Junyan, L.; Fei, W.; Yang, L.; Yang, W. Inverse methodology for identification the thermal diffusivity
and subsurface defect of CFRP composite by lock-in thermographic phase (LITP) profile reconstruction.
Compos. Struct. 2016, 138, 214–226. [CrossRef]

140. Manta, A.; Gresil, M.; Soutis, C. Infrared thermography for void mapping of a graphene/epoxy composite
and its full-field thermal simulation. Fatigue Fract Eng Mater Struct. 2019, 42, 1441–1453. [CrossRef]

141. Kalyanavalli, V.; Ramadhas, T.K.A.; Sastikumar, D. Long pulse thermography investigations of basalt fiber
reinforced composite. NDT E Int. 2018, 100, 84–91. [CrossRef]

142. Kalyanavalli, V.; Ramadhas, T.K.A.; Sastikumar, D. Determination of thermal diffusivity of Basalt fiber
reinforced epoxy composite using infrared thermography. Measurement 2019, 134, 673–678. [CrossRef]

143. Kalyanavalli, V.; Mithun, P.M.; Sastikumar, D. Analysis of long-pulse thermography methods for defect
depth prediction in transmission mode. Meas. Sci. Technol. 2019, 31, 014002. [CrossRef]

144. Parker, W.J.; Jenkins, R.J.; Butler, C.P.; Abbott, G.L. Flash method of determining thermal diffusivity, heat
capacity, and thermal conductivity. J. Appl. Phys. 1961, 32, 1679–1684. [CrossRef]

145. Dulieu-Barton, J.M.; Stanley, P. Development and applications of thermoelastic stress analysis. J. Strain. Anal.
1998, 33, 93–104. [CrossRef]

146. Stanley, P.; Chan, W.K. The application of thermoelastic stress analysis to composite materials. J. Strain. Anal.
1988, 23, 137–142. [CrossRef]

147. Galietti, U.; Modugno, D.; Spagnolo, L. A novel signal processing method for TSA applications.
Meas. Sci. Technol. 2005, 16, 2251–2260. [CrossRef]

148. Emery, T.R.; Dulieu-Barton, J.M.; Earl, J.S.; Cunningham, P.R. A generalised approach to the calibration of
orthotropic materials for thermoelastic stress analysis. Compos. Sci. Technol. 2008, 68, 743–752. [CrossRef]

149. Beghi, M.G.; Bottani, C.E.; Caglioti, G. Irreversible thermodynamics of metals understress. Res. Mech. 1986,
19, 365–379.

150. Luong, M.P. Fatigue limit evaluation of metals using an infrared thermographic technique. Mech. Mater.
1998, 28, 155–163. [CrossRef]

151. Meola, C.; Carlomagno, G.M. Recent advances in the use of infrared thermography. Meas. Sci. Technol. 2004,
15, 27–58. [CrossRef]

35



J. Compos. Sci. 2020, 4, 60

152. Meola, C.; Carlomagno, G.M. Impact damage in GFRP: New insights with Infrared Thermography.
Compos. Part A Appl. Sci. Manuf. 2010, 41, 1839–1847. [CrossRef]

153. Meola, C.; Carlomagno, G.M. Infrared thermography to evaluate impact damage in glass/epoxy with
manufacturing defects. Int. J. Impact Eng. 2014, 67, 1–11. [CrossRef]

154. Meola, C.; Carlomagno, G.M.; Boccardi, S.; Simeoli, G.; Acierno, D.; Russo, P. Infrared Thermography
to Monitor Thermoplastic-matrix Composites Under Load. In Proceedings of the 11th ECNDT, Prague,
Czech Republic, 6–10 October 2014.

155. Meola, C.; Boccardi, S.; Carlomagno, G.M. Measurements of very small temperature variations with LWIR
QWIP infrared camera. Infrared Phys. Technol. 2015, 72, 195–203. [CrossRef]

156. Meola, C.; Boccardi, S.; Carlomagno, G.M.; Boffa, N.D.; Monaco, E.; Ricci, F. Nondestructive evaluation of
carbon fibre reinforced composites with infrared thermography and ultrasonics. Compos. Struct. 2015, 134,
845–853. [CrossRef]

157. Boccardi, S.; Carlomagno, G.M.; Meola, C.; Simeoli, G.; Russo, P. Infrared thermography to evaluate
thermoplastic composites under bending load. Compos. Struct. 2015, 134, 900–904. [CrossRef]

158. Boccardi, S.; Carlomagno, G.M.; Meola, C. Basic temperature correction of QWIP cameras in
thermo-elastic-plastic tests of composite materials. Appl. Opt. 2016, 55, 87–94. [CrossRef] [PubMed]

159. Meola, C.; Boccardi, S.; Boffa, N.D.; Ricci, F.; Simeoli, G.; Russo, P.; Carlomagno, G.M. New perspectives
on impact damaging of thermoset- and thermoplastic-matrix composites from thermographic images.
Compos. Struct. 2016, 152, 746–754. [CrossRef]

160. Meola, C.; Boccardi, S.; Carlomagno, G.M. Infrared Thermography in the Evaluation of Aerospace Composite
Materials; Woodhead Publishing Print Book: Amsterdam, The Netherlands, 2016.

161. Bonavolontà, C.; Aramo, C.; Valentino, M.; Pepe, G.P.; De Nicola, S.; Carotenuto, G.; Longo, A.; Palomba, C.M.;
Boccardi, S.; Meola, C. Graphene polymer coating for the realization of strain sensors. Beilstein J. Nanotechnol.
2017, 8, 21–27. [CrossRef] [PubMed]

162. Meola, C.; Boccardi, S.; Carlomagno, G.M.; Boffa, N.D.; Ricci, F.; Simeoli, G.; Russo, P. Impact damaging of
composites through online monitoring and non-destructive evaluation with infrared thermography. NDT E
Int. 2017, 85, 34–42. [CrossRef]

163. Meola, C.; Boccardi, S.; Carlomagno, G.M. Infrared Thermography for Inline Monitoring of Glass/Epoxy
under Impact and Quasi-Static Bending. Appl. Sci. 2018, 8, 301. [CrossRef]

164. Grammatikos, S.A.; Kordatos, E.Z.; Matikas, T.E.; Paipetis, A.S. Service and maintenance damage assessment
of composite structures using various modes of infrared thermography. In Proceedings of the IOP Conference
Series: Materials Science and Engineering, Macau, China, 3–6 August 2015; IoP Publishing: Bristol, UK, 2015;
Volume 74, p. 012006.

165. Zhao, H.; Zhou, Z.; Fan, J.; Li, G.; Sun, G. Application of lock-in thermography for the inspection of disbonds
in titanium alloy honeycomb sandwich structure. Infrared Phys. Technol. 2016, 81, 69–78. [CrossRef]

166. De Finis, R.; Palumbo, D.; Galietti, U. Fatigue damage analysis of composite materials using
thermography-based techniques. Procedia Struct. Integr. 2019, 18, 781–791. [CrossRef]

167. Pitarresi, G.; Scalici, T.; Catalanotti, G. Infrared Thermography assisted evaluation of static and fatigue Mode
II fracture toughness in FRP composites. Compos. Struct. 2019, 226, 111220. [CrossRef]

168. Addepalli, S.; Zhao, Y.; Roy, R.; Galhenege, W.; Colle, M.; Yu, J.; Ucur, A. Non-destructive evaluation
of localised heat damage occurring in carbon composites using thermography and thermal diffusivity
measurement. Measurement 2019, 131, 706–713. [CrossRef]

169. Toivola, R.; Afkhami, F.; Baker, S.; McClure, J.; Flinn, B.D. Detection of incipient thermal damage in carbon
fiber-bismaleimide composites using hand-held FTIR. Polym. Test. 2018, 69, 490–498. [CrossRef]

170. ASTM D2344/D2344M-16. Standard Test Method for Short-Beam Strength of Polymer Matrix Composite Materials
and Their Laminates; ASTM International: West Conshohocken, PA, USA, 2016.

171. Tinsley, L.; Chalk, C.; Nicholls, J.; Mehnen, J.; Roy, R. A study of pulsed thermography for life assessment of
thin EB-PVD TBCs undergoing oxidation ageing. NDT E Int. 2017, 92, 67–74. [CrossRef]

172. Pan, B.; Qian, K.; Xie, H.; Asundi, A. Two-dimensional digital image correlation for in-plane displacement
and strain measurement: A review. Meas. Sci. Technol. 2009, 20, 062001. [CrossRef]

173. Sutton, M.; Orteu, J.J.; Schreier, H. Image Correlation for Shape, Motion and Deformation Measurements; Springer:
Berlin/Heidelberg, Germany, 2009.

36



J. Compos. Sci. 2020, 4, 60

174. Khoo, S.W.; Karuppanan, S.; Tan, C.S. A review of surface deformation and strain measurement using
two-dimensional digital image correlation. Metrol. Meas. Syst. 2016, 23, 461–480. [CrossRef]

175. Sutton, M.A.; Orteu, J.J.; Schreier, H.W. Image Correlation for Shape, Motion and Deformation Measurements:
Basic Concepts, Theory and Applications; Springer: Berlin/Heidelberg, Germany, 2009; p. 88.

176. Sutton, M.A.; Wolters, W.J.; Peters, W.H.; Ranson, W.F.; McNeill, S.R. Determination of displacements using
an improved digital image correlation method. Image Vis. Comput 1983, 1, 133–139. [CrossRef]

177. Chu, T.C.; Ranson, W.F.; Sutton, M.A.; Peters, W.H. Applications of digital image correlation techniques to
experimental mechanics. Exp. Mech. 1985, 25, 232–244. [CrossRef]

178. Bruck, H.A.; McNeill, S.R.; Sutton, M.A.; Peters, W.H. Digital image correlation using Newton- Raphson
method of Partial Differential Correction. Exp. Mech. 1989, 29, 261–267. [CrossRef]

179. Lu, H.; Cary, P.D. Deformation measurements by digital image correlation: Implementation of a second-order
displacement gradient. Exp. Mech. 2000, 40, 393–400. [CrossRef]

180. Cheng, P.; Sutton, M.A.; Schreier, H.W.; McNeill, S.R. Full-field speckle pattern image correlation with
B-Spline deformation function. Exp. Mech. 2002, 42, 344–352. [CrossRef]

181. LeBlanc, B.; Niezrecki, C.; Avitabile, P.; Sherwood, J.; Chen, J. Surface Stitching of a Wind Turbine
Blade Using Digital Image Correlation. In Proceedings of the IMAC-XXX, Jacksonville, FL, USA,
30 January–2 February 2012.

182. LeBlanc, B.; Niezrecki, C.; Hughes, S.; Avitabile, P.; Chen, J.; Sherwood, J. Full Field Inspection of a Wind
Turbine Blade Using 3D Digital Image Correlation. In Proceedings of the SPIE Symposium on Smart
Structures & Materials/NDE for Health Monitoring, San Diego, CA, USA, 7–11 March 2011.

183. Leblanc, B. Non-Destructive Testing of Wind Turbine Blades with Three Dimensional Digital Image
Correlation. Master’s Thesis, University of Massachusetts Lowell, Lowell, MA, USA, 2011.

184. Grédiac, M. The use of full-field measurement methods in composite material characterization: Interest and
limitations. Compos. Part A Appl. Sci. Manuf. 2004, 35, 751–761. [CrossRef]

185. Puri, A.; Dear, J.P.; Morris, A.; Jensen, F.M. Analysis of wind turbine material using digital image correlation.
In Proceedings of the XIth International Congress and Exposition, Orlando, FL, USA, 2–5 June 2008;
pp. 2126–2133.

186. Carr, J.; Baqersad, J.; Niezrecki, C.; Avitabile, P.; Slattery, M. Dynamic stress-strain on turbine blades using
digital image correlation techniques Part 2: Dynamic measurements. In Topics in Experimental Dynamics
Substructuring and Wind Turbine Dynamics; Springer: Berlin/Heidelberg, Germany, 2012; pp. 221–226.

187. Johnson, J.T.; Hughes, S.; van Dam, J. A stereo-videogrammetry system for monitoring wind turbine blade
surfaces during structural testing. ASME Early Career Tech. J. 2009, 8, 1–10.

188. Poozesh, P.; Baqersad, J.; Niezrecki, C. Full Field Inspection of a Utility Scale Wind Turbine Blade Using Digital
Image Correlation; CAMX: Orlando, FL, USA, 2014.
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Abstract: This paper deals with detection of macro-level crack type damage in rectangular E-Glass
fiber/Epoxy resin (LY556) laminated composite plates using modal analysis. Composite plate-like
structures are widely found in aerospace and automotive structural applications which are susceptible
to damages. The formation of cracks in a structure that undergoes vibration may lead to catastrophic
events such as structural failure, thus detection of such occurrences is considered necessary.
In this research, a novel technique called as node-releasing technique in Finite Element Analysis (FEA),
which was not attempted by the earlier researchers, is used to model the perpendicular cracks (the type
of damage mostly considered in all the pioneering research works) and also slant cracks (a new
type of damage considered in the present work) of various depths and lengths for Unidirectional
Laminate (UDL) ([0]S and [45]S) composite layered configurations using commercial FE code Ansys,
thus simulating the actual damage scenario. Another novelty of the present work is that the crack is
modeled with partial depth along the thickness of the plate, instead of the through the thickness crack
which has been of major focus in the literature so far, in order to include the possibility of existence of
the crack up to certain layers in the laminated composite structures. The experimental modal analysis
is carried out to validate the numerical model. Using central difference approximation method,
the modal curvature is determined from the displacement mode shapes which are obtained via
finite element analysis. The damage indicators investigated in this paper are Normalized Curvature
Damage Factor (NCDF) and modal strain energy-based methods such as Strain Energy Difference
(SED) and Damage Index (DI). It is concluded that, all the three damage detection algorithms detect
the transverse crack clearly. In addition, the damage indicator NCDF seems to be more effective
than the other two, particularly when the detection is for damage inclined to the longitudinal axis of
the plate. The proposed method will provide the base data for implementing online structural health
monitoring of structures using technologies such as Machine Learning, Artificial Intelligence, etc.

Keywords: damage detection; laminated composite plates; modal analysis; curvature mode shape;
strain energy

1. Introduction

In high-speed mechanical applications such as turbomachinery and aerospace structures, there is
a pressing need for high strength lightweight materials. The usage of non-homogenous fiber reinforced
composites has increased widely due to its tailorable direction-dependent properties, high stiffness and
increased corrosion resistance. However, composites are susceptible to unnoticeable damages as they
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experience various loading conditions in-service such as fatigue, bird impacts, lightning strikes etc.
which can alter its dynamic characteristics ultimately leading to failure [1]. Some of the types of
damages that occur in laminated composites are delamination, fiber-matrix debonding, matrix cracking,
inter-laminar failure and fiber breakage [2].

Most of the non-destructive testing (NDT) methods for detecting damage in structures may
be characterised as either local or global methods. In the past, researchers studied various local
non-destructive techniques for damage detection in composites like X-Ray [3], microwave [4],
acoustic emission [5], infrared thermography [6], ultrasonic [7] and magnetic-field methods [8].
Although these techniques hold some merits, it was reported that they were found to be somewhat
difficult for applying in in the stuructures where the accessibility is very difficult like offshore oil
platforms and the flying machines like aerospace vehicles as it require disassembly of parts and the
locality of the damage is known prior to the testing which may be difficult in complex structures.
In particular, the matrix cracks in composites lying perpendicular to the surface are hard to detect as
most of the afore-mentioned methods require a wide enough reflecting surface which is the case in
delamination type damages [9]. Thus, damage detection technique which is global in nature such as
vibration-based methods may be found more useful, individually or in combination with other local
methods, for successful non-destructive evaluation of laminated composite structures.

The fundamental basis of such a technique is based on the fact that, the changes in the structure’s
inherent parameters such as mass, stiffness and damping reflect in its modal properties such as natural
frequency, mode shape and modal damping respectively [10]. In the past few decades, there has
been substantial research carried out in the field of vibration-based damage detection across the
world. Dimarogonas [11] has contributed a review of the studies carried out on cracked structures
such as beams, plates and shells until 1996. This paper provided an excellent overview of the
scope of crack study in plate-like structures and highlighted the topics of interest for future research.
In their respective summary reviews of various vibration-based methods for damage detection,
Doebling et al. [12] focussed on structural and mechanical systems, and Wei Fan [13] emphasized on
algorithms and signal processing methods. The reduction in natural frequency is considered as an
easily observable change which has been explored by researchers in the past. The determination of
crack location in varying-cross section slender beams using natural frequencies was investigated by
Chinchalkar [14]. A description of a numerical-based finite element approach was made and the results
obtained in the past through semi-analytical approach using Frobenius method are compared with
the current. The proposed method had an advantage which allowed to model different depths and
boundary conditions of the beam. However, its limitation lays in the fact that in case of large-sized
damages, slight change in the natural frequencies may be observed which may go unnoticed.

Some of the authors investigated the displacement mode shape [15] and its rotation [16] as damage
indicators from dynamic behaviour of beam and plate structures respectively. It was stated that,
the former was less sensitive and localized to damage than the latter. In addition, when the damage
was in proximity to the node point, the displacement shape showed very little change in comparison
with that of intact structure. On the contrary, the first order derivative of the mode shapes highlighted
damages of various sizes at multiple locations within the structure. Nevertheless, there are some
drawbacks for considering mode shapes for damage detection. Firstly, the vibration testing carried
out for large structures usually considers lower fundamental modes and its corresponding mode
shapes may not be affected significantly due to damage. Secondly, the number of sensors placed on the
structure and noise effects play a very important role in the damage diagnosis procedure.

Pandey et al. [17] investigated a novel parameter called Curvature Mode Shape (CMS) for
identification and localization of damages in structures. A cantilever and simply supported beam
models were used and the results exhibited that the modal curvature was localized at damage location.
Lestari et al. [18] have applied curvature mode shape as a damage indicator for carbon/epoxy laminated
composite beam with an assumed damage effect in the form of stiffness loss in the analytical model for
the damaged structure. The discontinuities in the modal curvature due to the presence of damage
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have been observed in the numerical simulation and with the use of surface-bonded Polyvinylidene
fluoride (PVDF) film as sensors, the curvature modes have been measured experimentally. However,
for higher modes, the modal curvature showed peaks at locations other than the damage which may
lead to misinterpretation of results. Abdel Wahab et al. [19] applied the method of changes in curvature
mode shapes for damage localization in simply supported and continuous beam models using finite
element simulation and to a real-time measured data obtained from pre-stressed Z24 concrete bridge.
An attempt has been made to minimize the misleading peaks by an indicator called as Curvature
Damage Factor (CDF) and concluded that it functioned to a certain extent, though not completely.
Hence, to improve the accuracy of damage detection, an indicator called NCDF (Normalized Curvature
Damage Factor) has been utilized by Lu et al. [20] for identification of crack in beam structures.
Qiao et al. [18] carried out numerical and experimental modal analysis to determine curvature mode
shape for detection, localization and quantification of delamination in laminated composite plates.
It was stated that, the dynamic response data measured experimentally cannot be readily used for
detection of damage and are often used in conjunction with damage detection algorithms. The Gapped
Smoothing Method (GSM), Generalized Fractal Dimension (GFD) and Strain Energy Method (SEM)
were the algorithms used to analyse the modal curvature data and concluded that, the GSM located
delamination better than GFD and SEM which showed extra peaks at locations other than the damage.

Cornwell et al. [21] extended the application of strain energy method to plate-like structures which
was initially developed for one-dimensional beam structures. They established a damage detection
algorithm called Damage Index Method (DIM) based on modal strain energy and concluded that, it was
successful in detecting damages in areas up to 10% reduction in stiffness value. Huiwen Hu et al. [22]
presented an approach based on strain energy to detect surface crack type damage in carbon/epoxy
composite laminated plate for four different layups. A combination of experimental and numerical
methods was used to determine the mode shapes for calculating strain energies based on Differential
Quadrature Method (DQM). They concluded that, the developed damage index successfully identified
the presence of damage and required only a few mode shapes before and after damage. Wang et al. [23]
investigated the modal characteristics of damaged laminated composite plates using analytical and
numerical approaches. The degradation of stiffness of the structure was considered as damage and
concluded that, the modal strain energy and curvature mode shape had higher sensitivity to damage
than natural frequencies and displacement mode shapes. The effect of damage in a structure had been
modelled through various methods previously. Many researchers have considered the damage to be a
reduction in the elemental Young’s modulus in numerical finite element model or reduction in the
second moment of area of cross-section or modeled the crack as a V-shaped groove by considering a
solid element in finite element modelling as summarised in Table 1.

Table 1. Summary of methods used for modeling of cracks in finite element/analytical approach.

S.
No.

Reference
Cited/Year

Structure Considered
Method of

Damage Detection

Method of Crack Modeling in
Finite Element/Analytical

Approach

01 Pandey et al.
[17]/1991 Isotropic Beam Change in Curvature

Mode Shape

Approximate reduction in the
elemental Young’s modulus at the

damaged location

02 Narkis [24]/1992 Isotropic Beam Change in
Natural Frequencies

For analytical methods of beam
like structures, the beam was
separated to two halves and

damage was considered to be a
massless rotational spring where

the stiffness of the spring
corresponds to the size of

the damage
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Table 1. Cont.

S.
No.

Reference
Cited/Year

Structure Considered
Method of

Damage Detection

Method of Crack Modeling in
Finite Element/Analytical

Approach

03
Krawczuk and
Ostachowicz

[25]/1995

Laminated Composite
Beam

Change in Natural
Frequencies and

Mode Shapes

For analytical methods of beam
like structures, the beam was
separated to two halves and

damage was considered to be a
massless rotational spring where

the stiffness of the spring
corresponds to the size of

the damage.

04 Ruotolo et al.
[26]/1996 Isotropic Beam

Methods based on
Frequencies

Response Functions

Cracked element with the
approach that the elements

situated on one side is considered
as external forces applied to the

cracked element, while the
elements on the other side is

regarded as constraints.

05 Tsai and Wang
[27]/1996 Isotropic Shaft

Change in Natural
Frequencies and

Mode Shapes

For analytical methods of beam
like structures, the shaft was
separated to two halves and

damage was considered to be a
massless rotational spring where

the stiffness of the spring
corresponds to the size of

the damage.

06 Ratcliffe [28]/1997 Isotropic Beam Change in Curvature
Mode Shape

Cracks and other forms of
localized damage in a structure

can lead to reduction in the
flexural stiffness (EI), but change

in mass is minimal. For the
uniform cross-section localized

stiffness damage can be
introduced by reducing the

thickness for one element of the
finite element model without

altering the mass matrix.

07 ABdel Wahab et al.
[19]/1999 Isotropic Concrete Beam Change in Curvature

Mode Shape

Approximate reduction in the
elemental Young’s modulus at the

damaged location.

08 Fernandez-saez
et al. [29]/1999 Isotropic Beam Change in

Natural Frequencies

For analytical methods of beam
like structures, the beam was
separated to two halves and

damage was considered to be a
massless rotational spring where

the stiffness of the spring
corresponds to the size of

the damage.

09 Yang et al.
[30]/2001 Isotropic Beam Change in Strain Energy

Modeled cracked beam as a
continuous system with varying

moment of inertia over the length
of the beam.

10

Roy Mahapatra
and

Gopalakrishnan
[31]/2003

Laminated Composite
Beam Dynamic Stiffness Method

Modeled cracked beam as a
continuous system with varying

moment of inertia over the length
of the beam.

11 Yong and Hong
Hao [32]/2003 Isotropic Beam and Plate Methods based on Change

in Natural Frequencies

Approximate reduction in the
elemental Young’s modulus at the

damaged location.

12 Ertugrul Cam et al.
[33]/2005 Isotropic Beam Change in

Natural Frequencies

Modeled the crack as v-shaped
groove by considering solid finite

element available in ANSYS.
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Table 1. Cont.

S.
No.

Reference
Cited/Year

Structure Considered
Method of

Damage Detection

Method of Crack Modeling in
Finite Element/Analytical

Approach

13 Loya et al.
[34]/2006 Isotropic Beam Change in

Natural Frequencies

For analytical methods of beam
like structures, the beam was
separated to two halves and

damage was considered to be a
massless rotational spring where

the stiffness of the spring
corresponds to the size of

the damage.

14 Sadettin Orhan
[35]/2007 Isotropic Beam Change in

Natural Frequencies

Modeled the crack as v-shaped
groove by considering solid finite

element available in ANSYS.

15 Yu et al. [36]/2007 Laminated Composite
Shell

Change in
Dynamic Response

Considered Piezoelectric patches
as sensors and actuators to realize
automatic damage detections in

this finite element model of
laminated composite shells
partially filled with fluid.

16 Peng et al.
[37]/2008 Isotropic Beam

Methods based on
Frequencies Response

Functions

Approximate reduction in second
moment of area of the

cross-section at the
damaged location.

17 Lu et al. [20]/2013 Isotropic Plate Change in
Dynamic Response

Approximate reduction in the
elemental Young’s modulus at the

damaged location.

18

Daniele Dessi and
Gabriele

Camerlengo
[38]/2015

Isotropic Beam
Natural Frequencies and

Modal strain Energy –
Based Methods

Damage was modeled as a
localized and uniform reduction

of the bending stiffness
distribution along the dimensional
coordinate of the damage. Thus,

the damaged beam of was
considered as the union of three
beam portions along its length.

19 Simon Laflamme et
al. [39]/2016

Wind Turbine Blade as
Cantilevered Composite

Taper Plate.

Methods Based on Change
in Strain

Damage is considered as a change
in the stiffness at the damaged
location of the laminate layer.

20 Zhi-BoYang et al.
[40]/2017

Laminated Composite
Plate

Two-Dimensional
Chebyshev Pseudo

Spectral Modal Curvature

In the damaged area of analytical
model, the local thickness is

reduced to 95% of the original
thickness of the plate.

21
Mohammad-Reza

Ashory et al.
[41]/2018

Laminated Composite
Plate

Modal Strain
Energy-Based Damage

Detection Methods

Assuming a spring model with six
degree-of-freedom between

adjacent layers corresponding to
the six stiffness components of an
orthotropic composite material,

the elastic moduli in the damaged
region was formulated by the

stiffness reduction vector.

22 Jingwen Pan et al.
[42]/2019

Laminated Composite
Curved Plate

Natural Frequency –
Based Methods

A “constrained mode” model was
developed by adding pair of

contact elements,
TARGE170/CONTAC173, between

the mating surfaces of the
delaminated area.

28 Bao et al. [43]/2017
Smart

Ultra-High-Performance
Concrete (UHPC) overlays

Fully-Distributed Fiber
Optic Sensor.

Developed delamination
detection system for smart

Ultra-High-Performance Concrete
(UHPC) overlays using a

fully-distributed fiber optic sensor.

45



J. Compos. Sci. 2020, 4, 185

Table 1. Cont.

S.
No.

Reference
Cited/Year

Structure Considered
Method of

Damage Detection

Method of Crack Modeling in
Finite Element/Analytical

Approach

29 Saravana Kumar
et al. [44]/2020

Glass/Epoxy Laminates
Hybridized with

Glass Fillers

Post Impact Flexural (FAI)
test and Acoustic Emission

(AE) monitoring

Investigated the low-velocity
impact induced damage behavior
and its influence on the residual
flexural response of glass/epoxy

composites improved with milled
glass fillers.

30 Markus Linke et al.
[45]/2020

Thin-Walled Composite
Plates

Modified
Compression-After-Impact

Testing Device

Investigated Failure mechanisms
of impact damage in composite

structures based on the
Compression After Impact (CAI)

test procedure

31 Maurizio et al.
[46]/2020 Composite Structures Strain measurement

Provided a state-of-the-art review
on strain detection techniques in

composite structures.

32 Meng et al.
[47]/2016 Composite Plate Flexural Strength

Studied the flexural behavior of
ultrahigh-performance concrete

panels reinforced with embedded
glass fiber-reinforced

polymer grids.

33 Stamoulis et al.
[48]/2019 Laminated Composites Hashin criterion

In this paper, a finite element
model based on explicit dynamics
formulations is adopted. Hashin
criterion is applied to predict the
intralaminar damage initiation
and evolution. The numerical

analysis is performed using the
ABAQUS programme.

34 Shweta et al.
[49]/2020 CFRP Composites Machine Learning

(ML) algorithms

This work contributes to the
improvement of intelligent

damage classification algorithms
that can be applied to health

management strategies of
composite materials, operating

under complex
working conditions.

35 Stelios et al.
[50]/2020

Carbon
Fiber-Graphene-Reinforced
Hybrid Composite Plates

Finite Element Analysis

In this study, a computational
procedure for the investigation of

the vibration behavior of
laminated composite structures,

including graphene inclusions in
the matrix, is developed.

The material properties required
to carryout the FEA are computed

using the rule of mixtures.

From the above table it is clearly evident that most of the pioneering researches focus on damage
detection in homogenous isotropic beam structures and a few in the recent past on laminated beam
and plate like structures using the above-mentioned crack modelling techniques. However, there has
not been much work on using the changes in curvature mode shapes for such detection purposes,
especially using the proposed node releasing technique in laminated plates. In all the above research
works the damage was considered as through the thickness perpendicular cracks and no research work
has been carried out to detect damage in laminated structures by considering the damage running
through partial thickness and also the slant cracks. Hence the present work concentrates on damage
detection in laminated composite rectangular plates with variable sized damages (both perpendicular
and slant cracks) using modal analysis through Finite Element Analysis (FEA). The FEA is carried out
using the Ansys Parametric Design Language (APDL) code. A sample of the code developed to model
the crack using the node releasing technique and do modal analysis of the laminated plate is given in the
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Annexure. The proposed method will provide the base data for implementing online structural health
monitoring of structures using the technologies such as Machine Learning and Artificial Intelligence
etc with the support of higher efficiency sensors as suggested by Zengshun Chen et al. [51]. The modal
behaviour of a cracked glass/epoxy composite plate is examined considering fundamental bending
modes only. A numerical investigation is carried out to determine the presence of crack and its
location through a linear approach based on changes in modal curvature. Furthermore, to validate
the numerical model, the experimental modal analysis is carried out on intact and cracked composite
plate specimens. The previous researchers mostly considered transverse through thickness cracks only
and detection of partial thickness damage in laminated composite structures is scarce. In this paper,
the single edge non-propagating open crack damage is modelled by the technique of releasing nodes
at damage location for various crack lengths and depths. Extensive parametric studies are required to
establish a reliable damage detection algorithm capable of detecting crack type damage in composite
plate structures. Two different orientations viz. transverse and angular partial depth cracks are studied
to investigate the effectiveness of three damage detection algorithms namely NCDF, Strain Energy
Difference (SED) and DIM.

2. Materials and Methods

2.1. Theoretical Background

2.1.1. Vibration of Laminated Composite Plate

The geometrical view of the rectangular laminated composite plate structure is shown in the Figure 1.

 
Figure 1. Geometrical sketch of the laminated composite plate with crack.

The notations of the length, width and height of the plate are L, W and h, Lc is the location of
the crack from the fixed end, a and b are the crack depth and length respectively. The equilibrium
differential equation for a free vibrating laminated composite plate is [48]

∂2MX

∂X2 +
∂2MY

∂Y2 + 2
∂2MXY
∂X∂Y

+ NX
∂2W
∂X2 + NY

∂2W
∂Y2 + 2NXY

∂2W
∂X∂Y

= ρh
∂2W
∂t2 (1)

where W is the displacement of the plate in the transverse direction (Z-axis), MX, MY, MXY and NX,
NY, NXY are the moments and forces in the middle plane and ρ is the density of the plate.

2.1.2. Damage Detection Algorithms

The measured experimental or numerical dynamic response data such as natural frequencies and
mode shapes are often accompanied with damage detection algorithms. This is because sometimes
these data are not readily available for implementation in detecting damage. By the usage of algorithms,
the useful data can be extracted thus neglecting external noise effects. The damage detection algorithms
used in this study are highlighted below.
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Curvature Damage Factor (CDF)

The second order derivative of mode shape known as the curvature mode shape was introduced by
Pandey et al. [17] for detecting damage in beams which is defined by 1-d curvature. In the present work,
the method is applied to a plate-like structure defined by 2-d curvature. The reduction in the bending
stiffness of the structure is observed when a crack or other type of damage is introduced which
will increase the magnitude of the curvature at the location of damage. By the usage of numerical
approach known as the central difference approximation, the modal curvature can be obtained from
the displacement mode shapes through finite element analysis as [20]

ϑ′′ =
ϑi+1 − 2ϑi + ϑi−1

le2 (2)

where ϑ′′ is the curvature, ϑ is the normalized mode shape, i is the node number and le is the length of
the element used in FE modelling. The absolute difference in the Curvature Mode Shape Difference
(CMSD) is given by

Δϑ′′ =
∣∣∣ϑ′′ (d) − ϑ′′ (u)∣∣∣ (3)

where ϑ′′ (d) and ϑ′′ (u) are the curvature mode shapes of the damaged and undamaged plates
respectively. The normalization of the above-mentioned parameter is carried out to obtain the
Normalized Curvature Mode Shape Difference (NCMSD) as [10]

Δϑ′′ =
[
1 +

Δϑ′′

max(Δϑ′′ ) −min(Δϑ′′ )

]2

(4)

The damage indicator in this method is simply a distinctive peak which appears in the plot of
absolute difference in curvature. However, for higher modes, the peaks appeared at locations other
than that of the damage. In order to minimize the misleading peaks, a parameter called Curvature
Damage Factor (CDF) was proposed by [19], which is the average of the absolute differences in the
modal curvature of the undamaged and damaged models. Mathematically, it can be expressed as

CDFi =
1
n

n∑
j=1

∣∣∣ϑ′′ (d) − ϑ′′ (u)∣∣∣ (5)

where j represents the mode number. Nevertheless, the above-mentioned parameter was still
unsatisfactory in completely diminishing the effect of misleading peaks. Hence, to improve the
accuracy of damage detection, an indicator called as NCDF (Normalized Curvature Damage Factor),
which is the average of Normalized Curvature Mode Shape Difference (NCMSD) between intact and
damaged structures of all modes of interest, has been used by [20]. It can be expressed as

NCDFi =
1
n

n∑
j=1

NCMSDi (6)

Modal Strain Energy-Damage Index Method (DIM)

The damage detection based on the changes in modal strain energy fraction was extended to
plate-like structures by Cornwell et al. [21]. This is considered as an extension of curvature mode
shape-based method since it exhibits a direct relation to modal curvature and it can be derived from
the same for beam and plate structures [13]. It provides an essential early warning of damage in the
structure even though the change in the response of the system caused by the damage is minimal.
The total strain energy, U of the laminated composite plate during elastic deformation is given by [22]
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U = 1
2

b∫
0

a∫
0
[D11

(
∂2w
∂x2

)2
+ D22

(
∂2w
∂y2

)2
+ 2D22

(
∂2w
∂x2

)(
∂2w
∂y2

)

+ 4
(
D16

∂2w
∂x2 + D26

∂2w
∂y2

)
∂2w
∂x∂y + 4D66

(
∂2w
∂x∂y

)2
]
dxdy

(7)

where w is the displacement in the transverse (Z-direction), a is length, b is width of the plate and Dij is
the flexural rigidity of the composite plate.

The theoretical basis of this method is that, if the primary location of the damage is at a sub-region,
then the change in the fractional modal strain energy will be significant in that area and constant at the
undamaged regions [49]. The strain energy associated with a sub-region in an undamaged plate for
the kth mode is given by

Uk,i j = 1
2

yj+1∫
yj

xi+1∫
xi

[
D11

(
∂2φk
∂x2

)2
+ D22

(
∂2φk
∂y2

)2
+ 2D22

(
∂2φk
∂x2

)(
∂2φk
∂y2

)

+ 4
(
D16

∂2φk
∂x2 + D26

∂2φk
∂y2

)
∂2φk
∂x∂y + 4D66

(
∂2φk
∂x∂y

)2
]
dxdy

(8)

where xi, xi+1 and yj, yj+1 represent the start and end points of the sub-region along the x and y axis
respectively as shown in Figure 2.

 
Figure 2. Schematic illustration of grid point arrangement in the plate.

Similar equations can be written for a damaged plate with displacement mode shapes, φk
∗.

The expression for fractal strain energy for an intact plate is given as

Fk,i j =
Uk,i j

Uk
(9)

Similarly, the fractal strain energy for a damaged plate with the mode shape φk
∗ is given by

Fk,i j
∗ =

Uk,i j
∗

Uk
∗ (10)

where Uk
∗ and Uk,i j

∗ are the total and sub-regional strain energies of the damaged plate. By taking into
consideration the measured fundamental mode shapes m, the damage index βi j in the sub-region is
given by

βi j =

∑m
k=1 Fk,i j

∗∑m
k=1 Fk,i j

(11)
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The normalization of the damage index is given as

Zij =
βi j − βi j

σi j
(12)

where βi j and σi j indicate mean and standard deviation of the damage index respectively.

Modal Strain Energy Difference (SED)

It is well known that a certain amount of strain energy is stored by a specific mode of vibration.
The damage induced in a structure alters the stiffness, thus affecting the natural frequency and the
displacement mode shape which are related to modal strain energy. The relation of strain energy with
a particular mode shape is given as [18]

Ui =
1
2

xk+1∫
xk

EI
(
∂2φk

∂x2

)2

dx =
1
2

xk+1∫
xk

EI(ϑ′′ )2dx (13)

It is also known that, the flexural stiffness of the structure and the curvature parameter in the
strain energy equation are interrelated. Thus, the stiffness reduction due to damage results in the
increase of the curvature. Therefore, for indicating the location of damage, the square of the curvature
mode shape found in the strain energy Equation (13) can be considered logically. The parameter for
damage Di by the concept of strain energy Ui given by the proportionality to the square of the modal
curvature is expressed as

Di ∝ (ϑ′′ )2 =

(
∂2φk

∂x2

)2

(14)

The damage indicator based on this method is defined as the absolute difference between the
square of the modal curvature of undamaged and damaged structure given by

SED =
∣∣∣∣ϑ′′ undamaged(x)

2 − ϑ′′ damaged(x)
2
∣∣∣∣ (15)

2.2. Numerical Modal Analysis

2.2.1. FE Modelling of the Laminated Composite Plate

The numerical modal analysis is carried out using commercial FE code ANSYS to formulate
the finite element model of intact and cracked glass fiber reinforced laminated composite plates for
investigating its free vibration behaviour. A laminated composite plate consisting of six plies [0]S
and [45]S is considered. The glass fiber is used as the reinforcement and epoxy resin as the matrix
with a unidirectional layup for the composite plates. The material properties calculated using rule
of mixtures (Appendix A) and used for the FE analysis are listed in Tables 2 and 3. The composite
plate has a length L = 500 mm, width W = 250 mm and depth h = 5 mm with each ply of thickness
0.833 mm, thus adding up to 6 layers. The FEA is carried out by employing a 3-D layered structural
solid element (SOLID185) which has 8 nodes and 6 degrees of freedom per node. The translations
and rotations about the X, Y and Z axes are the six degrees of freedom used in the analysis. The shell
section is utilized to define the layer configuration as shown in the Figure 3.
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Table 2. Properties of fiber and matrix.

Property Glass Fiber Epoxy Resin

Density, ρ (kg/m3) 2600 1200

Elastic Modulus, E (GPa) 72 1.2

Shear Modulus, G (GPa) 30 0.807

Poisson’s ratio, υ 0.25 0.3

Table 3. Properties of unidirectional laminated composite plate.

Property Value

Density, ρ (kg/m3) 1645

Elastic Modulus, Ex (GPa) 25.30

Elastic Modulus, Ey = Ez (GPa) 4.01

Shear Modulus, Gxy =Gxz (GPa) 1.55

Shear Modulus, Gyz (GPa) 1.49

Poisson’s ratio, υxy = υxz 0.28

Poisson’s ratio, υyz 0.35

 
(a) 

 
(b) 

Figure 3. Layer stack-up in FE modelling of the Laminated Composite plate (a) 0 Degree Lay-up;
(b) 45 Degree Lay-up.
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The bottom layer is defined as Layer 1 and the stacking of the other layers is done from bottom to
top along the positive Z-axis of the Cartesian coordinate system. The number of elements of the FE
models was finalized based on the convergence test (Figure 4) resulting in a mesh size of 12,000 elements
(100 along the length, 20 along the width and 6 along the depth). The natural frequencies and mode
shapes of the laminated composite plates are determined theoretically by carrying out Eigen value
modal analysis. The natural frequencies of the fundamental in-plane bending modes (Mode 1,2 and 3)
are extracted using the Block Lanczos method. The result from the FEA i.e., displacements is utilized
to determine the curvature mode shapes for damage detection. Validation of the FE model is done
through comparison with the experimental results.

 

Figure 4. Convergence of the FE mesh of the plate model.

2.2.2. Modelling of the Crack

The crack is modelled in the structure by the technique of releasing of nodes at the location of the
damage for the required damage depth ‘a’ and damage length ‘b’ as shown in Figures 1 and 5.

 

 
(a) (b) 

Figure 5. (a) FE model of cracked laminated composite plate, (b) Real plate with introduced crack.
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This causes a discontinuity in the FE model of the composite plate structure thus simulating the
scenario of damage. This technique allows modelling of damage through partial (in between layers)
instead of through-thickness, where the latter has been considered in almost all the previous works.
The size of the crack was considered as length (b/W) = 0.1, 0.3, and 0.5 for the depth (a/h) = 0.17, 0.33,
0.5, 0.67, 0.83 and 1 at 0.1 L, 0.2 L, 0.4 L and 0.6 L. The width of the crack is zero since it is considered
as air crack. The APDL code developed for the modeling of the crack and FE analysis is given in
the Appendix B.

2.3. Experimental Modal Analysis

The composite plate specimens were fabricated using unidirectional E-Glass fiber and Epoxy
Resin (LY556) through manual lay-up method via open moulding technique. The pictorial view of the
modal analysis setup with the fabricated composite plate specimen mounted on the fixture is shown
in Figure 6.

 
Figure 6. Experimental modal analysis.

The elastic properties of the composite are evaluated using a simple rule of mixture [50] by
knowing the properties of constituents (i.e., fiber and matrix) as obtained from the manufacturer and
their corresponding weight fractions in the composite plate. The material and calculated properties of
the composite are listed in Tables 2 and 3 respectively.

The cantilever edge fixity is achieved by clamping one end of the plate on a table using a bench-vice.
The plate specimen is divided into 10 × 5 grids along longitudinal and transverse directions with
50 impact points. A PCB Impact hammer is used to excite all the grid points in the composite plate and
the corresponding signal acquired from the force transducer is fed into NATIONAL INSTRUMENTS
(NI) USB 4311, 4 channel dynamic signal analyser data acquisition system. There lies a difficulty in
carrying out modal testing for the current thin-composite plate due to its lightweight and additional
masses on the structure significantly affects the output response. Thus, the PCB accelerometer is fixed
at the far end of the plate from the fixed end (at grid point 48) for measuring the acceleration outputs.
It should be noted that the mass of the plate (1.028 kg) is far higher than that of the sensor (4.5 g).

In the final step of the analysis, LABVIEW-based modal analysis software MODALVIEW is used
to extract the modal frequencies and displacement shapes by processing the Frequency Response
Functions (FRFs) as shown in Figure 7.

This process involves the curve fitting using least square method by the MODAL VIEW software
where each of the peaks of the FRFs indicates a single natural mode of vibration. The modal analysis
was carried out in the frequency domain to extract the structural dynamic characteristics especially
the natural frequencies and mode shapes which are the required characteristics for the present work.
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The crack has been induced in the structure using a 1mm thick hacksaw blade cutter at 0.1 L from the
fixed end of the plate.

 
Figure 7. FRF curve of cantilevered composite plate (UDL-[0]S) modal testing (curve fitting
range—0 to 280 Hz).

3. Results and Discussion

The natural frequencies and corresponding mode shapes for the first three fundamental bending
modes obtained through Finite Element Analysis (FEA) and Experimental Modal Analysis (EMA)
are listed in Tables 4 and 5 respectively for undamaged plates and Tables 4 and 6 for damaged
plates respectively.

Table 4. Natural frequencies of damaged and undamaged plates.

Mode

Before Damage After Damage

EMA
(Hz)

FEA
(Hz)

Δ (%)
EMA
(Hz)

FEA
(Hz)

Δ (%)

1 13.14 14.19 7.4 12.85 14.04 0.08

2 88.38 88.67 0.39 85.31 88.59 0.04

3 248.91 248.64 0.11 245.05 247.41 0.95

The differences in the natural frequencies obtained through both analysis is less than 8% and
1% before and after damage. Also, the displacement shapes obtained through FEA and EMA are
comparable with slight changes in the natural frequency since the fabricated plate is not exactly
rectangular and error in measurement at certain impact points. It may be observed that for Mode-1,
the difference in the values obtained through both analysis is more pronounced. The possible reasons
may be attributed to the complexity introduced by non-homogeneity of the structure or defects in the
fabricated specimens. Furthermore, the theoretical assumptions that are made in the FE modelling for
simplification can cause the numerical models to behave slightly different from the real-life modal
analysis tested specimens. The afore-mentioned comparison clearly shows that the FE model is
validated and can be used for studying the vibration behaviour of cracked glass fibre reinforced fibre
(GFRP) composite rectangular plates.
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Table 5. Natural frequencies and mode shapes (undamaged).

Mode EMA (Hz) FEA (Hz)

1

13.14
14.19

2

88.38 88.67

3

248.91 248.64

Table 6. Natural frequencies and mode shapes (damaged).

Mode EMA (Hz) FEA (Hz)

1

12.85
14.04

2

85.31 88.59

3

245.05 247.41

From the Table 7, it is evident that the percentage change in natural frequencies become more
pronounced with the increase of damage depth and length. For example, the least value of percentage
change (0.01 or even 0) occurs for the lowest damage depth ratio (a/h = 0.17) and damage length ratio
(b/W = 0.1). On the other hand, the maximum change (31.05) occurs in the third mode for the highest
a/h = 1.0 (through thickness damage) and b/W = 0.5. These variations in the frequency can be used to
determine the presence but not for localization of damage. To realize the sensitivity of the mode-shape
change for detection of damage, a test case is considered for crack size a/h = 0.1, b/W = 0.2 located at
0.2 L from the fixed end. The absolute difference in the mode shape is shown in Figure 8.
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Table 7. Variation in Natural frequencies in the plate structure for different crack lengths and depths.

a/h b/w

Change in Natural Frequencies (%)

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

[0]S [45]S [0]S [45]S [0]S [45]S [0]S [45]S [0]S [45]S

0.17

0.1 0.04 0.02 0.04 0.02 0.04 0.02 0.04 0.02 0.04 0.02
0.3 0.12 0.09 0.12 0.09 0.12 0.09 0.12 0.09 0.12 0.09
0.5 0.42 0.22 0.42 0.22 0.42 0.22 0.42 0.22 0.42 0.22

0.33

0.1 0.16 0.10 0.16 0.10 0.16 0.10 0.16 0.10 0.16 0.10
0.3 0.60 0.44 0.60 0.44 0.60 0.44 0.60 0.44 0.60 0.44
0.5 1.06 0.75 1.06 0.75 1.06 0.75 1.06 0.75 1.06 0.75

0.5

0.1 0.37 0.24 0.37 0.24 0.37 0.24 0.37 0.24 0.37 0.24
0.3 1.53 0.00 1.53 0.00 1.53 0.00 1.53 0.00 1.53 0.00
0.5 2.80 0.00 2.80 0.00 2.80 0.00 2.80 0.00 2.80 0.00

0.67

0.1 0.59 0.38 0.59 0.38 0.59 0.38 0.59 0.38 0.59 0.38
0.3 3.12 2.28 3.12 2.28 3.12 2.28 3.12 2.28 3.12 2.28
0.5 6.16 4.46 6.16 4.46 6.16 4.46 6.16 4.46 6.16 4.46

0.83

0.1 0.73 0.49 0.73 0.49 0.73 0.49 0.73 0.49 0.73 0.49
0.3 5.37 4.00 5.37 4.00 5.37 4.00 5.37 4.00 5.37 4.00
0.5 12.58 9.36 12.58 9.36 12.58 9.36 12.58 9.36 12.58 9.36

1.0

0.1 1.38 0.87 1.38 0.87 1.38 0.87 1.38 0.87 1.38 0.87
0.3 10.33 7.71 10.33 7.71 10.33 7.71 10.33 7.71 10.33 7.71
0.5 23.73 18.5 23.73 18.5 23.73 18.5 23.73 18.5 23.73 18.5

 
Figure 8. Absolute Difference between Displacement Mode Shapes for Intact and Damaged Composite
Plate [0]S with damage at 0.2 L for a/h = 1.0 and b/W = 0.2.

From the graph, it is observed that the detection of damage using the change of mode shapes is
very difficult as evidenced in the existing studies. Hence, the sensitivity of the second order derivative
of the displacement mode shape (Modal Curvature) is examined in the following sections with a
motivation from similar approaches in the literature.

Through the observation of natural frequencies and mode shapes obtained for undamaged and
damaged structures, the presence of damage cannot be identified truthfully. It is hard to detect small
sized crack damages based on the afore-mentioned modal parameters alone. The following section
investigates the detection capability of modal curvature and its derivative parameters such as NCDF,
DI and SED. The Figures 9 and 10 show the mapping of NCDF for various crack locations along the
longitudinal edge of the plate i.e., 0.1 L, 0.2 L, 0.4 L, 0.6 L and for damage size, a/h = 0.33 and b/W = 0.5
for [0]S and [45]S.
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(a) (b) 

 
(c) (d) 

Figure 9. Normalized Curvature Damage Factor (NCDF) for cantilever composite plate [0]S with
damage size for a/h = 0.33 and b/W = 0.5 at (a) 0.1 L (b) 0.2 L (c) 0.4 L (d) 0.6 L.

 
 

(a) (b) 

  
(c) (d) 

Figure 10. NCDF for cantilever composite plate [45]S with damage size for a/h = 0.33 and b/W = 0.5 at
(a) 0.l L (b) 0.2 L (c) 0.4 L (d) 0.6 L.
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A distinctive peak is observed in all four plots, revealing the location of the crack. It can be noted
that the normalization of the curvature damage factor has minimized the misleading peaks in regions
away from the damage location. Irrespective of the location of the crack in the structure, NCDF clearly
indicates the presence and location of the damage.

In all the above cases of damage detection, the NCDF value is computed at the central axis of the
composite plate structure even though the damage is located far away from the central axis. This is
considered for the sake of requirement of minimum number of sensors for mode shape measurement
through experimental methods. The NCDF is unable to detect the damage in plate structures if
b/W < 0.5 for any value of damage depth ratio as shown in Figure 11.

(a) 0 degree (b) 45 degree 

Figure 11. Variation of the NCDF over depth of layers at L_c/L = 0.1 in cantilever composite plate
(a) [0]S; (b) [45]S.

Therefore, due to the limitation of the NCDF computed at central axis in detection of damage
located at a distance from the central axis in plate-like structures, the damage indicator is computed
at selected points on top surface of the plate. The following section examines the damage detection
through NCDF and the damage detection algorithms based on modal strain energy i.e., SED and DI.

• Case 1: [0]S Layup

The NCDF, SED and DI for damage located at 0.1 L with a/h = 0.33, 0.5 and b/W = 0.2, 0.25 to 0.5
(crack located at a distance from the longitudinal edge) in the cantilever composite plate [0]S are shown
in Figure 12.

From these plots, the location of damage is clearly detected through the appearance of characteristic
peak at damage location. The results obtained are encouraging as it can be clearly seen that all the
three algorithms perform fairly by indicating the presence of the damage as peaks, though SED shows
a few extra peaks at other locations as well.

• Case 2: [45]S Layup

Figure 13 shows the plots for the three damage detection algorithms for a crack inclined at 45◦ to
the longitudinal axis of [45]S for two sizes of damage, a/h = 0.17, 0.33 and b/W = 1 (through the width
of the plate).

It can be inferred that NCDF clearly shows the peak and DI to some extent throughout the length
of the crack across the width of the plate. Nevertheless, SED does not indicate the presence of crack
as a few peaks are observed in both damage depth ratio cases and the damage is barely discernible.
In NCDF, although the peak occurred at region surrounding the location of the surface crack, it can be
observed that a few peaks emerged in locations away from the damage. It can also be noticed that the
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magnitude of the peak increases as the size of the damage increases which can be attributed to the
corresponding loss in stiffness.

Since a plate structure is characterized by a two-dimensional curvature, it is interesting to
investigate the effectiveness of the three damage detection algorithms mapped using the displacement
response obtained at the lateral axis (Y-direction). It can be clearly seen from Figure 14 that NCDF
shows the presence of damage throughout the width of the plate followed by Damage Index which
shows the presence of damage up to some extent. The SED shows a bare minimum of a few peaks thus
it cannot be applied as a potentially viable damage detection algorithm in comparison with the other
two for slant cracks.

 
Damage 

Detection 
Algorithm 

Damage Size Ratio (a/h and b/W) 

a/h = 0.33 and b/W = 0.2 a/h = 0.5 and b/W = 0.25 to 0.5 

NCDF 

  

SED 

  

DI 

  

Figure 12. Cantilever composite Plate [0]S with damage at 0.l L for a/h = 0.33 and b/W = 0.2, a/h = 0.5
and b/W = 0.25 to 0.5 (a) NCDF (b) SED (c) DI.
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Damage 

Detection 
Algorithm 

Damage Size Ratio (a/h) 

0.17 0.33 

NCDF 

  

SED 

  

DI 

  

Figure 13. Composite Plate [45]S with damage at 0.1 L inclined at 45◦ for a/h = 0.17,0.33 and b/W = 1
(a) NCDF (b) SED (c) DI.

(a) (b) 

 
(c) 

Figure 14. Cantilever Composite Plate [45]S with damage at 0.1 L inclined at 45◦ for a/h = 0.33 and
b/W = 1 (a) NCDF (b) SED (c) DI plotted in Y-Direction.
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4. Conclusions

The main objectives of this investigation are to ascertain the effectiveness of existing damage
detection algorithms for laminated composite plate structures and observe their relative merits.
Three damage detection algorithms are investigated to detect transverse and angular cracks.
The damaged plate is successfully modelled using the novel method called as node releasing technique
in a modal analysis by employing Finite element analysis. The reliability of the model is ensured by
carrying out the convergence test and an experimental modal analysis which shows positive agreement
to the numerical results. This study considers only the fundamental bending modes of the plate
structure before and after the damage. The changes in natural frequency for various crack sizes are
analysed and it could be concluded that the percentage change in the values increase with increasing
size of the damage. The ineffectiveness of absolute mode shape difference as a tool for identifying the
presence of damage led to the investigation of the damage indicators based on Curvature Mode shape
(CMS) and modal strain energy.

The study based on NCDF shows that it is incapable of detecting damages for b/W < 0.5 for all
damage depth ratios. This limitation is attributed to the fact that the computation of the damage
indicator is carried out using the data recorded at the central axis of the plate and the location of the
damage is far away from it. Thus, the algorithm is calculated at selected points at the top surface of the
plate to examine the sensitivity of the three damage detection algorithms. The plots of NCDF, SED and
DI clearly indicate the presence of the damage for transverse cracks in [0]S and [45]S in the form of
distinguishing peaks at the damage location. In the case of damages located at a distance from the
edge of the plate and in-between the layers, all the three algorithms display distinctive peaks. For the
slant crack, NCDF detected the presence of damage better than the other two damage indices due to
its incapability.

Further investigation can consider sensitivity analysis of the afore-mentioned damage indicators
for multiple damages of various sizes in complex engineering applications such as non-circular
cylindrical, conical and double curvature spherical shell structures. Also, exploration can be extended
for upcoming complex fiber configurations such as 3-d pinned woven fabric and other types of damages
in composites such as sub-surface defects.

The following are the future works may be implemented for damage detection in laminated
composite structures based on the present work:

• In the present work, the damage detection is examined using the theoretical modal analysis of the
composite plate structures with the help of the damage detection algorithms. The informative
data of the damaged structures predicted by the theoretical method of damage detection can be
useful for the purpose of implementing online structural health monitoring/condition monitoring
via the emerging technologies like augmented reality, digital twin of products/structures in real
life applications with the support of Internet of Things (IOT), neural networks and artificial
intelligence like concepts.

• The findings of the theoretical damage detection procedure may be used as pre-requisites in the
field of engineering fracture mechanics to predict the remaining life of the damaged structures in
order to avoid sudden failure of the structures.

• Even though, the damage detection methods used in the present work are concentrated on the
detection of damage which exists from top surface to partial thickness of a laminated composite
structure, these methods may be extended to examine the effectiveness of damage detection
methods based on curvature mode shape in detecting the sub-surface damage of a laminated
composite structure.
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Appendix A

Micromechanical Analysis of Laminated Composite Plate:

Weight of the Unidirectional fiber = 950 g/m2 (GSM) (A1)

Area of fiber = 0.565*0.3 m2 (A2)

Area of six layers of fiber = 0.565*0.3*6 m2 = 1.0509 m2345 (A3)

Mass of fiber of the fabricated laminate, mf = 1.0509 m2*0.95 kg/m2 (A4)

mf = 0.965 kg (A5)

Fiber weight fraction, Wf =
wf

wc
=

0.965
1.883

(A6)

Wf = 0.51248 (A7)

Density of the laminated composite is given by

1
ρc

=
Wf

ρf
+

1−Wf

ρm
(A8)

1
ρc

=
0.51248

2.54
+

1− 0.51248
1.2

(A9)

ρc = 1645 kg/m3 (A10)

Fiber volume fraction, vf =
ϑf

ϑc
= 0.3318 (A11)

vf = 0.3318 (A12)

Evaluation of Elastic Moduli
E1 = Efvf + Em (1− vf) (A13)

E1 = (72*0.3318) + (2.1*(1 − 0.3318)) (A14)

E1 = 25.295 Gpa (A15)

From the stress—strain graph obtained from UTM test,

E11 = 24.64 Gpa (A16)

E2 = Em

[
Ef + Em + (Ef − Em)vf

Ef + Em − (Ef − Em)vf

]
(A17)

E2 = 2.1
[

72 + 2.1 + (72− 2.1)0.3318
72 + 2.1− (72− 2.1)0.3318

]
(A18)

E2 = E3 = 4.0137 Gpa (A19)

Evaluation of Poisson’s Ratio

υ12 = υfvf + υm(1− vf) (3.15) (A20)
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υ12 = 0.25*0.3318 + 0.3(1 − 0.3318) (A21)

υ12 = υ13 = 0.2834 (A22)

υ23 = υfvf + υm(1 − vf )

[
1 + υm − υ12Em/E11

1− υm2 + υmυ12Em/E11

]
(A23)

υ23 = 0.25*0.3318 + 0.34(1 − 0.3318)
[

1 + 0.3− 0.2834 ∗ (2.1/25.295)
1− 0.32 + 0.2834 ∗ 2.1 ∗ (2.1/25.295)

]
(A24)

υ23 = 0.3496 (A25)

Evaluation of Rigidity Moduli

G12 = Gm

[
Gf + Gm + (Gf −Gm)vf

Gf + Gm − (Gf −Gm)vf

]
(A26)

G12 = 0.807
[

30 + 0.807 + (30− 0.807) ∗ 0.3318
30 + 0.807− (30− 0.807) ∗ 0.3318

]
(A27)

G12 = G13 = 1.547 Gpa (A28)

G23 =
E22

2(1 + υ23)
(A29)

G23 =
4.0137

2(1 + 0.3497)
(A30)

G23 = 1.487 Gpa (A31)

Appendix B. A Sample ANSYS APDL Code Developed for Modal Analysis of the Cantilevered
Composite Plate Structure with Damage

/CLEAR
/PREP7
/title,solid185
ET,1,solid185
KEYOPT,1,3,1
!KEYOPT,1,2,2
KEYOPT,1,8,1
SECTYPE,1,SHELL
SECDATA,.000833,1,0,9
MP,EX,1,39.805E9
,EY,1,9.98E9
,EZ,1,9.98E9
,PRXY,1,0.263
,PRYZ,1,0.318
,PRXZ,1,0.263
,GXY,1,3.98E9
,GYZ,1,3.78E9
,GXZ,1,3.98E9
,DENS,1,2082.18
N,1
,11,0.045
FILL
NGEN,21,11,1,11,1„,0.012
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ngen,7,231,1,231,1„0.000833
e,12,13,2,1,243,244,233,232
EGEN,10,1,-1
EGEN,20,11,1,10,1
egen,6,231,1,200,1
N,1618,0.045
,1708,0.45
FILL
NGEN,21,91,1618,1708,1„,0.012
ngen,7,1911,1618,3528,1„0.000833
e,1709,1710,1619,1618,3620,3621,3530,3529
EGEN,90,1,-1
EGEN,20,91,1201,1290,1
egen,6,1911,1201,3000,1
NSEL,S,LOC,X,0.045
NSEL,R,LOC,Z,0,0.12
NSEL,A,LOC,Y,0,0.002499
NUMMRG,NODES
ALLSEL
!LSEL, S, LINE, ,1
!LSEL, A, LINE, ,3
!LSEL, A, LINE, ,6
!LSEL, A, LINE, ,8
!CM,TH,LINE
!CMSEL„TH
!LESIZE,TH, , ,1, , , , ,1
!D,1,ALL„,664,51
nsel,s,loc,x,0
d,all,all
allsel
FINISH
/SOLU
ANTYPE,MODAL
MODOPT,LANB,6
SOLVE
FINISH
/POST1
SET,LIST
SET,FIRST
PLDISP,1
nsel,s,loc,z,0.12
nsel,r,loc,y,0.002499
PRNSOL,U,Y
SET,NEXT
SET,NEXT
PLDISP,1
PRNSOL,U,Y
SET,LAST
PLDISP,1
PRNSOL,U,Y
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Abstract: Through the past two decades, there has been a continued push for renewable resources
and future sustainability of materials and processes. This has prompted more developments of
providing environmentally friendly practices and products, both in terms of higher recyclability and
greater use of renewable resources. An important area of interest are materials for construction and
manufacturing purposes, specifically “green” sustainable reinforcement materials for thermoplastic
composite materials. During this time, there has also been an evolution in manufacturing methods.
Additive manufacturing (AM) has continued to grow exponentially since its inception for its extensive
benefits. This study aims to investigate an additive manufactured composite material that is a greener
alternative to other composites that are not reinforced by natural fibers. A bamboo filled polylactic
acid (PLA) composite manufactured by fused filament fabrication was evaluated in order to gather
mechanical strength characteristics by means of tensile, flexure, compression, impact, and shear
tests. In this material, the bamboo reinforcing material and the PLA matrix material can both be
sourced from highly renewable resources. In this study, a variety of test samples were manufactured
at different manufacturing parameters to be used for mechanical testing. The results were recorded
with respect to varying manufacturing parameters (raster angle orientation). It was found that the 0◦
raster angle orientation performed the best in every category except tensile. Additively manufactured
bamboo filled PLA was also seen to have comparable strength to certain traditionally manufactured
bamboo fiber reinforced plastics.

Keywords: fused filament fabrication; PLA; bamboo; mechanical strength

1. Introduction

Growing demand for renewable resources and environmentally friendly practices have prompted
research in many different areas [1–3]. One of which includes the mechanics (or strength) of materials.
Plastics are especially notorious for negative environmental impact. Plastics are polymers, which consist
of repeated monomers (simple molecules) that are covalently bonded to one another in a chain like
structure. The benefits of such polymers are widely known and utilized, such as excellent strength to
weight ratio as well as resistance to corrosion. In order to further increase the strength of the material
while retaining the benefits of polymers, composite materials have been created to attempt to combine
the advantageous properties of multiple materials while minimizing the disadvantages. One type of
composite material incorporates continuous or chopped fibers of a strengthening material within a
matrix polymer. Many polymer-matrix composites have been investigated and they have been widely
used across many industrial applications. One of the most common is carbon fiber reinforced polymers
(CFRP). However, with growing demand for sustainable and biodegradable materials, carbon fiber is
not ideal, because much of it is manufactured using a petroleum-based product [4,5]. Additionally, it is
manufactured using a variety of other costly materials and methods, making it not economical for many
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applications. Using natural fibers in composites provides a sustainable reinforcement material that
could potentially address the growing demand for renewable environmentally friendly materials [6].

The cellulosic fibers found in bamboo is a natural fiber that can address this demand [7,8].
Bamboo is a perennial flowering plant in the grass family [9]. Bamboo is often referred to as a tree for
its tree-like appearance and size. It is also known as one of the fastest growing plants and is easily
harvested which make them especially attractive for sustainability and renewability [7]. Some stronger
species of bamboo have structural properties that are similar to high grade hardwoods [10]. However,
there are some difficulties that are seen when using bamboo fibers in composites. The extraction of
consistent quality bamboo fibers due to brittleness, as well as variations of strength, depending on
the well-being of the plant harvested, are just a few reasons for fiber strength variability [11,12].
Another challenge that has been seen is forming interphase between the polymer-matrix and bamboo
fibers [5]. Adding an agent to promote bonding between the two phases has become standard for
bamboo fiber reinforced polymers [5,11].

The manufacturing of composites can sometimes prove to be challenging, depending upon the
reinforcement filler, matrix material, manufacturing structure, and others. Automating this task
through additive manufacturing (AM) can relieve some of the challenges seen while also providing
the additional benefits of AM. Additive manufacturing is the process in which a part is created
by depositing material layer by layer. Some of the major and widely known benefits of additive
manufacturing process are rapid prototyping, increased geometric complexity possibilities, low volume
production affordability, etc. The process of fused filament fabrication (FFF) has been a major building
block in AM polymer-matrix composites. FFF is the process in which a thermoplastic filament is heated
and extruded through a nozzle that moves around a build plate to construct a layer of a part. Next,
the nozzle moves vertically up by one layer thickness and the next layer is added on top of the previous
layer. This continues until the part is fully constructed. Many composites have been investigated and
successfully manufactured while using FFF. Some machines incorporate continuous reinforcement
fibers placed in between layers of polymer [13–15], while other AM composites are produced using a
filament in which already incorporates a chopped or ground reinforcement material [16–20]. A variety
of types of natural reinforcement materials have been evaluated for FFF, such as cork and hemp [21,22].
One such FFF filament is a bamboo filled polylactic acid (PLA). Utilizing an AM process to produce a
bamboo filled PLA component fulfills renewable and biodegradable requests for new materials by
creating a material that is fully biodegradable and made from renewable materials.

Research has been completed on areas, such as mechanical and thermal properties of bamboo fiber
reinforced epoxy and polymer composites manufactured by traditional means [23–27]. Research has
also been conducted on the preparation of a bamboo filled PLA material intended for AM [28]. However,
no research could be found on the mechanical properties of AM bamboo filled composite material.
Presenting the mechanical strength of an AM bamboo filled PLA will result in readily available data,
which could aid in the comparison and future advancement of modern manufacturing techniques
of bamboo reinforced polymer composites. Anisotropy is regularly apparent in the parts produced
due to the nature of the AM process. This requires the evaluation of material properties with respect
to the AM build parameters. This paper aims to evaluate the mechanical properties of AM bamboo
filler reinforced PLA properties accounting for varying raster orientation (orientation angle at which
print infill lines are deposited). Testing utilized in the evaluation includes density, tensile, flexural,
compression, impact, and shear.

2. Materials and Methods

2.1. Materials

All of the specimens used in this study were manufactured using a Flashforge Creator Pro (Zhejiang
Flashforge3D Technology Co., Jinhua, China) with a 0.6mm nozzle. This nozzle size is slightly larger
than usual nozzle sizes used for non-filled polymers, but is in line with common recommendations for
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composite materials that were used in FFF. Makerbot Desktop slicing software (Makerbot Desktop,
Makerbot, Brooklyn, NY, USA) [29] was used for G-code compilation. Depending on the mechanical
test, the following raster orientation were evaluated: 0◦, 90◦, alternating 0◦/90◦, and alternating
−45◦/45◦. The bamboo filled PLA filament was manufactured by eSUN and is sold under the material
name EBamboo [30]. Table 1 presents all of the relevant build parameters for the specimens.

Table 1. Print Parameters Used for All Specimen Creation.

Parameter Value

Infill Style Lines
Infill % Solid (100%)
Nozzle 0.6 mm

Layer Height 0.2 mm
Contours/Shells 2

Nozzle Temperature 230 ◦C
Build Plate Temperature 50 ◦C

Print Speed 60 mm/s

Limited information pertaining to the bamboo filled PLA filament was available from the
manufacturer. In order to gain a better understanding of the composition of the filament, the percentage
of bamboo filler to PLA matrix was estimated by testing samples of the bamboo filament and recording
volume measurements taken on Micromeritics AccuPyc II 1340 pycnometer (Micromeritics Instrument
Corporation, Norcross, GA, USA). The mass of the samples was then recorded and used to calculate
the density of the filament. This process was also completed with standard PLA filament available
from eSUN, assumed to be the same as the EBamboo matrix material. An average density of 0.9 g/cm3

was assumed for bamboo. The percentage of bamboo filler in the material was determined to be 11.8%
using Equation (1).

ρcomposite − ρmatrix

ρreinforcment − ρmatrix
= % o f Filler Material (1)

FFF of the bamboo filled PLA composite produced satisfactory high-quality parts with limited
defects and it was easily printed. It has a light brown color similar to bamboo with a woody-like
texture and aroma, very similar to other wood-filled polymers available for FFF. Figure 1 displays
magnified cross sectional views of the filament with the right side of the figure being powder size
distribution measurements. Darker brown spots are the bamboo particles that are infused into the
composite material. Through image processing, the bamboo could be isolated from the PLA matrix,
and powder size measurements were taken. Assuming the measured areas to be circular, the powder
sizes ranged from 5 μm to 35 μm in diameter. Figure 2 shows an average representation of print quality
of Bamboo/PLA FFF printed parts. As can be seen, the parts printed well and were of high quality.
Few defects were present and only in areas where the nozzle started/stopped. These problems can
likely be reduced/removed by fine-tuning retraction settings and/or by using a Z-hop maneuver.

Figure 1. 150×Magnified Top View of Filament (Left) and Process Image for Bamboo Powder Size
Evaluation (Right).
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Figure 2. Example of representative printed part quality.

One potential cause for concern was the degradation of bamboo during the AM process.
The filament was extruded at a temperature of 230 ◦C in this study. Prior research has evaluated
thermal degradation of bamboo reinforced epoxy composites through Thermogravimetric Analysis
(TGA). It was found that degradation occurred at 250 ◦C independent upon filler percentage. Contrary,
specifically, Bambusa vulgaris fibers showed low thermal stability and degradation occurring at
220 ◦C [31]. It should be noted that, during TGA, the temperature was increased at a rate of 10 ◦C/min.
Being that the TGA process slowly heated the material (10 ◦C/min), it cannot be directly compared to
the AM extrusion process where the filament is heated to 230 ◦C and then immediately starts cooling.
However, we could expect very little bamboo degradation during the FFF process that was based on
the previous research [31].

2.2. Mechanical Testing

Each specimen’s cross-sectional area was measured at multiple locations along the test section
prior to conducting testing, as per the American Society for Testing and Materials (ASTM) testing
standard for each test type. These cross-sectional area measurements were then averaged and used
to calculate stress/strain for each test. Tensile, flexural and shear tests were all conducted using an
MTS Insight load frame with a 5 kN MTS load cell. Compression testing was completed on an MTS
Landmark load frame with a 100 kN load cell.

For each type of mechanical test conducted, samples from a variety of raster angles were tested,
similar to [32]. In all cases, raster angles of 0◦ are the printing orientation that aligns the toolpath in
the lengthwise direction (strongest orientation). The orientation angle increases in the CCW direction
that was measured from the specimen’s longitudinal axis. The different raster angles employed in this
study are shown in Figure 3, where the x-axes represent the specimen’s longitudinal axis.

 
Figure 3. Raster Orientations 0◦, 90◦, 0◦/90◦, −45◦/45◦, respectively from left to right.
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2.2.1. Tensile

Tensile tests were conducted in accordance to ASTM D638 Standard Test Methods for Tensile
Properties of Plastics [33]. Tensile tests were displacement controlled at a rate of 5 mm/min. while data
(force, grip displacement, and strain) was collected at a rate of 100 Hz. Strain was measured using an
MTS Model 634.31F-24 extensometer (MTS, Eden Prairie, MN, USA). Six specimens of each of the four
raster orientations were tested. The dimensions of the tensile specimens follow Type IV in ASTM D638,
which means cross sectional areas of approximately 6 mm × 4 mm.

2.2.2. Flexural

Flexural specimens were tested in accordance to ASTM D790 Standard Test Methods for Flexural
Properties of Unreinforced and Reinforced Plastics and Electrical Insulating Materials [34]. Flexural tests
were conducted using an MTS 3-point flexure fixture with a support span of 5 cm, while displacement
controlled at a rate of 1.3 mm/min. Following the recommendations for specimen size in ASTM D790
leads to samples of cross-sectional area of 4 mm × 12.7 mm.

2.2.3. Compression

Compression tests were completed in accordance to ASTM D695 Standard Test Method for
Compressive Properties of Rigid Plastics [35]. Two platens that were attached to each grip were used to
apply the compressive load while the displacement of each specimen was measured with the built-in
linear variable differential transformer (LVDT). The tests were displacement controlled at a rate of
1.3 mm/min. Specimens were round cylinders measuring approximately 12.75 mm in diameter and
50 mm in length. Due to the simplicity/symmetry of the geometry, the 0◦ and 90◦ as well as the
0◦/90◦ and −45◦/45◦ raster orientations were effectively the same. Therefore, six specimens of just two
orientations (0◦ and −45◦/45◦) were tested (see Figure 4).

 
Figure 4. Example Compression Specimens Before (Left) and After (Right) Testing.

2.2.4. Impact

The impact tests were conducted in accordance to ASTM D256 Standard Test Methods for
Determining the Izod Pendulum Impact Resistance of Plastics while using a calibrated custom build
Izod Impact tester [36]. Figure 5 shows a picture of the Impact testing setup along with an example of
impact specimens. Six specimens of 0◦, 90◦, and −45◦/45◦ raster orientations were tested.
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Figure 5. Impact Testing Setup (Left) and Examples of Impact Testing Specimens (Right).

2.2.5. Shear

The shear tests were conducted in accordance to ASTM D5379-19 Standard Test Method for Shear
Properties of Composite Materials by the V-Notched Beam Method using a v-notched beam test fixture
as shown in Figure 6 [37]. Prior to testing, the specimens were prepped for digital image correlation
(DIC) strain measurement by spray painting a fully white background and then black speckles were
applied by spray paint can. The speckles would be tracked by DIC software. Three specimens of 0◦,
90◦, and −45◦/45◦ raster orientations were tested.

 
Figure 6. Shear Test Setup after Specimen Failure (Left) and Prepped Specimens for Shear Test (Right).

Strain data were collected while using a custom created DIC capture system. This system uses a
LabView program that captures and image and a load cell measurement simultaneously. The pictures
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are captured using an Allied Vision Technologies Marlin F-046 camera (Allied Vision Technologies,
Stadtroda, Thuringia, Germany). Pictures and corresponding load values are then converted into
stress/strain values using GOM Correlate [38].

3. Results

3.1. Tensile

The average tensile testing results with standard deviations are shown for each raster orientation
in Table 2. Figure 7 shows representative stress-strain curves of each raster orientation.

Table 2. Tensile Testing Results.

Raster Orientation
Ultimate Tensile
Strength (MPa)

Modulus of
Elasticity (GPa)

Yield Stress (MPa)
Maximum

Elongation (%)

−45◦/45◦ 32.50 ± 0.92 2.63 ± 0.16 30.33 ± 1.22 3.161 ± 0.64
0◦ 29.21 ± 0.98 2.36 ± 0.09 27.64 ± 0.75 2.428 ± 0.49

90◦ 31.10 ± 1.53 2.49 ± 0.15 29.38 ± 1.63 3.502 ± 0.96
0◦/90◦ 30.00 ± 1.23 2.49 ± 0.14 27.50 ± 1.52 5.074 ± 1.23

Figure 7. Representative Tensile Stress-Strain Curves.

All of the raster orientations resulted in comparable ultimate tensile strengths with variations
between the four orientations. However, there was a notable difference seen in the ductility of the
material, depending on raster orientation. The 0◦/90◦ orientation was found to be the most ductile.

3.2. Flexural

Table 3 shows the average flexural testing results and standard deviations for each raster orientation.
Figure 8 displays representative stress-strain curves from the flexural testing for each raster orientation.

Table 3. Flexural Testing Results.

Raster Orientation
Ultimate Flexural

Strength (MPa)
Modulus of

Flexure (GPa)
Yield Stress (MPa)

Maximum
Elongation (%)

−45◦/45◦ 56.76 ± 3.00 2.40 ± 0.14 48.50 ± 2.77 4.224 ± 0.22
0◦ 54.57 ± 1.44 2.26 ± 0.05 46.33 ± 1.96 4.581 ± 0.49

90◦ 49.35 ± 1.65 2.15 ± 0.12 41.50 ± 2.55 4.001 ± 0.36
0◦/90◦ 52.38 ± 0.82 2.22 ± 0.04 44.45 ± 2.26 4.481 ± 0.46
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Figure 8. Representative Flexural Stress-Strain Curves.

The 90◦ orientation resulted in the lowest ultimate flexural strength as well as the least ductility.
This result matches intuition. Because it should be expected that side by side bonding would be not
as strong as continuous length of material extruded (as in the 0◦ direction). The 0◦ and −45◦/45◦
orientation produced higher ultimate flexural strengths. Alternating orientation of 0◦/90◦ had lower
strength at the benefit of better ductility. Overall, the 0◦ orientation had the best fracture toughness by
having comparable strength to the best results, while also being the most ductile.

3.3. Compression

The average results and standard deviations from compression testing is shown in Table 4.
No significant difference was seen in the compressive properties between the different orientations.
Figure 9 illustrates the representative compressive stress–strain curves.

Table 4. Compression Testing Results.

Raster Orientation
Ultimate Compressive

Strength (MPa)
Compressive Modulus

(GPa)

−45◦/45◦ 48.55 ± 4.31 1.89 ± 0.05
0◦ 48.07 ± 2.43 1.95 ± 0.09

Figure 9. Representative Compressive Stress-Strain Curves.

3.4. Impact

Izod impact tests were conducted in order to record the energy absorption of the material before
fracturing in a fast impact fracture. Table 5 shows the average results and standard deviation for
various raster orientations. Significant differences were seen between the varying orientations. The 0◦
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orientation clearly performed the best with an impact energy absorption double the −45◦/45◦ and triple
the 90◦.

Table 5. Izod Impact Testing Results.

Raster Orientation Impact Energy (J/m)

−45◦/45◦ 21.01 ± 0.84
0◦ 42.94 ± 1.22
90◦ 13.94 ± 2.68

3.5. Shear

The ultimate shear strength and shear chord modulus of elasticity were recorded from shear
tests. Table 6 shows the results. Figure 10 shows shear stress–strain curves. It can be noted that all
of the shear tests show brittle behavior. The 0◦ orientation had the highest ultimate shear strength
(29 MPa) when compared to the other orientations, as expected. The −45◦/45◦ orientations had the
lowest ultimate shear strength at 25 MPa. Interestingly, the 0◦ orientation also had the lowest shear
modulus of elasticity.

Table 6. Shear Testing Results.

Raster Orientation
Ultimate Shear
Strength (MPa)

Shear Chord Modulus
of Elasticity (GPa)

−45◦/45◦ 25.11 ± 4.371 1.32 ± 0.25
0◦ 29.13 ± 0.97 1.13 ± 0.34
90◦ 26.84 ± 2.06 2.07 ± 0.68

Figure 10. Representative Shear Stress-Strain Curves.

4. Discussion

The composite material that was evaluated in this study used bamboo as a reinforcement material,
not fibers, but a bamboo powder filler. Bamboo’s sustainable natural reinforcement fibers provides an
environmentally friendly option to compete with other composites. Specifically, bamboo infused PLA
for AM is a topic that has limited data available.

From the results of the testing in this study, orientation had little effect on ultimate tensile strength
with all orientations being within 3 MPa of each other. However, a more notable change in ductility was
seen in different orientations. The 0◦ orientation was seen to be the least ductile at a maximum elongation
of 2.428 ± 0.49%, while the 0◦/90◦ orientation was the most ductile at 5.074 ± 1.23%. Flexural testing
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showed slight changes that were based on orientation. The 0◦ orientation was determined in order to
perform the best under flexure, for it had nearly the highest ultimate flexure strength while also being
the must ductile, providing the highest fracture toughness. Compression testing concluded that there
were no notable differences in mechanical strength between orientations and similar results can be
expected independent upon orientation. Impact testing found that nearly triple the amount of impact
energy can be absorbed in the 0◦ orientation when compared to the 90◦ and double the amount of
impact energy when compared to the −45◦/45◦. Shear testing found that the composite material was
extremely brittle in shear and no notable differences were seen in the ultimate shear strength, while,
again, the 0◦ orientation still had a slight advantage over the other orientations.

When comparing the AM bamboo filled PLA to other bamboo fiber reinforced polymer composites
made from tradition methods, it was found to have comparable if not better (assuming 11.8% bamboo
filler as calculated in Equation (1)) tensile and flexural strength [25]. The AM of the material was
also found to produce satisfactory parts of limited defects with relative ease. Reviewing neat PLA,
the AM bamboo/PLA composite produced strength that was nearly half that of neat PLA in tensile
and flexural testing [32]. However, the bamboo/PLA looked to be less mechanically susceptible to
print orientations differences, which could be of use when used in applications of varying loading
directions. Overall, the results of this study found that the AM of bamboo filled PLA composite is
an effective means of producing an environmentally friendly, recyclable, and sustainable bamboo
reinforced polymer-matrix composite.

5. Conclusions

Bamboo filled PLA composite material was AM using FFF. Four raster orientation angles (0◦, 90◦,
0◦/90◦, and −45◦/45◦) were evaluated for anisotropic effects. Tensile, flexure, compression, impact,
and shear tests were all conducted in order to provide mechanical strength characteristics. It was found
that the raster orientation had the largest effect on ductility and impact energy absorption. The 0◦
orientation was found to perform the best in all categories, except tensile testing, where it was found to
have the least strength and ductility of the four orientations.

AM bamboo filled PLA was found to produce satisfactory parts with limited defects. The AM
bamboo composites were also seen to have similar mechanical properties to certain bamboo fiber
reinforced plastics, of which were traditionally manufactured and have nearly half the strength of neat
PLA. Future work could include a mechanistic analysis of bamboo percentage affects. The material is
also an environmentally friendly option when compared to other polymer-matrix composites due to
the natural and sustainable reinforcement fibers that bamboo offers.
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Abstract: A highly ordered, hexagonal, nacre-like composite stiffness is investigated using
experiments, simulations, and analytical models. Polystyrene and polyurethane are selected as
materials for the manufactured specimens using laser cutting and hand lamination. A simulation
geometry is made by digital microscope measurements of the specimens, and a simulation is conducted
using material data based on component material characterization. Available analytical models are
compared to the experimental results, and a more accurate model is derived specifically for highly
ordered hexagonal tablets with relatively large in-plane gaps. The influence of hexagonal width, cut
width, and interface thickness are analyzed using the hexagonal nacre-like composite stiffness model.
The proposed analytical model converges within 1% with the simulation and experimental results.

Keywords: nacre; stiffness; hexagonal tablets; analytical model; finite element simulations;
composite; Abaqus

1. Introduction

Nature presents several structures optimized through evolution. Nacre is currently a central
inspiration for biomimetic structure design and manufacturing methods for toughened ceramics,
as showcased by Bouville [1]. Nacre consists of microscale tablets of brittle ceramic material assembled
in brick mortar form and connected by a relatively tough binding organic material. Natural nacre
consists of calcium carbonate bonded by protein molecules and polysaccharides [2]. This construction
of overlapping tablets increases the toughness of the material by two orders of magnitude or more than
bulk brittle material, as described by Bathelat et al. [3]. The most attractive feature in this construction
is that it maintains considerable stiffness and strength, as measured by Wang et al. [4] and Currey [5].
This feature is becoming attractive to composite engineers for the development of novel composite
types, which has been an active research area for the last two decades. Budarapu [6] further adds that
the nacre structure resists crack propagation running across the tablets and main deformation of the
structure, which is due to tablet sliding until pull-out.

Several methods at different scales have replicated the structure. At the macro-scale,
constructed sheets are described in the work of Yin et al. 2019 [7] and Valashani and Barthelat [8],
where millimeter-scale tablets were produced from laser cut glass sheets and were assembled using
polymeric ethylene-vinyl acetate or polyurethane as matrix material, and then tested for side impact
loads. Pre-preg fiber-reinforced sheets are cut into tiles and carefully assembled to overlap by half of
their length in the work of Narducci and Pinho [9].

At the micro-scale, layers of reinforcing material are randomly assembled, or oriented/positioned
with limited control. In the work of Grossman et al. [10], alumina tablets were magnetically oriented and
bonded using polyetherimide (PEI) polymer as a matrix. Launey et al. [11] presented a method using
ice-templating to produce a ceramic-metal composite with good mechanical properties. Another method
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demonstrated at the micro-scale was described by Munoz et al. [12], which allows the manufacturing
of high-toughness composite using a freeze-granulation method, in which 7-μm-diameter Alumina
tablets were oriented by sedimentation and later sintered with silica as the matrix interface.

At the nanoscale, De Luca et al. [13] demonstrated the deposition of well-aligned sub-micron
inorganic tablets of 90% weight percentage on the surface of glass fibers, improving the interfacial
strength and energy dissipation by up to 30%. The processes developed in this study have different
limitations, as they are complicated, time-consuming, non-scalable, have limited accuracy, and are
difficult, as supported by the review of Mirkhalaf and Zreiqat [14]. Finally, the work of Wegst et al. [15]
summarized the manufacturing methods and added the use of additive manufacturing methods for
generating nacre-like structures as a potential path for future research.

The finite element method (FEM) has been used to estimate structure stiffness, energy absorption,
and other mechanical properties with acceptable accuracy. In the work of Grujicic et al. [16], FEM
was used to assess the impact damage of a rigid projectile on a nacre-like body armor structure
consisting of Boron Carbide; at the millimeter scale, hexagonal tablets were bonded by polyuria matrix.
The study concluded that a nacre-like structure had superior penetration resistance when compared
to a monolithic structure. Raj et al. [17] used FEM to predict the toughness of a highly organized
hierarchical structure of nacre consisting of calcium carbonate tablets bonded by an organic matrix
with the work being in good agreement with experimental measurements. Li et al. [18] also made use
of FEM to compare the predicted stiffness and strength of nacre-like tablets and compared them to
experimentally produced specimens using an additive manufacturing method.

Analytical models have been developed for composite structures since the proposal of the
rule of mixture model by Voigt [19] in 1889. This model, which depends on the volume
quantities of the composite components, is accurate enough to estimate the stiffness of long fiber
composites. Nacre structures are discontinuous reinforcement composites and thus have a non-uniform
cross-section. However, if nacre structures are accurately assembled with a high length-to-thickness
ratio, the structures behave as a continuous body and revert to the rule of mixture, while at the
same time possessing in-plane isotropy, as explained by Kim et al. [20]. Models for nacre structures
have been developed, but with several conditions and assumptions to accept their validity, as in
the work of Kotha et al. [21]. Such models have several limitations and do not apply to certain
geometries. Liu et al. [22] presented a model for analyzing the stress fields between the tablets at
the nanoscale, concluding that a smaller aspect ratio of tablet size to thickness and a larger elastic
modulus ratio between reinforcement and matrix led to a more uniform shear stress distribution in
the matrix. Most studies presented here conclude that further analysis is still required to predict
the mechanical properties of nacre-like structures accurately. Further improvement is needed for
experimental methods to produce nacre-like composites and measure the mechanical properties of
such structures; these statements are repeated in the work of Bonderer et al. [23], Miao et al. [24],
Mirkhalaf et al. [25], and Luz and Mao [26].

The method presented in this work details the selection of two readily available materials
that fit the criteria of nacre brittle/tough combination and can be processed by easily accessible
tools. This simplification should allow for fast geometry development, leading to direct experimental
validation, more accurate analytical models, and reliable simulation models. Polystyrene (PS) sheets are
selected as the reinforcing component, with brittle behavior and relatively high stiffness. Polyurethane
(PU) is chosen as the nacre matrix component due to its higher toughness and the fact that, as a liquid
solution, it can be cast similarly to epoxy. The nacre geometry is laser cut from thin polystyrene
sheets, and then several alternating layers are assembled to ensure optimum overlap. The polystyrene
sheets are held together by interlayers of polyurethane solution. These assembled sheets have each
component characterized mechanically, and then each assembled sheet is tested in tensile and has
its stiffness measured. These composite sheets are then modeled in computer-aided design (CAD),
following digital microscope measurements and simulated by Simulia/Abaqus (version 2017, Dassault
Systemes, Vélizy-Villacoublay, France) [27] FEM software to determine the stiffness.
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The measured and simulated values can then be compared to analytical models developed for
nacre mechanical properties prediction and, in this specific case, stiffness. The analytical model
presented by Padawer and Beecher [28] is to specifically predict the stiffness of nacre like structures
with reinforcing tablets overlapping. The overlap of tablets causes increases in shear stresses of the
structure. In the case of nacre-like assemblies, the shear modulus of the matrix material is an important
variable in the mechanical performance of the composite. A third analytical model is presented by
Lusis et al. [29] with a correction to the model of Padawer and Beecher, as it also considers the effect of
the interaction of adjacent flakes. The fourth model, further improved for ordered nacre structure,
is the shear tension model described by Kotha el Al [21] and adapted by Barthelat [30]. This “Shear
Tension Model” considers the gap distance between tablets, the overlap ratio, and several geometrical
variables and material property variables. Several assumptions are necessary to consider the model
accurate. For this work, not all assumptions are valid, which is discussed further in the model section
of this paper. Another model for the tablet–matrix composite was developed by Sakhvan et al. [31–33],
to be a universal map for nacre-like structure design. However, with similar assumption requirements
as the previous model, it has limited accuracy for the prediction of hexagonal-based tablet structures.
We present a model that is suitable for hexagonal-shaped tablets inspired from the work of Barthelat [30]
with the use of stiffness of volumes in series, and the work of Bar-On and Wagner [34] and Jaeger and
Fratzl [35] with the use of Voigt model to calculate the stiffness of partial volumes of a representative
volume element (RVE). As previously presented models assume that gaps between tablets are negligible
and do not accurately predict the stiffness of the structure, the model and method for experimental
validation presented in this work could allow for the acceleration of the design and development of
highly ordered hexagonal nacre-like structures.

Carbon foils referred to as nanocrystalline diamond foils have measured stiffness of 600 GPa with
a 50 μm thickness, as presented by Lodes et al. [36]. If the laser-cutting method is used to produce
carbon-based hexagonal connected tablet, it can be combined with epoxy matrix material with stiffness
of 3 GPa and maximum strain of 8.3%, as measured in the work of Shi et al. [37]. The manufacturing
process and combination method could produce a composite with exceptional stiffness, strength,
and toughness.

2. Materials and Methods

Nacre is a combination of brittle high stiffness reinforcing component and a tough low-stiffness
binder matrix. The soft matrix stiffness in natural nacre is three orders of magnitude lower than the
ceramic stiffness, as stated by Kim et al. [38], but analytical and simulation work has been done with the
interface to reinforcement stiffness ratio ranging between 10 and 0.001. Ni et al. [39] summarize several
nacreous composites with reinforcement elastic modulus to matrix shear modulus ratio ranging from
27 to 3800. Stiffness combination is not enough to provide toughness; the matrix material must have a
relatively high plastic strain so that the composite can absorb energy [30]. The almost incompressibility
of the matrix (high Poisson’s ratio) is favorable for increased stiffness and strength [40]. An additional
requirement to obtain a high-strength composite is bonding strength and the shear strength of the
matrix component. However, as the focus of this investigation is stiffness validation, the material
selection did not take strength requirement as an essential criterion [41]. Among polymers, polystyrene
has a very high brittleness with a brittleness index B [42,43], nine times larger than other polymers on
average. The brittleness is calculated using Equation (1), where E’ is the storage modulus determined
by dynamic mechanical analysis at 1 Hz and room temperature, and εb is the elongation at break.

B = 1/(εbE’) (1)

Polystyrene is available in sheet form of micron range thickness. Polystyrene can be cut-processed
into shape with laser energy methods, without toxicity risks, and with relatively low energy values
compared to laser cut glass [25].
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Glass would not be a suitable candidate as it is challenging to process with laser and is
energy-intensive. Glass is also difficult and expensive to obtain in thin sheet form [30,44]. The thinnest
currently available glass sheet is called D263 at 0.03 mm (SCHOTT North America Inc., Duryea,
PA, USA). Glass is also so brittle that several layers would be difficult to laminate by hand, and would
tend to crack when applying pressure in order to squeeze the matrix thin between the layers.
Other ceramics would also not be suitable for laser processing and costly to obtain as thin sheets.

Polystyrene sheets are available at 135 μm thickness (Evergreen Scale Models, Des Plaines,
IL, USA). The sheets are perfectly transparent and with a mirror polish surface. They are cleaned in an
ultrasonic bath then cut with a laser to the desired shape. Laser cutting involves high temperatures
that cause thermal degradation of polymers. The molecular weight of polystyrene near the cut areas is
expected to drop. However, the work of McCormick et al. [45] showed that the stiffness of polystyrene
does not change considerably with a reduction in molecular weight. The cutting geometry is similar
to the hexagonal shape of nacre but leaves small bridges connecting adjacent plates. Such bridges
are also described in the work of Ghazlan et al. [46] but with a different purpose. The bridges in this
work allow the tablets to stay in position when assembling the structure, while, in previous work,
the bridges have considerably larger cross-section and are used to increase stiffness in the structure.

Polystyrene has an acceptable bond strength to polyurethane, as stated by Hall et al. [47]; it can
be further enhanced through surface plasma treatment or surface sulfonation [48]. Polyurethane is
available as a relatively low viscosity mixture with reaction times longer than ten minutes, which is
enough time to make a composite assembly. Polyurethane has considerable plasticity and stiffness,
which is expected to be five to ten times less than polystyrene. One additional advantage of this
selected polyurethane is that the final solid form is translucent, which allows for microscopic imagining
of the assembly and the detection of trapped air cavitation.

Polyurethane resin SK6812 with a hardener of code 7802 (S U. K Hock GmbH, Regen, Germany) is
mixed in an equal weight ratio as recommended by the manufacturer to obtain the expected properties.
Twelve minutes is the curing time during which the viscosity increases until the solution turns solid,
and it is no longer possible to laminate polystyrene layers. The resin has a viscosity of 130–150
mPas, and the hardener has a viscosity of 70 to 80 mPas. According to the material data sheet of
the manufacturer, cured material is expected to have an ultimate tensile strength of 23 MPa and a
maximum strain of 20%, as well as a flexural modulus (assumed equal to tensile elastic-modulus)
by three point-bending of 0.56 GPa and impact strength of 10 KJ/m2 based on DIN 53457 and DIN
53454 respectively.

Before proceeding with the composite assemblies, each material is characterized mechanically.
Polystyrene sheet samples are tested following standard DIN EN ISO 527-3:2019-02 – ASTM D882,
resulting in tensile stiffness of 2.66 GPa along the extrusion direction of the sheets. A stiffness of
2.64 GPa is measured perpendicular to the extrusion direction. As the difference in stiffness is not large,
the average stiffness of 2.65 ± 0.04 GPa can be assumed. A more significant difference is measured in the
strength of the film, with 50.06 ± 3.7 MPa in the extrusion direction and 43.76 ± 1.6 MPa perpendicular
to extrusion. Such a difference does not affect the stiffness measurement of the composite assembly.
PU samples were cast in additively manufactured molds. The molds are made using PolyVinyl Alcohol
(PVA) polymer filament, which can be dissolved in water. PU mix is cast in the dissolvable mold, left
for seven days to cure, then dissolved in water to release the specimens, the specimens are then dried
and tested following the standard (DIN EN ISO 527-2) which resulted in a stiffness value of 0.35 ±
0.02 GPa. Delamination tests are also conducted following the standard ASTM D3163 with PU bonded
to PS sheets. The delamination tests resulted in a shear strength value of 0.39 MPa.

The tensile test data, including strain measurements obtained by digital image correlation (DIC)
method, also allowed the calculation of the Poisson’s ratios of PS and PU, which were, respectively, 0.35
and 0.41. A high Poisson ratio confirms higher incompressibility of PU. The software used for (DIC) is
Istra4D (Dantec Dynamics A/S, Skovlunde, Denmark), which uses a full-field image analysis. Square
quadratic elements of 15 pixels were used to divide the region of interest (ROI), which consists of 1936
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× 1216 pixels. The ROI is divided into 10660 (130 × 82) quadratic elements. A displacement uncertainty
of 0.4 μm was recorded for a displacement of 100 μm. With the same cameras and software used,
the work of Hack et al. [49] reported a strain measurement error of less than 3% in-plane. Using the
Poisson’s ratio and stiffness value of PU, the shear modulus G can be calculated using Equation (2) [50],
resulting in G = 0.124 GPa.

G =
E

2 (1 + υ)
(2)

The layers are laminated on a designed plate with alignment pins to ensure the best possible
overlap between the tablets. Three specimens were produced by combining six alternative layers for
each. The manufactured composite laminates are measured by digital microscope Olympus DXS500
(Olympus Deutschland GmbH, Hamburg, Germany) to determine matrix layer thickness, overlap,
and alignment accuracy. The measurements were used to create an accurate CAD model of the assembly.
The model is meshed with quadratic tetrahedral elements. Material properties of the bi-components
are assigned to the model, and then periodic boundary conditions are used to simulate an infinite
laminate of also infinite layers. The samples in the simulation are under a uniaxial strain of 1% in full
elastic behavior. With a small strain value and elastic material behavior, the element size used was half
of the smallest geometrical feature, which is the reinforcement thickness of 0.135 μm.

3. Results

3.1. Experimental

Thin polystyrene films of 135 μm thickness with a measured stiffness of 2.65 GPa and polyurethane
liquid resin mixture with resulting stiffness measured to be 0.35 GPa are then combined composite
materials to investigate nacre-like structure stiffness. The PS sheets are processed with a laser-cutting
machine Rayjet 50 (Trotec Laser GmbH, Wels, Austria) to obtain the final geometry shown in Figure 1a.
Several laser-cut tests are run to obtain the nacre geometry with minimal cut line width. The optimal
cut settings are 1% power of a 30 Watts CO2 laser head with two to four passes, which resulted in a
cut width (kerf) of 280 μm. The generated cut sheet is shown in Figure 1b with final tablet width of
4.22 mm.

The cut nacre sheets are cleaned in an ultrasound water bath and then accurately assembled on an
assembly board using the cut guide holes shown in Figure 1c to align the tablet overlap. At the end of
the assembly, a deadweight is added above the laminates to apply 20 kPa pressure, so that the matrix
layers flow and become thinner, while the polystyrene is not damaged. The assembled sheets are left for
seven days to cure properly before releasing them from the assembly board. Three nacre-like specimens
are produced and then tested in tensile load using a universal high-precision tensile-testing machine
Shimadzu AGS-X (Shimadzu, Kyoto, Japan) at 0.5 mm/min displacement. The strain is measured
using the DIC system with high precision cameras Limess Q400 (LIMESS Messtechnik u. Software
GmbH, Krefeld, Germany). The measured stiffness values for three specimens are 1.221 ± 0.012 GPa.
The specimens failed at a stress of 6.7 ± 0.3 MPa and a maximum strain of 0.217 ± 0.0134.
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Figure 1. Polystyrene Laser cutting. (a) Designed cut lines (b) Laser cut view under a microscope
(c) Laminate cut design with guide holes and orientation labels.

3.2. FEM

The manufactured experimental nacre laminates are measured with the Opto-digital microscope
before being destroyed in the tensile tests. All measured features are modeled in CAD, and then the
specimens are meshed in FEM software Simulia/Abaqus with a mesh size of 0.065 μm of quadratic
tetrahedral elements. A smaller mesh element size was tested but resulted in no significant change
in calculated stiffness. The materials are defined as linear elastic, with properties described in
Table 1. The Poisson’s ratios are calculated based on the strain values measured in the DIC of each
composite component.

Table 1. Material mechanical properties.

Material Stiffness (GPa) Poisson’s Ratio

Polystyrene 2.65 0.35
Polyurethane 0.35 0.41

The components of this FEM are partitioned from the same part, so that no interaction conditions
where necessary, and thus debonding was not possible in the model. As the materials are linear,
and the goal is to calculate composite stiffness, a total strain of 1% is applied to the representative
volume element shown in Figure 2c. The measured hexagonal width was 4.22 mm, the side length was
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2.442 mm, the cut gap was 280 μm, and the bridge width was 0.4 mm, shown in Figure 2a. Figure 2b
shows the increase in the thickness of the polystyrene sheets due to the laser energy melting the
polymer along the cut line. The increase in width that we refer to as a bulge has a total thickness of
250 μm and a width of 160 μm. The bulge is added to the CAD model of the RVE to represent the
reinforcement tablets more accurately. Due to the bulge and limited pressure used when laminating
the layers, the matrix layer thickness remained relatively large, with a value of 168 μm.

Figure 2. Measured and drawn geometry of the laminated polystyrene plates. (a) Tablet dimensions, (b)
Bulge section view with dimensions. (c) Representative volume element (RVE) CAD model representing
polystyrene cut tablets.

Periodic boundary conditions are used so that the stress calculations are, for an infinite repetitive
body, in all three directions: X, Y, and Z. The resultant stiffness value was 1.21 GPa, which has a ~1%
difference compared to the experimental value. It is important to note that a nacre RVE is not symmetric
but only periodic, which makes some analytical models not suitable for a hexagonal-based tablet when
compared to simplified rectangular tablets with half-length overlap. Periodic models such as RVE have
been previously shown to more accurately estimate the composite structure stiffness than analytical
models if they are correctly modeled [51]. This RVE of nacre is the minimum required volume to
represent the composite, as the structure is periodic and very ordered, with known reinforcement
dimensions and orientation governed by the lamination assembly process.

3.3. Analytical Stiffness

Once the experimental value and simulation value of stiffness was obtained, calculations were
made using several analytical models to compare the analytical values and identify the error in
every model.
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3.3.1. Voigt Model

The Voigt model, represented by Equation (3), is used to calculate the axial loading stiffness of
endless fiber composites [19]. It is generally known as the rule of mixture and is only dependent on
the volume of the reinforcing material relative to the matrix material. This is the simplest model to
make a prediction of stiffness, but as a nacre structure is not fiber-based with endless length, and has
no specific orientation, this model cannot be considered as valid for nacre. Nevertheless, it is used to
compare the nacre stiffness to a fiber composite of the same volume ratios and materials

Ec = f Ef + (1 − f) Em (3)

where Ef is the stiffness of the fibers, Em is the stiffness of the matrix, and f is the volume fraction of fibers
relative to total volume or, in this case, polystyrene hexagonal plates relative to polyurethane matrix.
Based on the CAD model generated from microscope measured values, the volume of reinforcement
element relative to total composite volume is 42.59%, which results in a stiffness of 1.33 GPa, which is
8.9% higher than the simulation value. Tablet composite stiffness is expected to approach the Voigt
model when the length to thickness ratio exceeds 100 and tends to infinity [28,52]. With a ratio averaged
at ~34 (4.55/0.135) for a hexagonal plate, this composite has a stiffness value lower than the Voigt
model predicts.

3.3.2. Padawer and Beecher

Padawer and Beecher [28] made an early attempt to develop a predictive stiffness model for
nacre-like structures. As the rule of mixture is only valid for continuous sheet, a model for discontinuous
planar reinforcement was needed. Assuming that the reinforcing flakes have uniform width and uniform
thickness, the aspect ratio α is the first variable used to estimate the stiffness of the flake-reinforced
composites. Important assumptions are also necessary, as the reinforcing element needs to be uniformly
spaced and aligned to the plane. Such conditions are only valid when the composite is accurately
designed and built, which is the case for the PS/PU composite. Additional assumptions are necessary
for strength prediction, which do not fall in the scope of this work.

The Padawer–Beecher model depends on a constant “u” which is itself dependent on geometry,
and material properties are shown in Equation (4). GM is the shear modulus of the matrix material,
in this case, polyurethane. v f is the volume fraction of reinforcement and ER is the stiffness modulus
of reinforcing material, in this case, the polystyrene films.

u = α

[
(GM)(v f )

(ER)(1− v f )

]1/2

(4)

The model makes use of a term called Modulus Reduction Factor (MRF). It is used as a stiffness
reduction constant dependent on “u”, as shown in Equation (5).

MRF = [1− tanh(u)
u

], (5)

The stiffness model equation is very similar to the rule of mixture model but with the added
multiplication with the MRF value, as shown in Equation (6).

EC = (ER)(v f )(MRF) + (EM)(1− v f ), (6)

As we have experimentally obtained all material properties required for the calculation and the
flakes are designed to have the same constant width of 4.22 mm and thickness of 135 μm, we can use
the model and calculate a stiffness of 1.15 GPa where the MRF value is 0.841. It is important to note
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that a higher flake volume ratio leads to an increase in MRF, and thus stiffness, but the increase is not
significant above α = 100, as explained by Padawer and Beecher [28].

3.3.3. Lusis et al.

The model developed by Padawer and Beecher does not take into consideration the interaction
between the adjacent flakes. An adjustment was presented by Lusis et al. [29], with the MRF calculated
following a logarithmic equation shown in Equation (7).

MRF = [1− ln(u + 1)
u

], (7)

With this adjustment, the MRF value is expected to be lower, and thus the calculated material
stiffness is 0.973 GPa. Based on the paper by Jackson et al. [52], generally, the prediction by Lusis tends
to fall lower than experimental values, which is also the case in this work.

3.3.4. Shear Tension Model

The shear tension model is first described by Kotha et al. [21], and then adapted by Barthelat [30],
like in most analytical models; there are important assumptions to make so that the model is considered
valid. Kotha et al. [21] made four assumptions. The first is that the tablets are of uniform width,
rectangular shape, and isotropic. The geometry of the tablets in the experimental work is hexagonal
but has a defined width, and the material is quasi-isotropic, with little variation in stiffness with the
change of direction. There is less than 0.7% difference in stiffness for PS along extrusion relative to
lateral. In the second assumption, the tablets need to be uniformly arranged, which is valid in this
work. With an overlap close to 30% and tablets accurately positioned, we can assume that the majority
of the stresses are transferred from tablet to tablet by shear, which is the third assumption required.
With the matrix having a low stiffness compared to the reinforcement, the fourth assumption is also
valid, and the end of the tablets contribute little to stress transfer.

The model is dependent on several parameters shown in Table 2 with the relative equations to
calculate the respective values of which volume fraction, aspect ratio for the tables, aspect ratio of tablet
length to thickness and overlap ratio of tablet length. For a composite system dependent on shear
transfer of stress, an elastic shear transfer number β0 is derived and used to estimate the composite
stiffness. It is important to note that the volume fraction value φ is dependent on tablet and interface
thickness and assumes gaps between tablets to be negligible.

Table 2. Shear lag model equations and variables.

Parameter Equation Variables

Volume fraction φ = tt
tt+ti

tt tablet thickness
ti interface thickness

Aspect ratio of overlap region ρ0 = L0
tt

L0 overlap length
tt tablet thickness

Overlap ratio k = L0
L

L tablet length
0 < k ≤ 0.5

Elastic shear transfer number β0 = ρ0

√
Gi tt
Et ti

Gi matrix shear modulus
Et tablet stiffness modulus

Non-Symmetric RVE Composite stiffness E =
φEt

1+ k
β0
[cot h(β0)+cot h( 1−k

k β0)] -

The hexagonal tablet overlap has symmetry, as shown in Figure 3, which can be used to calculate
the required variables. If the gaps between hexagons are neglected, we should obtain a stiffer model.
Due to a non-rectangular geometry, half a hexagon with an edge length “a” of 2.44 mm, and a half area
of 7.72 mm2 with a half-width of 2.115 mm, can be approximated to a rectangle of 3.656 mm length.
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Thus, an area overlap of 0.29% would be equivalent to an overlap length of 1.0627 mm. The volume
fraction φwould be 0.4455 and the aspect ratio of the overlap region would be 7.87. The resultant shear
transfer number would be β0 = 1.527. The calculated stiffness with the simplified model is 0.845 GPa,
which is considerably lower than the value calculated by the Lusis model [29].

Figure 3. Volume symmetry of hexagonal reinforcement.

3.3.5. The Proposed Model for Highly Ordered Hexagonal Tablets

Using the well-defined geometry of the hexagonal tablets and assuming the complete linear elastic
behavior of the material, we can simplify the composite representative volume as a rectangle divided
into several zones of either one layer of reinforcement or two layers of reinforcement. Using the rule of
mixture for every continuous and homogeneous area of overlap, we can calculate the stiffness of the
areas. What other models do not take into consideration is the size of the gap between tablets, which is
calculated in this model. Another assumption for the shear-lag model [30] is that the end of the tablets
does not contribute to the stiffness of the model. This is taken into consideration in this model.

The RVE geometry of hexagonal nacre-like composite can be simplified, as in the half hexagonal
volume shown in Figure 3; however, to be able to calculate using homogeneous volumes, the RVE is
divided into several zones of known stiffness, shown in Figure 4.

Known parameters that are required would be, most importantly, the stiffness of the materials,
the thickness of the reinforcing tablets, and matrix layers between them. In this specific case of
hexagonal tablets, it is important to know at least one defining dimension of the hexagon, which is
the short diagonal (The width of a hexagon). From the short diagonal “d”, all other dimensions of a
hexagon can be calculated. The edge length “a” is calculated by dividing the short diagonal by

√
3.

Another important feature that is also relevant to the manufacturing method of these connected tablets
would be the width of cut “c” (kerf). The width of the cut dictates the gap dimensions between the
tablets in the same layers.
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Figure 4. Volume simplification of hexagonal reinforcement.

The rectangular volume shown in Figure 4 would have a width Wr of half the short diagonal
d1. The rectangular length Lr is 1.5 times the edge length a. The double reinforced zone has a width
W1, which is equal to the width of the rectangle without a kerf c width. The height of the double
reinforcement zone (hatch-filled zone) is the length of the rectangle with two projected cut width
removed Lr−2c/cos30. The height of the single-layer reinforcement (zone 1) is the width of two cuts
projected at 30-degree angle 2c/cos30. The remaining zone highlighted in black is a non-reinforced area
that can also be seen in Figure 2c; it has an equal area to a hexagon with short diagonal equal to the cut
width c. The non-reinforced zone has a width of 0.375c and the same height of Zone 1.

In Figure 4, there are zones of a single layer of reinforcement with a stiffness we shall call
E1R. The remaining zones are of double layers of reinforcement with a stiffness we shall call E2R.
These stiffness values are calculated following the equations shown in Table 3, where tt is the tablet
thickness, ti is the interface thickness, Ep is the tablet stiffness, and Ei is the interface stiffness.

Table 3. Hexagonal Composite Stiffness Model.

Parameter Equation Variables

Single reinforcing layer zone stiffness E1R =
ttEt+(tt+2ti)Ei

2(tt+ti)

tt tablet thickness
ti Interface thickness

Double reinforcing layer zone stiffness E2R = ttEt+tiEi
tt+ti

Et Tablet stiffness modulus
Ei interface stiffness modulus

Hybrid zone stiffness 1 EHyb1 = 0.75c
d Ei +

d−0.75c
d E1R -

Hybrid zone stiffness 2 EHyb2 = 2c
d E1R + d−2c

d E2R
c cut width

d short diagonal

Stiffness ratio 1 r1 = 2c
L cos 30 EHyb1

a edge length
L = 1.5a rectangle height

Stiffness ratio 2 r2 = 1
EHyb2

− 2c
L cos30 EHyb2

-

Hexagonal Composite stiffness Ec =
1

r1+r2
-

Along the load axis, the stiffness of Zone 1 is calculated following the Voigt model, with a
dependence on width similar to the work of Jäger and Fratzl [35], resulting in hybrid zone stiffness
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EHyb1. The stiffness of Zone 2 is calculated similarly, resulting in hybrid zone stiffness EHyb2. To calculate
resultant composite stiffness of Zone 1 and Zone 2, the equation for zones acting in series is used,
as suggested by Barthelat [30].

With the dimensions produced experimentally known, and the material properties measured,
we can calculate E1R to be 0.862 GPa, E2R is 1.375 GPa, EHyb1 is 0.838 and EHyb2 is 1.358 GPa. The stiffness
ratio values are as follows: r1 is 0.198 GPa−1, r2 is 0.614 GPa−1, resulting with a composite stiffness of
1.231 GPa.

The same method can be used with volume simplification to calculate stiffness for rectangular
tablets with cut width and perfect positioning. The resulting equations are similar to the hexagonal
equations but with cos30 angle projection removed, and the unreinforced, black-colored zone in
Figure 4 has a width of c/2 in a rectangular composite when compared to a hexagonal composite with a
non-reinforced zone of width 0.75c. The equations for rectangular tablet composite with cut width are
shown in Table 4, with w being the rectangle width and L being the rectangle height. The advantage of
hexagonal tablets remains, with quasi-isotropic stiffness in the plane.

Table 4. Rectangular Composite Stiffness Model.

Parameter Equation Variables

Single reinforcing layer zone stiffness E1R =
ttEt+(tt+2ti)Ei

2(tt+ti)

tt tablet thickness
ti Interface thickness

Double reinforcing layer zone stiffness E2R = ttEt+tiEi
tt+ti

Et Tablet stiffness modulus
Ei interface stiffness modulus

Hybrid zone stiffness 1 EHyb1 = 0.5c
d Ei +

d−0.5c
d E1R -

Hybrid zone stiffness 2 EHyb2 = 2c
d E1R + d−2c

d E2R
c cut width

d rectangle width

Stiffness ratio 1 r1 = 2c
L EHyb1

L rectangle height

Stiffness ratio 2 r2 = 1
EHyb2

− 2c
L EHyb2

-

Hexagonal Composite stiffness Ec =
1

r1+r2
-

4. Discussion

The calculated, simulated, and measured stiffness values are summarized in Table 5, with the
percentage difference relative to the experimental value. The simulated value has a difference of 1%
relative to the experimental value. The small difference can be explained by an accurate representation
of the geometry by optical measurements and the accurate material characterization data used in the
FEM model. However, the FEM is a long process and cannot allow quick iterations in design unless a
parametric model is developed for specifically hexagonal tablets connected by thin bridges. The rule
of mixture results in a considerably higher value because it assumes a continuous reinforcement with
constant cross-section. At the same time, a hexagonal nacre-like structure is discontinuous and has a
varying reinforcement cross-section, which leads to stiffness reduction. However, tablet-reinforced
structures converge to the rule of mixture, as the aspect ratio tends towards infinity, as stated by
Jackson et al. [52] and Bekah et al. [53]. In the case of the “Padawer & Beecher” and “Lusis” models,
they both predict a lower stiffness than what is measured. This could be due to the shear modulus of
the matrix material and the thickness of the interface layer. Jackson et al. [52] have shown that the
value of shear modulus influences the prediction error in both models relative to the experimental.
The model’s accuracy is highly dependent on the interface layer thickness and mechanical properties,
as it assumes that all loads are conveyed by shear stresses and ignores stresses in tension between the
tablets. However, it is important to note that both models are developed for single-lap joint rectangular
flakes [29].
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Table 5. Stiffness of PS-PU Hexagonal Nacre-like Composite.

Method Stiffness (GPa) Difference from Experimental

Experimental 1.221 0%
Finite Element Method (FEM) 1.21 −1%
Rule of Mixture (Voigt Model) 1.33 +9%
Padawer and Beecher Model 1.15 −6%

Lusis et al. Model 0.973 −20%
Shear-lag Model 0.845 −31%

Hexagonal Model 1.231 +0.8%

Calculating following the shear lag model presented by Bathelat [30] resulted in the most significant
difference of 31% from the measured value. While it was necessary to make important assumptions
and approximations from hexagonal geometry to rectangular, and the model neglects any loads being
conveyed between the tablets except by shear. The model assumes the spacing between the tablets
to be negligible. In this example, the spacing is 6% of the tablet width. The model again appears to
diverge from experimental results when the interface layer is comparable to the reinforcement layer in
thickness. The hexagonal model presented here is derived from the exact geometry of the hexagonal
nacre-like composite, assuming perfect positioning and consistent cut width. A 0.8% difference from
the experimental value is as good as the FEM result. As the model is strictly dependent on material
property, hexagon size, cut width, and reinforcement and interface thickness, it is easier to run fast
iterations to identify more efficient composites with higher stiffness. It is also easy to predict the
influence of important variables on the resultant stiffness, as shown in Figure 5. The matrix thickness
reduces the stiffness of the hexagonal composite strongly as it nears the reinforcement tablet thickness,
and as it becomes thicker, the stiffness no longer drops sharply. As shown in Figure 5a, with a matrix
thickness of 0 mm, the maximum stiffness would be 2.392 GPa, which is 10% lower than the stiffness
of the reinforcing material (while the cut width remains 0.28 mm), which indicates a considerable
reduction of stiffness due to cut width. The PS-PU stiffness, with an interface of thickness 0.168 mm,
in this case, is 52% of the maximum possible stiffness. Above a tablet width that is a hundred times the
thickness (aspect ratio 100), the stiffness tends to the value calculated by the rule of mixture. With the
PS-PU samples produced having a width to thickness ratio of 33, the stiffness is 91% of the rule of
mixture value, as shown in Figure 5b. While maintaining an interface thickness of 0.168 mm and
Hexagonal dimension, the reduction in cut width tends to increase the stiffness closer to the rule of
mixture value without changing the tablet aspect ratio. Again, the PS-PU composite has a stiffness
that is 91% of the rule of mixture value, as shown in Figure 5c. Thus, we could summarize that the
reduction in matrix layer thickness could yield the highest stiffness value, close to the reinforcing
material stiffness. Cut width reduction and hexagonal size increase brings the stiffness value closer to
what the rule of mixture suggests.

In Figure 5a, the plotted stiffness calculated by the Padawer and Beecher model is consistently
lower than the simulation and experimental work. If cut width is considered negligible in the model,
thus adjusting aspect ratio and reinforcement volume, the plotted stiffness curve referred to with “NC”
(no cut width) is brought closer to simulation values. The hexagonal model is closest to simulation
values. Figure 5b shows both Padawer and Beecher models mentioned and the Hexagonal model
Ec. The adjusted Padawer and Beecher model (NC) is brought closer to simulated values and is
more accurate when the tablets are smaller relative to the gaps. The significant advantage of the
Hexagonal Model is shown in Figure 5c, where the Ec plot aligns better with simulated values when
the Kerf increases.
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Figure 5. Processing influence on hexagonal composite stiffness, (a) Matrix thickness, (b) Hexagonal
short diagonal, (c) cut width.

5. Example

As polystyrene is not the right candidate for high strength composites and is only used for
experimental validation of the model, a carbon film with epoxy matrix composite has its stiffness
predicted using the hexagonal model using the carbon films described earlier with a stiffness of 600 GPa
and a thickness of 50 μm [36] and epoxy resins matrix of stiffness 3 GPa [37], assuming that interface
thickness is equal to reinforcing layer thickness and the cut width is 35 μm, based on the laser cut
notches using YAG solid-state laser as described by Lodes et al. [36]. The determined values can then
be used to plot the change in composite stiffness depending on the size of the hexagonal tablet shown
in Figure 6.

With a hexagon diagonal width of 1.53 mm, the stiffness of the composite is at 95% of the Voigt
model stiffness value. Increasing the hexagonal width to 5.25 mm brings the stiffness to 99% of the
Voigt model. The size of the hexagon, in this case, should also be connected to the energy spent to
do the cutting, as smaller hexagons require more cutting travel perimeter in a unit area. For later
development, the hexagonal size must be optimized to minimize energy, maintain stiffness and strength,
and maximize toughness.
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Figure 6. Carbon-Epoxy hexagonal composite stiffness.

6. Conclusions

The hexagonal stiffness prediction model could allow fast design iterations for hexagonal nacre-like
composites. The resultant geometry can then be validated using the experimental method described
using polystyrene thin film and polyurethane as a matrix material. The FEM simulation method would
serve as an additional validation method for the design. It is important to note that the presented
manufacturing methods of a hexagonal nacre-like composite results in unavoidable cut width from
an endless sheet of reinforcing material. Such a cut width can be reduced depending on the cutting
method used and can be optimized for each method. In the example of laser cutting, the process
involves parameters such as laser power and cutting speed. The thickness of the reinforcing tablets
depends on the material selected and the method used to produce the material film. The original
film thickness is the base dimension on which a hexagonal composite can be designed. It leads to the
selection of hexagonal size to maintain an optimal aspect ratio for maximizing stiffness.

For practical and industrial applications, the Hexagonal Model could be used to predict the
stiffness of mass-produced composites, using cutting methods and with controlled interface thickness.
As the mechanical performance of a composite is also dependent on strength and toughness, specific
prediction models are still required for those properties, and this stiffness model could serve as a guide.
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Abstract: In this study, a body-centered cubic (BCC) lattice unit cell occupied inside a frame structure
to create a so-called “InsideBCC” is considered. The equivalent quasi-isotropic properties required
to describe the material behavior of the InsideBCC unit cell are equivalent Young’s modulus (Ee),
equivalent shear modulus (Ge), and equivalent Poisson’s ratio (νe). The finite element analysis
(FEA) based computational approach is used to simulate and calculate the mechanical responses
of InsideBCC unit cell, which are the mechanical responses of the equivalent solid. Two separates
finite element models are then developed for samples under compression: one with a 6 × 6 × 4 cell
InsideBCC lattice cell structure (LCS) and one completely solid with equivalent solid properties
obtained from a unit cell model. In addition, 6 × 6 × 4 cell specimens are fabricated on a fused
deposition modeling (FDM) uPrint SEplus 3D printer using acrylonitrile butadiene styrene (ABS)
material and tested experimentally under quasi-static compression load. Then, the results extracted
from the finite element simulation of both the entire lattice and the equivalent solid models are
compared with the experimental data. A good agreement between the experimental stress–strain
behavior and that obtained from the FEA models is observed within the linear elastic limit.

Keywords: lattice cell structures; InsideBCC; equivalent solid properties; three-dimensional printing

1. Introduction

Lattice cell structures (LCS) are the engineered porous structures that are composed of periodic unit
cells in three dimensions. Such structures have many scientific and engineering applications, such as
in thermal systems, gas technology, mechanical and aerospace structures, etc., for which lightweight,
high strength, and energy absorption capabilities are essential properties [1–8]. Additionally, combining
different unit cell configurations, such as a frame structure and a body-centered cubic (BCC) structure
(Figure 1), will provide higher strength and higher stiffness LCS. Such a combined LCS is termed as
InsideBCC in this paper. It has been shown that the combining unit cells such as lattice structures
inside the tube, BCC with vertical struts at each node, BCC with vertical struts in alternate layers,
and BCC with gradient distributed vertical struts, contribute to the buckling and bending resistance and
enhancement in energy absorption performance as well as the high specific strength and stiffness [9–12].
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Figure 1. Combining frame and body-centered cubic (BCC) unit cells to develop an InsideBCC unit cell.

The finite element analysis (FEA) technique is usually used for designing complex structures at
the system and subsystem levels to reduce cost and time. While modeling large scale structures with
lattice cells, the numerical simulations require a large number of degrees of freedom to get accurate
analysis, which requires more computation time [13,14]. For example, the BCC lattice structure with
a strut diameter of 1 mm and the unit cell dimensions of 5 mm × 5 mm × 5 mm having the overall
LCS dimensions of 25 mm × 25 mm × 20 mm under the compression was modeled using FEA [9].
In this case, the time needed to complete the solution was 48 h for mass scaling of 1E-7 times the
time increment. Additionally, by using the FEA simulation, a BCC unit cell with a strut diameter
of 0.7 mm and dimensions of a single unit cell are 5 mm × 5 mm × 5 mm in x, y, and z direction
respectively under tension the computational time of solution was 10 h [15]. To model large scale
structures involving LCS, an equivalent solid material can be used to replace and represent the whole
lattice structure model to reduce computational time. The equivalent solid section will not have any
struts. Displacement results from the equivalent solid model can be used as an input to different
sub-models. Here, the sub-modeling approach can be utilized to find localized stress/strain within
lattices in critical regions for large scale structures. Thus, the main objective of this study is to develop
and employ a computational methodology to find equivalent solid material properties of InsideBCC
LCS to conduct large scale finite element simulation easier and computationally less expensive.

This paper is organized as follows. First, the load–displacement and stress–strain results is first
obtained from the FEA of InsideBCC unit cell under compression and shear in all three orthogonal
directions. The stress–strain plots are then used to calculate the equivalent mechanical properties
such as the elastic modulus (Ee), shear modulus (Ge), and Poisson’s ratio (νe) for a unit cell. In this
case, the unit cell size is 5 mm × 5 mm × 5 mm with a strut diameter of 1 mm and the bulk material
is considered to be acrylonitrile butadiene styrene (ABS). Next, two separate finite element models
are developed for samples under compression: one with 6 × 6 × 4 cell InsideBCC LCS and one
completely solid with equivalent solid properties obtained from the unit cell model. In addition, 6 × 6
× 4 cell specimens are fabricated on a 3D printer using ABS material and tested experimentally under
quasi-static compression load. Then, the results extracted from the finite element simulation of both the
entire lattice and the equivalent solid models were compared with the experimental data to validate
the FEA modeling scheme. This modeling scheme can be used to obtain equivalent solid properties for
InsideBCC LCSs with other unit cell dimensions and strut diameters.

2. General Methodology

The main goal of this research was to develop an elastic material to predict the mechanical
response of combining a lattice cell structure, which is called InsideBCC. Additionally, the current
study could be used to find the effect of vertical and horizontal struts on the mechanical response of
lattice cells within the elastic limit when compared with its BCC counterpart [16]. An InsideBCC unit
cell is a representative volume element (RVE) that is used to generate equivalent solid mechanical
responses. These mechanical properties would be used to create the equivalent solid material model,
which is identical to the mechanical response of a whole lattice structure. Only periodic boundary
conditions provide the correct equivalent properties of a unit cell since it was used as an RVE.
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The general methodology strategy is schematically showed in Figure 2 in which the InsideBCC
unit cell was used as a model for predicting the mechanical responses of the full-scale lattice structure.
The following were the steps process flow of this research:

a. A model of the InsideBCC unit cell was simulated using FEA to calculate the elastic modulus
for x, and y direction (Ex = Ey = Ez = Ee). For this case, the bulk ABS mechanical properties
were used.

b. Calculate the Poisson’s ratio for different orientations (υzx = υzy = υxz = υyz = υxy = υyx = υe),
obtained in part (a) models.

c. A model of the InsideBCC unit cell was simulated using FEA to predict the shear modulus
(Gxy = Gxz = Gyz = Ge). For this case, the bulk ABS mechanical properties were used.

d. A FEA model of 6 × 6 × 4 cell InsideBCC was generated and run to find its load–displacement
response under compression. For this case, the bulk ABS mechanical properties were used.

e. A separate FEA model was generated for a complete solid material with overall dimension to be
same as a 6 × 6 × 4 cell InsideBCC. In this case, the equivalent solid properties obtained from
steps (a–c) above were used.

f. Three samples of 6 × 6 × 4 cell InsideBCC were fabricated on a fused deposition modeling (FDM)
uPrint SEplus 3D printer using acrylonitrile butadiene styrene (ABS). The samples are then
tested under quasi-static compression test to compare their load–displacement behavior with
that simulated from both solid material (step d) and LCS models (part c).

Figure 2. A methodology strategy from unit cell finite elemental analysis (FEA) model to equivalent
solid model of InsideBCC configuration.

3. Experimental Procedure

3.1. InsideBCC LCS Layout, Fabrication and Material Used

The micromechanics ABAQUS software 6.17 was used to design all models for finite element
(FE) simulation [17], printing purposes, and implementing experimental tests. The micromechanics
technique has more flexibility for creating hexahedral mesh elements to increase the accuracy of
results. InsideBCC unit cell was designed by micromechanics ABAQUS, as illustrated in Figure 3a.
The dimensions of a single InsideBCC unit cell are 5 mm × 5 mm × 5 mm with a truss diameter of
1 mm. The overall dimensions to create the lattice structure of InsideBCC were 30 mm × 30 mm ×
20 mm in x, y, and z-directions respectively as shown in Figure 3b. The configurations of InsideBCC
geometry that were designed by micromechanics technique software are saved in stereolithography
(STL), which is a format used to define the sample geometry of a 3D printer software Stratasys
Catalyst [18]. These samples were fabricated by a fused deposition modeling (FDM) based uPrint SE
plus 3D printer [19] using acrylonitrile butadiene styrene (ABS) material. Furthermore, the printer
nozzle temperature of 300 ◦C and the chamber temperature of 77 ◦C were maintained, which were used
as default temperature settings for all the specimens that were printed. Three samples were fabricated
to conduct the experimental quasi-static compression test for validation of the results obtained from
both the FEA models of equivalent solid material and whole lattice structure. Those specimens were
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fabricated with support material, which was removed using a Stratasys cleaning apparatus, SCA,
1200HT [20]. The printing parameters selected for this research were based on the references [9,10,16,21].

Figure 3. Micromechanics technique design (MTD). (a) InsideBCC unit cell. (b) InsideBCC
lattice structure.

3.2. Quasi-Static Compression Test

The quasi-static compression test was performed to calculate material behaviors such as modulus
of elasticity, and yield point of LCS. A universal testing machine, which is Instron 5500R, was used to
conduct the compression test on the fabricated specimens of InsideBCC CLS with dimensions of 30 mm
× 30 mm × 20 mm, consisting of 6 × 6 × 4 InsideBCC unit cells in x, y, and z direction respectively.
All the samples of polymer cellular structure were compressed by 10 mm displacement with a constant
displacement rate of 0.4 mm/min. A software Bluehill2(r) connected with the Instron machine 5500R
was used to collect the load–displacement data, which was saved in Excel. The completed final
specimen of LCS for compression testing is illustrated in Figure 4.

Figure 4. Experimental procedures, (a) specimen design in MTD; (b) fabricated sample under
compression; and (c) zoomed-in view of 3D printed sample within compression test fixture.
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4. Finite Element Modeling

Both the InsideBCC unit cell (for steps a and c in Section 2) and LCS (for step d in Section 2) were
designed and meshed using the intervention technique, which was developed in the micromechanics
technique of ABAQUS/CAE 6.17 software. The developing micromechanics technique (DMT) has
drastically simplified the selection of element types during mesh generation for a combining cellular
structure. The DMT method addresses the challenges associated with the complexity of the InsideBCC
unit cell and LCS to generate hexahedral mesh. The general process flow of the DMT method is
schematically illustrated in Figure 5 in which the InsideBCC unit cell and LCS were designed and
meshed. Seven essential steps are to: (1) create the single strut by using five points in one plane as a
deformable coordinates point; (2) create four struts as a basis of a frame; (3) generate the frame by a
mirror and then by using cell partition, which is defined as a cutting plane in order to complete the
whole frame; (4) as a separate process, generate a single BCC unit lattice cell; (5) join the BCC unit cell
inside the frame to create the InsideBCC unit cell; (6) using the linear pattern in order to generate the
number of unit cells in all direction x, y, and z; and (7) finally, generate mesh using mesh controls by
selecting the Hex option.

Figure 5. Framework for developing micromechanics technique using ABAQUS.

4.1. Unit Cell Modeling for Equivalent Solid Properties

In this step, the FEA was employed to model the compression and shear test of an InsideBCC unit
cell geometry for different directions within the elastic limit to predict equivalent solid properties of
the whole cellular structure. The unit cell has dimensions 5 mm × 5 mm × 5 mm and the diameter
struts of 1 mm (Figure 3a). ABS polymer material was employed for all finite element FE models.

4.1.1. Mesh Generation

In general, two element types are usually used for mesh generation, which are tetrahedron and
hexahedron. In the field of mesh generation, researchers have used tetrahedral elements that can be
easily created automatically in most finite element models [22–24]. However, user intervention is
required to create a hexahedral mesh element, which provides high performance and it gives accurate
results as compared with the tetrahedral mesh elements [20,25,26]. Therefore, in this research to
generate the mesh for all FE simulation, a hexahedral element type is used by the MTD technique,
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which in turn gives the capability to use a first-order hexahedron continuum solid element with linear
brick reduced integration (C3D8R).

Since meshing is significantly better at providing accurate results, both mesh sensitivity analysis
and the type of mesh generation were considered. To achieve FEA with high performance, in this
work, a mesh sensitivity analysis was performed on a unit cell. Accordingly, mesh sensitivity was
performed by observing the stiffness versus the total number of the elements under compression,
which is illustrated in Figure 6. Additionally, this curve illustrated the mesh convergence that occurred
when the mesh size decreased from 1.25 (coarse) to 0.19 (fine) when the percentage variation of stiffness
was within 2%. Based on this percentage, the acceptable mesh size chosen from the mesh convergence
study was 0.35 mm, the total number of elements was 2400 elements, and the amount of stiffness was
230.39 N/mm. A discretized model shows the acceptable mesh size employed for the InsideBCC model
is illustrated in Figure 6 as an insert. In this research, the same procedure was followed to perform the
mesh sensitivity analysis for all FE models.

Figure 6. Mesh sensitivity study of the InsideBCC unit cell (5 × 5 × 5) mm and d = 1 mm for mesh size
from 1.25 mm (coarse) to 0.19 mm (fine).

4.1.2. Boundary Conditions

In the current research, for the aim of capturing the behavior of the entire heterogeneous cellular
structures based on the analyses of the InsideBCC unit cell, only the periodic boundaries would suffice.
Regarding both the elastic modulus and Poisson’s ratio, the lattice unit cell faces are free to move,
including all translational and rotational degrees of freedom with respect to rigid plates as illustrated
in Figure 7a. Typically, the rigid plate is a non-deformable plate when subjected to any certain load.
Consequently, the applied displacement load with a specific amount on the reference point of the rigid
plate will be distributed with the same value for the entire plate. To determine the elastic modulus and
Poisson’s ratio, a compressive displacement was applied on one face (here, the top plate in Figure 7a
toward the opposite face (here, the bottom plate in Figure 7b in the downward direction)). The reference
plate on the bottom plate was to be fixed in all three directions as illustrated in Figure 7a. For the shear
modulus simulation, the model was placed between two rigid plates, where each of the opposite unit
cell faces were clamped with the corresponding plates as illustrated in Figure 7b. Shear displacement
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was applied on the top plate while the other face was kept fixed for all degrees of freedom as shown in
Figure 7b. The displacement loading was applied using the dynamic explicit FEA simulation.

Figure 7. (a) Boundary conditions of the unit cell FEA model for the elastic modulus and Poisson’s
ratio in all three directions x, y, and z. (b) Boundary conditions of the unit cell FEA model for the shear
modulus in all three directions x, y, and z.

4.1.3. Material Properties

The bulk material properties of ABS used in the finite element models of the InsideBCC unit
cell are illustrated in Table 1. Experimentally, three specimens were investigated to measure the
material properties of the bulk material according to ASTM-D695, ISO 604 for standard compression
and ASTM-D882 for tension tests [9–16].

Table 1. Bulk material properties of ABS material.

Young’s Modulus
(MPa)

Poisson’s
Ratio

Density
(g/mm3)

Yield Strength
(MPa)

Ultimate Tensile Strength
(MPa)

Plastic Strain
(mm/mm)

861.55 0.35 7.92 × 10−4 25.75 33.33 0.045

4.2. InsideBCC LCS and Equivalent Solid Material Model

To demonstrate the performance of development of an elastic material model for InsideBCC
lattice cell structures, two separate finite element models were developed under the compression
load: one with a 6 × 6 × 4 cell InsideBCC lattice structure (for step d in Section 2) and one entirely
solid (for step e in Section 2). The optimized discretized simulations of a 30 mm × 30 mm × 20 mm
combining a lattice structure with a 5 mm × 5 mm × 5 mm unit cell having a strut diameter of 1 mm
(Figure 8a) and 30 mm × 30 mm × 20 mm equivalent solid material (Figure 8b) are illustrated in Figure 8.
The heterogeneous LCS in Figure 8a and the equivalent solid material in Figure 8b were simulated
with hexagonal elements. The LCS model was generated and meshed using the DMT micromechanics
technique as described in the previous section. Interestingly, the study of the mesh optimum sensitivity
analysis shows the number of elements for the heterogeneous lattice structure model was 345,600 while
the number of elements for the solid material model was 144,000, illustrated in Figure 8. In addition,
the time required for that study to generate the mesh and seed part for the LCS model was about 12 h
without running the FE simulation while the time required for creating the solid material model was
about one second.

107



J. Compos. Sci. 2020, 4, 74

Figure 8. FEA mesh of full simulation for (a) the InsideBCC lattice cell structure (LCS) model and
(b) the equivalent solid model.

The raw material properties used for the LCS (Figure 8a) simulation of the FE model are shown
previously in Table 1, whereas the equivalent solid properties obtained from the previous section was
used for the solid model shown in Figure 8b.

To mimic precise boundary conditions of the experimental test, the top and bottom faces of both
the InsideBCC LCS in Figure 8a and the equivalent solid model in Figure 8b were tied to perfect rigid
plates for all degrees of freedom. In that manner, a displacement load was applied on the top face of
the model to move towards the bottom face. The stress–strain curves for both the fully lattice structure
and equivalent solid model are illustrated in Figure 9 inclusive of the experimental results. In this
figure, the experimental stress–strain plot was created based on the average modulus of elasticity of
three LCS samples.

Figure 9. Comparison of the FEA simulation of the LCS model, experimental test, and equivalent
solid model.
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5. Results and Discussion

5.1. Load–Displacement Behavior

For InsideBCC configuration, load–displacement data from three samples (experimental) were
plotted in one diagram to investigate the specimen to specimen variation under the compression
load. The stress–stain behavior of three InsideBCC samples is illustrated in Figure 10. In this paper,
the mechanical behavior of InsideBCC configuration under the compression load within the elastic
limit was discussed. In other words, the elastic limit until the yield point was considered, which means
the stages of lattice cell failure were not included in this study.

Figure 10. Stress–strain curves for three InsideBCC specimens.

5.2. Comparison between Experimental and FEA Model

To show the implementation of the proposed equivalent solid material model method, two separate
finite element models were developed for specimens under compression simulation. One of them
is the InsideBCC lattice structure model with the raw material properties and the other one was
the completely solid material model with equivalent properties to the InsideBCC unit cell. The
equivalent solid material properties obtained from unit cell models were Ee = 46.12 MPa, Ge = 21.77
MPa, and νe = 0.42. The outcomes of both FE models (the heterogeneous lattice structure model
and equivalent solid material model) were validated with the experimental result of 3D printed LCS.
The load–displacement data in Figure 10 were converted to stress–strain plots and the slope of the
linear region was used to calculate modulus of elasticity of LCS. The experimental stress–strain plot in
Figure 9 was based on the average modulus of elasticity from three LCS samples. The stress–strain
plots acquired from the lattice cell structure of FEA (black solid circles), equivalent solid material (blue
solid circles), and the experimental test of 3D printed LCS (brown line) were compared with each
other as shown in Figure 9. The proposed equivalent solid material had the capability to capture the
mechanical behavior of a large-scale heterogeneous lattice structure model. As it can be observed from
Figure 9, there was good agreement within the linear elastic limit among the results of the overall lattice
cell structure model, the equivalent solid material model, and the experimental work. Accordingly, the
equivalent solid material model for a lattice-based structure gave accurate and acceptable capturing
for the mechanical behavior of a full-scale heterogeneous lattice structure.
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5.3. Comparison between BCC LCS and InsideBCC CLCS

Representative load–displacement behavior of both BCC and InsideBCC ABS samples were plotted
together to compare the variation of compression behavior, which is illustrated in Figure 11. For the
BCC sample the maximum failure or peak load was about 500 N while the InsideBCC sample was
about 4000 N. Thus, it could be concluded that the InsideBCC lattice cell structures involving vertical
and horizontal struts shows enormously higher stiffness and failure load than the BCC geometry.
Additionally, from the area under the load–displacement curve, the strain energy absorption is lowest
for the BCC feature, while the InsideBCC configuration had the largest one. Stiffness, failure load,
and energy absorption for various parameters such as the strut diameter, cell size, and processing
factors will be further investigated by developing a surrogate model using the intelligent method.
The improved mechanical performance of InsideBCC LCS can be used for specific applications that
required unique load–displacement characteristics.

Figure 11. Comparison of load—displacement curves for BCC and InsideBCC configurations: BCC
sample (brawn line) and InsideBCC sample (blue line).

6. Summary and Remarks

In this paper, the equivalent solid material model was developed such that the equivalent
properties of heterogeneous unit cell configuration (InsideBCC) were used to mimic the behavior of
the mechanical response of heterogeneous lattice structures involving vertical and horizontal struts
for engineering design exploration. Consequently, the equivalent solid material model of InsideBCC
configuration is very quick, accurate and practical when compared with a numerical model of the
full-scale heterogeneous lattice structure. Therefore, developing an equivalent solid material not only
demonstrates the computational time reduction from several days to few minutes but also provides
an efficient analysis for FE simulation of InsideBCC LCS. Besides, one of the biggest challenges is to
use FDM based 3D printing technology to create the InsideBCC lattice structure with vertical and
horizontal struts. As a futuristic technique for this research, a surrogate model will be developed to
determine the equivalent material properties for larger and more complicated combined LCS, with any
arbitrary cell size, strut diameter, and type of material, which can be used for FEA simulations with a
considerable reduction in the computational time.
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Abstract: In this work, a supervised machine learning (ML) model was developed to detect flow
disturbances caused by the presence of a dissimilar material region in liquid moulding manufacturing
of composites. The machine learning model was designed to predict the position, size and relative
permeability of an embedded rectangular dissimilar material region through use of only the signals
corresponding to an array of pressure sensors evenly distributed on the mould surface. The burden
of experimental tests required to train in an efficient manner such predictive models is so high
that favours its substitution with synthetically-generated simulation datasets. A regression model
based on the use of convolutional neural networks (CNN) was developed and trained with data
generated from mould-filling simulations carried out through use of OpenFoam as numerical solver.
The evolution of the pressure sensors through the filling time was stored and used as grey-level
images containing information regarding the pressure, the sensor location within the mould and
filling time. The trained CNN model was able to recognise the presence of a dissimilar material region
from the data used as inputs, meeting accuracy expectation in terms of detection. The purpose of this
work was to establish a general framework for fully-synthetic-trained machine learning models to
address the occurrence of manufacturing disturbances without placing emphasis on its performance,
robustness and optimization. Accuracy and model robustness were also addressed in the paper.
The effect of noise signals, pressure sensor network size, presence of different shape dissimilar regions,
among others, were analysed in detail. The ability of ML models to examine and overcome complex
physical and engineering problems such as defects produced during manufacturing of materials and
parts is particularly innovative and highly aligned with Industry 4.0 concepts.

Keywords: machine learning; mould filling simulations; composite materials; liquid moulding

1. Introduction

Fibre reinforced polymer composites (PMCs) are nowadays widely used in applications that
require lightweight materials such as those found in aerospace, automotive, energy, health-care and
sports, among others. Structural PMCs are processed by the infiltration of a polymer matrix in the
form of a thermoset or thermoplastic resin into a fabric preform, producing materials with optimal
stiffness, strength, fatigue performance and resistance to environmental effects [1,2]. The high level of
maturity reached as regards design and manufacture of advanced structural composites has enabled
their extensive use in civil and military aircraft applications. For instance, the A350XWB contains
as much as 53% of the structural weight of components, including carbon fuselage, wings or tail
planes [3]. The automation of process steps, the increase of part integration level as well as the
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continuous demands towards zero-defect manufacturing, guided by Industry 4.0 concepts are the
subsequent major steps that will undoubtedly allow future material optimization and cost reduction.

Liquid moulding of composites (LCM) starts with a dry fabric preform which is draped and placed
into a mould for its impregnation with a liquid resin by prescribing a pressure gradient [4,5]. After the
part is totally impregnated, the resin is cured, normally by the simultaneous action of heat sources until
the part becomes solid and can be demoulded. Nowadays, LCM techniques can deliver to the industry
high-quality and complex-shape composite articles, providing a solid out-of-autoclave alternative.

Resin transfer moulding (RTM) makes use of a closed solid mould in which the fabric is
impregnated by a pressure gradient imposed between the inlet and outlet gates of the mould. Variations
of such technologies include, among others, the replacement of a half part of the mold by a vacuum
bag in vacuum infusion (VI), the use of auxiliary flow media to induce through-the-thickness flow of
resin into the preform (Seemann composite resin infusion molding process, SCRIMP), or the use of
flexible membranes as in light RTM (LRTM).

One of the major drawbacks in LCM arises from the inherent uncertainty as regards the flow
patterns produced during resin impregnation which are strongly affected by different processing
disturbances. For instance, variations of local permeability of the fabric preform triggered by uneven
mould clamping, fabric shearing generated during draping operations or unexpected resin channels
created at mould edges, also known as race-tracking, result in non-homogeneous resin flow far from
theoretical predictions and consequently the formation of dry spots and porous areas. Counteracting
against processing disturbances requires its early detection through use of the appropriate sensor
networks as well as the implementation of the necessary corrective actions if the quality of the
composite article is intended to be secured [6]. This later objective is precisely one of the differential
concepts that emanates from Industry 4.0 smart factories which relies on the development of the
appropriate cyber-physical systems able to perform automatically diagnosis and detect possible
processing faults, as well as implement the necessary corrective actions.

Significant efforts have been made by the scientific and technical community in the last years
to spread predictive models based on artificial intelligence (AI) and machine learning concepts (ML)
to different sectors. Good examples can be found, for instance, in automated image recognition and
computer vision algorithms used in autonomous car driving, fast text language translation and facial
recognition, among others [7–9]. Such algorithms, when appropriately trained for each individual
case, open revolutionary opportunities for other less explored fields such as continuum [10] and fluid
mechanics or manufacturing. At this time, it is worth mentioning some interesting contributions close
to the topic presented in this paper [11–13]. Wu et al. [11] developed a permeability surrogate model
based on microstructural images through use of a convolutional neural network (CNN). A training set
is generated first by these authors that contains synthetic images of porous microstructures while the
corresponding effective permeability is computed, solving numerically the boundary value problem
with Lattice Boltzmann methods. The CNN is then trained to learn and link the specific features of
the microstructure (e.g., porosity) with the effective permeability value. Overall, surrogate models
are viewed as very effective methods to overcome complex problems involving strong non-linearity,
uncertainties, accelerating computation times in flow propagation through random media [14].

Although machine learning methods have been extensively used for surrogate modelling,
the ability of these technologies to link input and output datasets without taking in consideration the
underlying physics made them convenient tools for inverse modelling [12,13]. In this case, a forward
model, the physical model, enables the generation of a synthetic output dataset based on the resolution
of the governing equations (e.g., a fluids or mechanics problem) given the input dataset. Once the
output dataset is generated, it is possible to relate the outputs with their corresponding inputs through
use of regression machine learning tools. From an engineering viewpoint, such approximations are
of major importance in practical problems such as tomographic reconstruction, computer imaging
or sensors. Iglesias et al. [12] used concepts based on Bayesian inference to address the problem of
uncertainties of fabric permeability in resin transfer moulding by using information coming from
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pressure sensors. Lähivaara et al. [13] developed a solution for the determination of the material
porosity based on ultrasound tomography through use of CNN. A forward model is used to generate
the theoretical response of the ultrasound sensors to a given material with known porosity parameters.
The inverse problem is approximated with a regression based CNN which enables the determination
of the effective porosity of a material from the direct inspection of the ultrasound transducers response.

The main purpose of this work was to provide a first exploration of machine learning methods
to detect automatically flow disturbances caused by the presence of dissimilar permeability regions in
liquid moulding of composites. The detection capabilities of the model fall on the analysis of pressure
changes recorded by a distributed network of sensors. The model was developed to address the problem
of rectangular dissimilar region in a squared flat RTM mould and has been kept intentionally simple with
the purpose to explore its learning capabilities. The general description of the methodology is presented
in Section 2 including the forward model based on the resolution of the flow propagation problem in
porous media. The systematic generation of a fully-based simulation results set corresponding to the
physical problem is presented in Section 3 while the general architecture of the neural network model, its
training and deploying is described in Section 4. A general discussion on the applicability of the model
presented is done in Section 5, while some remarks and conclusions are lastly drawn in Section 6.

2. Model Description

The general description of the model is sketched in Figure 1. An L × L square flat RTM mould
containing a dissimilar material region of relative permeability β = K/K0 is analyzed, where K and K0

stand for the permeability of the fabric and the dissimilar region embedded, respectively. The position
and size of this dissimilar region are defined by x0, y0 and 2b × 2h. The forward model uses the 5-tuple
input Xinput = x0, y0, 2b, 2h, β to determine the virtual response of a set of pressure sensors Youtput

distributed over the mould surface.

Figure 1. General description of the problem. Square RTM mould containing a rectangular dissimilar
material region with relative permeability of β = K/K0, size 2b × 2h and centered at (x0, y0). K0 and K
stand for the permeability of the dissimilar region and the surrounding media, respectively.

The Latin Hypercube sampling was used to generate the different realizations of the inputs
x0, y0, 2b, 2h, β and the corresponding output dataset is generated, containing all the pressure sensor
signals for different dissimilar material cases (Youtput = Ξ[Xinput]). A supervised regression machine
learning model based on convolutional neural network is used to approximate the solution of the
inverse problem (Xinput = Ξ−1[Youtput]), thus enabling the position and size of the dissimilar material
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region to be estimated when the pressure sensor signal information is available. Such a kind of
inverse approximation permits the on-line detection of flow disturbances and possible dry spot regions
during the resin injection without accessing visually the interior of the mould and by using only the
information of the pressure sensors readings.

3. Dataset Synthetic Generation

3.1. Mould Filling Model

The model used in this work is based on the resolution of the Darcy equation for the fluid flow
through porous medium. The Darcy equation establishes a linear relation between the average fluid
velocity through the fiber preform v(x, t) and the pressure gradient ∇p(x, t), with the proportionality
factor being related to the fabric permeability tensor K(x) and the fluid viscosity μ as

v(x, t) = −K(x)

μ
∇p(x, t) (1)

In this equation, x and t stand for the position of a given point in the fabric and the time, respectively.
Assuming flow continuity, ∇ · v(x, t) = 0, the governing equation for the pressure field can be
obtained as

∇ · (−K(x)

μ
∇p(x, t)) = 0 (2)

Initial (t = 0) and boundary conditions should be given to determine the evolution of the pressure
and velocity fields during the time. Such a problem is normally defined as a moving boundary
problem because the flow front position Γ(x, t) evolves during the time until the preform is completely
filled. Normally, if the position of the flow front is known for given time t, the pressure and velocity
fields are determined by standard finite element modelling. Once such information is acquired,
updating the flow front position for time t + Δt can be obtained. Several numerical techniques
were developed in the past to solve such problems in liquid moulding manufacturing of composites.
For instance, the finite element/control volume method uses regions associated with every node
to update information about the filling factors through use of the flow rates obtained with the
velocity fields. Such numerical methods are implemented in well-known simulation tools such
as LIMS from Advani and co-authors [15,16] or PAM-RTM from ESI group. Other ways to simulate
mould filling processes are based on the direct solving of the two-phase flow problem by using the
Navier-Stokes equations for incompressible fluids. In this case, the continuity equation ∇ · ρv(x, t) = 0
is accompanied by the linear momentum equation reading as

ρ
dv

dt
+∇ · (ρv ⊗ v) = −∇p + μ∇2v + S (3)

where S is known as the Darcy–Forchheimer sink term

S = −(μD +
1
2

ρ |v| F)v (4)

where D and F stand for material parameters. The second term in Equation (4) is related to inertial
effects which are negligible for the case of liquid moulding of composites under low Reynolds number
flow. In this situation, the inertial terms related to the velocity can be neglected, recovering the standard
Darcy equation with the factor D being the inverse permeability of the fabric. In two-phase flow,
the interface between the two fluids, namely resin and air in liquid moulding, is tracked by means of
the volume of fluid (VOF) approach by using α as a phase variable. This variable ranges between α = 1

116



J. Compos. Sci. 2020, 4, 71

and α = 0 for the resin and air fluids, respectively. Within this approach, the α variable is continuously
updated during simulation time by using the advection equation given by

dα

dt
+∇ · (αv) = 0 (5)

OpenFoam R© (Open source Field Operation And Manipulation) [17] is a free open source Computational
Fluid Dynamics (CFD) software that can be used to solve the problems related with filling in liquid
moulding of composites. OpenFoam includes interFoam a solver for two-phase incompressible,
isothermal and immiscible fluids tracking interfaces with the VOF method. Details and performance
of the algorithms used to track interfaces as well as pressure and velocity solvers for two-phase flow
can be found in [18].

3.2. Mould Filling Simulations Containing Dissimilar Material Regions

The bi-dimensional problem of a square mould of dimensions L × L × t containing a rectangular
region with different permeability is modeled in this section as shown in Figure 2a. This geometrical
definition constitutes the base of the mould filling forward problem to be solved by computational
fluid mechanics. For simplicity, macroscopic unidirectional flow is induced by the application of a
constant pressure condition p0 at x = 0 while p = 0 is set in the opposite edge at x = L. Slip-free
conditions are applied in the remaining faces of the mould.

A rectangular region with centre (x0 = α1L, y0 = α2L) and size (b = α3L, h = α4L) with dissimilar
permeability K = βK0 is inserted in the model, where K0 = 10−12 m2 stands for the permeability of the
surrounding material. For simplicity, both permeabilities, K0 and K, were assumed to be isotropic and
representative of angle-ply 2D woven preforms although simulations can be carried out by assuming
anisotropic behavior without any loss of generality.

Accordingly, the set of non-dimensional numbers α1, α2, α3, α4 and β corresponds to the position,
size and relative permeability of the dissimilar region defined as a 5-tuple (α1, α2, α3, α4, β) object.
A uniform brick cell discretization of the domain was used with in-plane dimensions L/100 and with
a single cell in the mould through-the-thickness direction. Thus, the models contain 10,000 brick
cells which were judged fine enough to capture accurately the flow front position evolution during
time. The two fluids selected for the interFoam solver corresponded to water and air, for simplicity.
Their density and kinematic viscosity were set to 1000 Kg/m3 and ν = 10−6 m2/s for the water, and 1
Kg/m3 and ν = 10−8 m2/s for the air, respectively. Despite the simplicity of the model presented in this
work, more complicated problems including different mould shapes, inlet and outlet configurations
among others can be addressed and used for synthetic training of the artificial intelligence method.

To fully explore the problem space, the involved variables were presented in non-dimensional
form as x̂ = x/L, p̂ = p/p0 and t̂ = t/t0 where t0 = μL2/2Kp0 and p0 the injection pressure,
respectively. This latter value of t0 corresponds exactly to the mould filling time for a perfectly
homogeneous distribution of the permeability (β = 1). A network of 3 × 3 pressure probes equally
distributed in the surface L × L of the mould is used to record the time evolution p̂i=1,9(t̂) of the fluid
pressure (Figure 2b).

Figure 3 shows the position of the front flow for different times obtained for a case with α1 = α2 = 0.25
and α3 = α4 = 0.125. The relative permeability in this case was set to β = 0.1. In the early stages,
the flow progresses uniformly until it reaches the position of the first dissimilar material region. As the
permeability inside the dissimilar region is lower than the surrounding media (β = 0.1), the flow
delays with respect to it. Lastly, the flow progresses until the outlet gate but first in the upper part of
the mould far from the dissimilar material region. Such a non-uniform flow presented in Figure 3 is
reflected in the probe pressure evolution as shown in Figure 4a.
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Figure 2. (a) Definition of the model containing a dissimilar rectangular region with center coordinates
(x0, y0), size 2b × 2h and permeability K = βK0, (b) 3 × 3 network of pressure sensors equally
distributed on the mould surface.

Figure 3. Snapshots of the flow progress through the mould for different non-dimensional times
t̂ = 0.02, 0.1, 0.2, 0.4, 0.8 and 1.0. The mould contains a square region of size 0.25L centered at x0 = 0.25L
and y0 = 0.25L with relative permeability of β = 0.1. Flow progress from left to right. Red and blue
colours correspond to phase values of α = 0 and α = 1, respectively. For the sake of clarity, white
dashed lines corresponding to the dissimilar material region were superimposed.

The evolution of the nine pressure sensors evenly distributed over the surface of the mould is
presented in Figure 4, again expressed as non-dimensional numbers p̂ = p/p0 and t̂ = t/t0. Results
for three different cases were presented in this figure and correspond to a square region of size 0.25L
located at three positions (a) α1 = 0.25, α2 = 0.25, (b) α1 = 0.5, α2 = 0.5 and (c) α1 = 0.75, α2 = 0.75.
The shape of the pressure sensor evolution curve was similar in all of them. A sudden increase is
produced when the fluid reaches the sensor position and progressively stabilizes to a steady-state
value consistent with the pressure gradient induced between the inlet and outlet gates. The dashed
lines in Figure 4 were obtained by assuming no dissimilar material region by setting β = 1.
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Figure 4. Non-dimensional pressure evolution p̂(t̂) for the nine sensors distributed in the mould
containing a 0.25L square dissimilar material region at (a) α1 = 0.25, α2 = 0.25, (c) α1 = 0.5, α2 = 0.5
and (e) α1 = 0.75, α2 = 0.75. Dashed lines corresponds with the pressure sensor evolution in the
absence of dissimilar material region. The pressure changes Δ p̂(t̂) in (b,d,f) are as the difference,
or perturbation, between the local pressure value with and without dissimilar material region.
For visualization purposes, the non-dimensional time was arbitrarily extended to t̂ = 2.

The pressure perturbation Δ p̂ is also presented in the same figure, defined as the difference
between the local pressure p̂ = p/p0 obtained in the problem containing the dissimilar region and the
problem without dissimilar region. The pressure evolution and/or the perturbations caused by the
presence of the dissimilar region could help to ascertain the position, size and intensity of the defect.
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However, given that its complexity with respect to the random position and size make the problem
intractable in terms of mathematical complexity, data science or statistical techniques could be more
appropriate for such kind of inverse problems.

The position of the sensor with respect to the location of the dissimilar material region influences
the evolution of the pressure. If the sensor is placed upstream from the dissimilar material region,
an increase in the pressure is produced as compared with the case without the defect. This effect
can be observed in sensors 1, 2 and 3 in Figure 4c,e. However, if the sensor is placed downstream
from position of the dissimilar material region, the pressure is delayed to some extent as shown
in sensors 1, 2 and 3 in Figure 4a. Both effects are reflected in the pressure perturbation Δ p̂(t̂) in
Figure 4b,d,f, exhibiting a positive change if the sensor is placed upstream and negative in the opposite
case. The information of the pressure p̂, or the pressure perturbation Δ p̂, recorded by the sensors was
stored as a footprint image and is presented in Figure 5a,b for the three cases presented previously by
using a pressure sensor network of 3 × 3.
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Figure 5. (a) Sensor footprints corresponding to the plot cases presented in Figure 4. The vertical and
horizontal axis of the images corresponded with the non-dimensional time t̂ and sensor position i = 1, 9.
The color intensity reflects the sensor non-dimensional pressure p̂, (b) Pressure perturbation Δ p̂(t̂)
evolution footprint. For visualization purposes, the non-dimensional time was arbitrarily extended to
t̂ = 2.

3.3. Dataset Generation

Once the forward problem is defined, the complete dataset should be generated. A uniform
covering of the whole variable space of the model, namely α1, α2, α3, α4 and β, results in intractable
problem size. For simplicity, the variables were assumed to follow uniform random probability
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distributions as Uα1,α2(0.150, 0.850), Uα3,α4(0.075, 0.150), Uβ(10−2, 10−1). Uα1,α2 and Uα3,α4 distributions
ensure that the dissimilar material region is entire contained in the mould surface. Assuming,
for instance, ten different random realizations of the aforementioned variables, the number of
combinations is 105 which seems unfeasible from a practical viewpoint. Thus, instead of trying to cover
uniformly the whole variable space, more efficient techniques for variable sampling should be used.
In this work, a set of 3000 simulation cases was generated by means of the Latin Hypercube sampling
technique by using PyDOE software package [19]. This number of simulations were enough to maintain
the accuracy of the model. Mould filling simulations were run sequentially by OpenFoam for each
of the α1, α2, α3, α4 and β combinations provided with the Latin Hypercube method. The automation
of the computational process was carried out by using PyFoam, a Python library that manipulates
and control OpenFoam running cases. Instances of the problem corresponding to each of the
α1, α2, α3, α4 and β combinations were generated by modifying OpenFoam dictionaries topoSetDict
and controlDict. Once an individual simulation finished, normally in a few minutes in a regular
laptop, the pressure probes dataset is stored. This process is followed by a new job submission until the
whole dataset is created. Lastly, the dataset generated including the pressure sensor signals are stored
as a bi-dimensional array that contains time and sensor position together with their corresponding
5-tuple model variables α1, α2, α3, α4 and β. Datasets were serialized into a Python pickles to provide
easy access in subsequent training tasks.

4. Building, Training and Deploying Machine Learning Models

ML scripts were built by using the Python Keras R© API (application programming interface) and
their main features are presented in this section. Keras is a high-level neural network API, written
in Python and capable of running on top of TensorFlow R©, CNTK R©, or Theano R© [20]. This work
has selected, among those available in the published literature, a kernel architecture made with a
CNN. The main purpose is to describe a novel methodology to build and deploy a machine learning
algorithm able to track flow disturbances produced during manufacturing of composites by liquid
moulding rather than establish the most effective and robust model architecture that can be used.

4.1. CNN Machine Learning Networks

CNN machine learning networks are preferred for classifying images in computer vision problems
depending on specific image features [21,22]. However, this work seeks to predict a set of continuous
scalar variable by regression rather than use algorithms as classifiers. The most effective CNN
architecture is somewhat difficult to establish from a priori statements. The number of layers, their
interrelations, kernels and filters are often result from trial-and-error numerical experiments driven
by an accuracy criterion. A typical CNN architecture is formed by a sequential set of convolutions
and pooling operations carried out over the image dataset. In this paper, the dataset is composed of
the pressure probes footprint images obtained with the mould filling simulations. The results of the
convolution process are transmitted to the inputs by using a fully connected neural network (FCNN).

The CNN architecture used in this work is sketched in Figure 6, and more precisely detailed in
Table 1. More information is given below:

• Convolution2D (Conv2D). This corresponds to an image operation based on the application of a
given set of filters to enhance specific features of the image. If the input image is A (see Figure 5
with footprint of 9 × 100) the 2D convolutions of this individual image may be obtained, namely
B, by applying the kernel function F, as

B(i, j) = F ∗ A = ∑
k

∑
l

Fk,l Ai−k,j−l (6)

where F stands for the filter applied and ∗ the convolution operator. The operation can be
parametrized by using different filter sizes, strides, paddings, activation functions or kernel
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regularization. Filters of size (nk, nk, nchannel) are intended to highlight specific features in time
and space produced by the presence of the dissimilar material region in the mould. Input image
dimensions are given by (nw, nh, ncanal), where nchannel = 1 for greyscale images, and output
image dimensions are calculated by (nw − nk + 1, nh − nk + 1, 1). For instance, the first Conv2D
layer in Figure 6 uses a (4, 4, 1) kernel with an input grayscale image object of (9, 100, 1). This filter
operation produces an output image of (9, 50, 32) for this first convolution. Filters normally make
use of a certain step, named stride, that move the convolution filter along the x and y axis of the
input image. Padding is the parameter which maintains the size of the output images resulting
from the convolution B. Keras uses the padding=’same’ technique to avoid image edge trimming.
Lastly, when convolution is completed, a ReLu (Rectified Linear Unit f (x) = max(0, x)) is used
as cut-off function thus avoiding negative outputs that can be generated.

• MaxPooling (MaxPooling2D). This is applied to reduce the dimensions of the convolution filtered
images with the purpose of obtaining more efficient and robust characteristics. The model uses a
2 × 2 pooling filter, taking the maximum value of the pixels in the neighborhood as the result for
a given point. For instance, Figure 6 shows MaxPooling operations used to reduce the image size
from 9 × 50 to 8 × 25 in the first convolution.

• Batch normalization (BatchNormalization). This seeks to alleviate the movements produced in
the distributions of internal nodes of the network with the intention of accelerating its training.
Those movements are avoided via a normalization step, constraining means and variances of
the layer inputs. Furthermore, it reduces the need for dropout, local response normalization and
other regularization techniques [23].

• Flatten (Flatten). This operation splits up the characteristics, transforming them and preparing for
obtaining a vector-type object [24]. It is used as training input of the subsequent fully-connected
neural network (FCNN).

• Dense (Dense). The fully-connected layer is implemented by one or several dense functions.
Each layer obtains n inputs from the precedent layer or, in case of the first dense layer, n inputs
from the Flatten layer. Then, these inputs are balanced by the neural network weights and bias,
and transformed into a set of outputs for the following layer according to their specific activation
functions. The final dense layer contains a five-component vector-type to perform the regression
on the values of α1, α2, α3, α4 and β. Particularly, the neural network used in this work contains
three fully connected layers, containing 128, 256 and 512 neurons respectively.

Table 1. Convolutional Neural Network structure and parameters used.

Layers Specifications

Conv2D 32 4 × 4 filters with 2 × 1 stride and padding same
activation ReLu + L2 Regularization 5 × 10−4

Batch Normalization -

MaxPooling2D 2 × 2 filter with 2 × 1 stride

Conv2D 64 4 × 4 filters with 2 × 1 stride and padding same
activation ReLu + L2 Regularization 5 × 10−4

Batch Normalization -

MaxPooling2D 2 × 2 filter with 2 × 1 stride

Flatten -
Fully Connected 128 (activation ReLu+ Dropout 0.4)
Fully Connected 256 (activation ReLu+ Dropout 0.25)
Fully Connected 512 (activation Softmax+ Dropout 0.5)

Fully Connected 5 (α1, α2, α3, α4, β)
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Figure 6. Sketch of the convolutional neural network (CNN) used in this work.

4.2. Training Machine Learning Models

Numerical training experiments started with the pressure probe footprints generated by using
mould filling simulations. A set of 3000 images of pressure footprints was used in the CNN model with
the purpose of predicting the five variables of position, α1, α2, size α3, α4 and the relative permeability
β. Both datasets, pressure probe footprints, as well as the the five variables were already normalized in
the [0, 1] interval so no extra treatments were required.

The first step was to split randomly the dataset generated into two pieces usually known as
training and test sets. Training and test sets contained all the data in a ratio of 80/20. The test set was
qualified as a never-before-seen dataset with the intention to evaluate the model under new data not
used during training.

The subsequent step deals with training of the CNN model by using Keras. The network described
in the previous section was coded in Keras by a sequential linking of two convolutional layers and three
dense layers (see Figure 6 for more details). Each layer applies some tensor operations with the input
data, and these operations make use of weight and bias factors. The weight and bias factors are the
intrinsic attributes of the different layers used and are considered the parameters where the learning
capacity of the network resides. A total of 860517 parameters was used in the CNN model, Table 1.
The determination of the network parameters is carried out by minimization of a norm defined as the
sum of the squared differences between the truth values of the variables (Xi = α1, α2, α3, α4, β) and the
predicted ones by using the CNN network. This Mean Squared Error (MSE) is used in this work as loss
function to minimize (MSE = 1/N ∑N

i=1(Xpred
i − Xtrue

i )2 with N the size of the dataset). The iterative
method for minimizing the loss function in combination with a gradient descent called Adadelta
were used to this end. The exact rules governing a specific use of gradient descent are defined by the
Adadelta [25] Keras optimizer. Training was carried out after not more than 5000 epochs by using 64
as the batch size and lasted around 16 hours with a 10 cores Intel Xeon W-2155CPU-3.30 GHz machine.
The evolution of training and test losses against the number of epoch training cycles is presented in
Figure 7. The best model configuration obtained produces a minimum MSE of ≈ 10−2 after training
which was judged accurately enough for modelling purposes.

It is worth highlighting the similarity of MSE loss curves obtained for both training and set
datasets which is an indicator of reasonable model performance for unseen data. Highly dissimilar
behaviour of these two curves usually indicates overfitting, which is a common problem in machine
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learning. If the complexity of the network and number of network parameters is too high, not in
correspondence with the datasets size, overfitting is produced. In this case, the accuracy obtained after
training can be excellent but the error corresponding to the test dataset could be still unacceptable and
indicates a deficient model generalization for new unseen data. Several strategies were implemented
in this work to alleviate possible overfitting problems according to recommendations found in the
literature, namely data-augmentation, L2 regularization and dropout rate in fully-connected layers.

An augmented dataset is generated from the pressure sensor signal by adding a white noise to
each image of the training set. The white noise generated follows a normal distribution N(0, 0.001)
with zero mean and 0.001 standard deviation. The augmented dataset contains then a total of
14,400 images, with 2400 being from the original set computed with OpenFoam and the remaining
12,000 the augmented one. L2 regularization techniques add a constraining term to the MSE loss
function which is proportional, with a regularization factor of λ = 5 × 10−4, to the total sum of the
squared values of the parameters of the network (MSE = 1/N ∑N

i=1[(X
pred
i − Xtrue

i )2 + λε2
i ]). Thus,

the presence of data outliers is penalized preventing possible overfitting. Lastly, dropout rates were
applied in the fully-connected neuron layers, entailing random dropping out, setting to zero, a number
of output features of the layer during training producing a less regular structure. The loss curves that
correspond to the case without any of the strategies used to alleviate overfitting are also presented in
Figure 7. Although the training loss in this case was excellent, and close to 10−4, the differences with
the test loss were unacceptable. Thus, the model in this case was unable to generalize with the same
precision level with new unseen data.

Figure 7. Training and test MSE (mean square error) losses evolution against the number of epochs
training cycles. The data include losses obtained with and without the application of techniques to
alleviate overfitting (data augmentation, L2 regularization and dropout).

The comparisons between the ground truth values of the variables, α1, α2, α3, α4 and β, and the
predicted ones through use of the CNN are gathered in Figure 8. The figure includes both training
and test datasets. As a first approximation, the correlation between predicted and ground truth values
was fairly good. This was especially true for the position of the dissimilar material region α1, α2,
Figure 8a,b. The network in this situation was able to learn in a highly efficient manner from the given
footprint by using only the features associated with the rise up of the pressure signals. However,
the accuracy attained for the remaining variables was, in general, more modest although the overall
trends were perfectly captured, Figure 8c,d,f. A plausible explanation for this accuracy reduction could
be attributed to the similarity of the pressure fields generated by the presence of the dissimilar material
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region. Two regions defined with similar values of size and/or relative permeability produce very close
fluid pressure fields almost indistinguishable, producing nearly no single-valued pressure footprints.
This reduction of accuracy was more evident in the case of the relative permeability parameter β which
is essentially controlled by the pressure gradients. Figure 8e shows the previous statement. Pressure
field differences for two small values of β may differ only slightly when the macroscopic flow reached
the outlet gates, thus producing again almost equal pressure footprints. Nonetheless, the accuracy
was judged to be reasonable for the automatic detection of the position and severity of the dissimilar
material region.

The histograms of the individual absolute errors computed as Xpred − Xtrue corresponding to
the five variables are also presented in Figure 8f. As mentioned previously, the prediction of the two
position variables (α1, α2) was excellent and the error in this case exhibits a Dirac-like type function
with 90% of the data lying within an absolute error band of less than 3%. It should be pointed
out that the model variables were expressed in non-dimensional and normalized form and thus,
the absolute errors were expressed in percentage. The error distribution for the remaining variables
was, of course, more flatten and the plausible reasons were discussed previously. The fraction of the
total data corresponding to predictions with absolute error lying in the ±10% and ±20% error band
are presented in Table 2 for the sake of completion.

Table 2. Fraction of the total data with absolute error falling within the ±10% and ±20% bands.

Error α1 α2 α3 α4 β

±10% 0.5% 3.0% 49% 35% 42%
±20% 0.2% 0.0% 16% 3% 15%

Figure 9a is presented to illustrate the overall performance of the model. The plots contain some
dissimilar material regions selected randomly together with the corresponding predictions by using the
test dataset and the 3 × 3 sensor network size. As discussed previously, the accuracy of the predictions
was fairly good, thus showing the ability of the proposed model to capture the presence of dry regions
during liquid moulding.

The accuracy of the model was also addressed for some additional cases including different
pressure network sizes of 2 × 2, 3 × 3 (baseline) and 4 × 4 corresponding to 4, 9 and 16 equally spaced
pressure sensors. It should be noted that as OpenFoam simulations were run a single time, saving
the pressure probe evolution at the locations corresponding to each specified network, there was no
need for further recalculations. The three models were trained by using the same procedure previously
explained and the corresponding MSE losses obtained for the 2 × 2, 3 × 3 and 4 × 4 networks were
0.016, 0.011 and 0.012, respectively. The MSE losses obtained for the 3 × 3 and 4 × 4 networks were
very similar between them. Such results seem to indicate that the dissimilar material region size used
in this study, following the uniform distribution Uα3,α4(0.075, 0.150), is perfectly captured even with
the 3 × 3 network. Increasing the number of sensors to 4 × 4 will not result in a better accuracy of
the model for such dissimilar material region size. Accordingly, the sensor network size should be
previously determined if a minimum dissimilar material size is sought. The predictions for the ground
truth cases presented in Figure 9a by using the 2 × 2, 3 × 3 and 4 × 4 network are now summarized in
Figure 9b for the sake of completion.

Lastly, the flow progress predictions for the case presented in Figure 3 are now shown in Figure 10.
This case corresponded to a 2b = 2h = 0.25L square region centred in x0 = 0.25L, y0 = 0.25L and
relative permeability of β = 0.1. The pressure footprint presented in Figure 4a was used as input to
predict the position, size and relative permeability yielding the 5-tuple (0.258, 0.241, 0.118, 0.117, 0.083)
from the ground truth values of (0.250, 0.250, 0.125, 0.125, 0.1). OpenFoam simulations were run
subsequently and the corresponding flow patterns gathered in Figure 10. The agreement between the
ground truth flow patterns shown in Figure 3 and the predicted ones was excellent, 4.9 · 10−2 MSE,
considering that the only information used comes from a discrete network of pressure sensors.
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Figure 8. Comparisons between the ground truth values of the variables, (a) α1, (b) α2, (c) α3, (d) α4

and (e) β including training (green) and test (red) data sets, (f) Histograms of the absolute error
corresponding to each of the variables used in the regression.
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Figure 9. Comparisons between the ground truth and predictions for five randomly selected dissimilar
material regions in terms of position and (a) size for the test data set using the 3 × 3 sensor network
size, (b) Same results as previously shown but with different sensor network of 2 × 2, 3 × 3 and 4 × 4.

Figure 10. Snapshots of the flow progress through the mould for different non-dimensional times
t̂ = 0.02, 0.2, 0.4, 0.8 and 1.0 corresponding to the predicted values for the case shown in Figure 3. Flow
progress from left to right. Red and blue colours correspond to phase values of α = 0 and α = 1,
respectively. For the sake of clarity, white dashed lines corresponding to the dissimilar material region
were superimposed.

4.3. Deploying Machine Learning Models

The CNN model and the weights resulting after training were saved for subsequent predictions
with new unseen data that could come, for instance, from the manufacturing laboratory. To this end,
the model architecture and the corresponding weights were stored by using json format (JavaScript
Object Notation) and hdf5 Hierarchical Data Format (HDF) respectively. Once the network was trained,
it could be deployed subsequently and evaluated at any time by loading the model, weights and the
new unseen data without the need of retraining.
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5. Discussion

Model Robustness

The previous section was devoted to describing a new machine learning model to detect
automatically the presence of a dissimilar material region during manufacturing of composites by
liquid moulding. Examination of the model architecture, training procedure, accuracy and the ability
to generalize a response under new unseen data was analyzed in detail. However, a deeper assessment
of its robustness should be conducted to address other relevant effects and uncertainties that could
potentially arise during the manufacturing process. Among others, these involve the presence of
increasing pressure signal noise, as well as possible sensor malfunctions or the size of the sensor array
used. Additionally, the response of the trained model through use of different type of unseen data was
evaluated. For instance, the response to other dissimilar material region shapes instead of a rectangular
one, the rectangle size out of the distribution used for training, as well as the presence of simultaneous
regions during filling, will be analyzed.

As described previously, a white noise signal following a Gaussian distribution N(0, 0.001) was
originally superposed on the pressure footprints to improve the overfitting response of the model and
its capability to generalize for new unseen data inputs. Once the model was trained, the prediction
ability with white noise corrupted data was checked. Figure 11a shows the pressure evolution
corresponding to the nine sensors installed in the model with white noise of N(0, 0.01) for the case
presented in Figure 4a. Such corrupted signals were used to determine the lack of accuracy due to
the presence of noise and the results presented in Figure 11b in terms of MSE. It was evident that for
increasing noise standard deviation, some of the pressure signals may overlap hampering the adequate
prediction of the model. It should be pointed out again, that the main sources of model deviations
from ground truth values were related to the α3, α4 and β variables, and more specifically to β related
with the permeability. Unsurprisingly, the position of the dissimilar material region was still well
predicted by the model even if the noise signal level was increased.
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Figure 11. (a) Corrupted pressure signal with white noise following the Gaussian distribution
N(0, 0.01), (b) MSE as a function of white noise standard deviation σ.
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Another possible source of lack of prediction capacity of the model is sensor malfunction.
During manufacturing, it is not unusual that sensor signals can be lost due to a malfunction problem or
inadequate wiring. In this case, if a sensor signal is lost from the early beginning of the test, the sensor
footprint image will be undoubtedly altered creating a zero-pressure reading in the columns presented
in Figure 5a. Under such circumstances, the trained model was not able to recognize the new patterns
created by the signal lost and the accuracy of the model was destroyed. Although this can be considered
an important shortcoming of the model, it can be easily circumvented if the network is previously
trained with data including a signal lost which is time inexpensive for the limited number of sensors
used. For instance, pressure footprint datasets used for the 3 × 3 network can be trained removing one
of the sensor readings leading to a (8, 100) size images rather than the baseline (9, 100) ones.

Figure 12 shows the robustness of the trained model against new unseen data with a structure
different than those data used for training. For this exercise, the model was evaluated by using pressure
signals obtained with circular dissimilar material regions, see Figure 12a and double size rectangle
regions following the Uα3,α4(0.150, 0.300) distributions, see Figure 12b. Although the geometry used
in these two cases produced, of course, different pressure footprints than those used for training of
the baseline problem, the results obtained from the model were still reasonable in location and area
indicating an adequate detection of specific patterns even if non-standard images are used.
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Figure 12. Comparisons between the ground truth and predictions for different dissimilar material
realizations: (a) Circular, (b) Double size rectangular, (c) Two equal rectangles, (d) Two equal rectangles
with CNN model trained with a new double rectangle data set.

The case of two rectangular regions deserves additional and specific comments. In this case,
two equal rectangle dissimilar material regions were generated randomly but assuming centered x-y
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symmetry so the problem variables used for the regression remain the same, Figure 12c. Independent
pressure footprints corresponding to two rectangle problems were generated with OpenFoam and
the baseline model with a 3 × 3 sensor network size was used to predict the position of an unique
equivalent dissimilar material region. Unfortunately, in this case, the response was misleading and the
model was unable to detect the specific features of this outlier case. The prediction of the model was
obviously a single rectangular region that neither matches the averaged position nor the area of the two
input rectangles, Figure 12c. As mentioned previously, such problems were easily circumvented by
additional training of the CNN model with the new data set corresponding to 3000 random realizations
of the two rectangular dissimilar material regions. The CNN was trained again and the new predictions
presented in Figure 12d for the same individual case presented in c. Now, the model was able to detect
perfectly the two rectangles with a precision level meeting the expectations (see error histograms in
Figure 8f). This simple exercise demonstrated the prediction capability of the CNN architecture trained
with the appropriate dataset.

6. Conclusions and Final Remarks

A supervised regression machine learning model based on a convolutional neural network is
presented in this work to predict the position, size and relative permeability of a dissimilar material
region inside a square mould subjected to a macroscopic one dimensional flow in liquid moulding.
The presence of the dissimilar material region produces distortions of the pressure field and flow
patterns which can be detected by a discrete network of sensors equally distributed over the mould
surface. The use of a fully-based experimental approach to build machine learning models in materials
manufacturing would be challenging due to cost factors. To avoid this issue, dataset augmentation
based on simulations becomes crucial to success. This was the approach used in this paper which makes
use of extensive modelling of mould filling through use of OpenFoam as the fluid mechanics solver.

The forward model described in the paper is able to generate the pressure probes evolution
during the filling time and these data were properly stored as a pressure footprints. A total of
3000 random realizations for the five variables describing the position, size and relative permeability
of a rectangular dissimilar region were generated by computer. The inverse problem to predict the
five variables from the regression of the individual pressure footprints was based on the use of a
convolutional neural network which was able to learn from specific features of the artificial images
generated. The CNN had two sequential convolutional layers and three fully-connected neuron layers
to relate the pressure footprints with the corresponding position, size and relative permeability of
the dissimilar material regions. The model architecture and training were implemented in Keras,
a high-level neural network API. The determination of the network parameters was carried out by
minimizing the mean square error loss over an increasing number of epochs. Training was carried
out by using some numerical strategies to alleviate overfitting, producing a model able to generalize
the response under new unseen data not used during training. The model yielded excellent accuracy
for the center position of the dissimilar material region while the one corresponding to its size and
relative permeability was good but more modest as shown in the error histograms distribution in
Figure 8f. Taking into account the difficulties and scatter associated with the permeability measurement,
the accuracy attained by the model was judged to be coherent with the experimental limitations. Lastly,
the model robustness against new data with structure not used during training is analyzed in detail.
In addition, the effects of sensor malfunctions, noise signals, presence of simultaneous dissimilar
regions, different shapes among others were studied. It should be remarked that the purpose of this
work was to establish a general framework for fully-synthetic-trained machine learning models to
address the occurrence of manufacturing disturbances without placing emphasis on its performance,
robustness and optimization. In summary, the following conclusions can be drawn:

• Machine learning and artificial intelligence strategies open revolutionary opportunities in
material science and, more specifically, in materials and parts manufacturing. The ability of
these technologies to deal and overcome complex physical and engineering problems that
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relate different datasets, as sensors and dissimilar material regions in this work, is highly
aligned with Industry 4.0 concepts. In the future, this will enable the development of efficient
cyber-physical systems to detect defects automatically during manufacturing while guaranteeing
the implementation of the appropriate corrective actions.

• Some of the major concerns and drawbacks of the application of machine learning methods in
manufacturing of structural composites are related with enormous costs and development times
associated with the experimental generation of the large datasets required for training. A way of
easing the burden on experimental tasks is to involve the cooperative help of simulation results
to create augmented datasets. Of course, it could be argued that the accuracy of processing
simulation tools to predict the involved variables is dubious, specially if manufacturing disturbances
should be taken into account. This paper has presented a fully simulation-based machine learning
model, although the purpose in future implementations will be to combine both experimental and
model datasets.

• Many modelling techniques involve machine learning algorithms and include different architectures
and methods. It should be noted that similar or even better results could be obtained by using
other approaches not examined here. The aim of the paper was not to provide the optimum model
configuration but to analyze the ability of machine learning to detect automatically flow disturbances
occurring during liquid moulding by testing a simple problem. A future objective will entail examining
of integration into a complete system able to detect manufacturing disturbances while implementing
automatically the required corrective actions to maintain a constant quality of the manufactured part.
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Abstract: Having environmental and economic advantages, flax fibers have been recognized as a
potential replacement for glass fibers as reinforcement in epoxy composites for various applications.
Its widening applications require employing failure criteria and analysis methods for engineering
design, analysis, and optimization of this material. Among different failure modes, delamination is
known as one of the earliest ones in laminated composites and needs to be studied in detail. However,
the delamination characteristics of unidirectional (UD) flax/epoxy composites in pure Mode I has rarely
been addressed, while Mode II and Mixed-mode I/II have never been addressed before. This work
studies and evaluates the interlaminar fracture toughness and delamination behavior of UD flax/epoxy
composite under Mode I, Mode II, and Mixed-mode I/II loading. The composites were tested following
corresponding ASTM standards and fulfilled all the requirements. The interlaminar fracture toughness
of the composite were determined and validated based on the specific characteristics of natural
fibers. Considering the variation in the composite structure configuration and its effects, the results
of interlaminar fracture toughness fit in the range of those reported for similar composites in the
literature and provide a basis for the material properties of this composite.

Keywords: flax-epoxy composite; interlaminar fracture energy; fracture toughness; delamination;
Mode I; Mode II and Mixed-mode I–II interlaminar fracture; critical energy release rate

1. Introduction

In the recent past decades since the 1990s, the increasing public environmental awareness
and commencement of new legislation are demanding more sustainable and ecologically efficient
products [1–7]. Synthetic glass and carbon fiber-reinforced polymer composites (FRPCs) have
high performance and are extensively applied in different industrial sectors, but they are
not environment-friendly [7–9]; thus, environmentally sustainable replacements are required.
Numerous research efforts have been dedicated to finding a sustainable substitute for synthetic
FRPCs, and have confirmed that plant-based natural fiber-reinforced polymer composites (NFRPCs)
are the most promising alternatives (to petroleum-based FRPCs) for many applications [2,3,5,10–17].
Having many advantages over man-made FRPCs such as improved sustainability and competitive
properties at a lower cost, NFRPCs have attracted much attention worldwide and have penetrated
the composites world with a rapidly extending industrial applications from packaging to structural
construction components [1,6,13,16,18–21]. Replacing the engineered FRPCs with fully biodegradable
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composites is not yet an economically and mechanically desirable solution in many applications;
nevertheless, the synthetic polymers reinforced with natural fibers to produce economic and partially
biodegradable composites can cover the requirements of a wide variety of applications and have
been a viable alternative for petroleum-based FRPCs [5,7,22]. For example, flax, hemp, and ramie
fibers, placed within the category of plant-based bast fibers, are the most widely used reinforcement
in NFRPCs, offering comparable mechanical properties to glass fiber-reinforced polymer composites
(GFRPCs) [10,19,23–25]. Among them, flax fibers have excellent performance, and many manufacturers
are interested in using them in NFRPCs for various applications [8,12,17,26–36]. Also, epoxy resin,
a thermoset polymer matrix, offers high mechanical performance and durability and is the most
commonly used matrix to produce flax fiber-reinforced polymer composites (FFRPCs) [29]. Furthermore,
the application of a unidirectional (UD) or optimally woven reinforcement structure is a primary factor
in maximizing the structural performance of FFRPCs [37,38]; therefore, UD flax fiber-reinforced epoxy
composites (FFRECs) are of outstanding importance and are used ubiquitously in the industry.

There are, however, some downsides to extending their application field, for instance, workpiece
defects in the machining process, required for complex components, and in-service degradation when
exposed to a humid (harsh) environment [6,28]. Accordingly, FFRECs have been the subject of several
pieces of research, trying to explore their properties and enhance their performance and durability to
resolve these drawbacks, aiming at facilitating their applications [2,29,32,39–42].

One of the commonly observed and major damage phenomena in laminated composites is the
separation of two adjacent laminae (plies), which is known as interlaminar failure or delamination
damage. This failure mode is the primary challenge for the laminated FRPCs that generally affects
the in-service functionality of the component by reducing its overall stiffness and load-bearing
capacity and subsequently leading to the failure of the entire component [43–45]. It might form
through the production process and exist as a defect in the composite, occur under different loadings
and environmental conditions, or incur during machining operations, particularly drilling [46–48].
In fracture mechanics, the interlaminar failure, according to the relative displacement of crack surfaces,
has been classified into three fracture modes: opening or tensile mode (Mode I), in-plane shear or
sliding mode (Mode II), and out-of-plane shear or tearing mode (Mode III) [43,49]. Figure 1 [49]
illustrates the crack propagation caused by different modes of failure and the corresponding loadings
acting on the cracks. Delamination can initiate and propagate due to any of these fracture modes or
any combinations of them (mixed modes).

 

Figure 1. Fracture modes and applied loadings [49].

The resistance of the material to crack propagation, or to delamination damages in composite
laminates, is known as interlaminar fracture toughness (IFT) [49]. The Linear Elastic Fracture Mechanics
(LEFM) approach, initially developed for isotropic materials, has been successfully adopted and applied
as a practice to characterize the IFT of the laminated FRPCs [50,51]. For fracture analysis, LEFM assumes
an elastic material behavior for the whole body, except for a contained damage zone around the crack
tip (which is a provision for the validity of the results). The IFT is a fundamental material property and
can be determined based on either the Stress Intensity Factor (KC) or the Critical Strain Energy Release
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Rate (GC) of the material; the latter is commonly named Interlaminar Fracture Energy (IFE). They are,
respectively, a measure of the stress intensity level and energy required for an increment of the crack
growth [49]. For the isotropic, homogeneous, and relatively brittle metallic materials, IFT depends on
the energy dissipation at the crack tip and can be characterized by KC. However, for FRPCs, the stress
field in the vicinity of the crack tip is more complicated, and IFT is affected by the result of energy losses
of different failure mechanisms such as matrix cracking, fiber fracture, fiber pullout, and fiber-matrix
debonding [50,52]. Therefore, GC is commonly used for the determination of IFT and the study of
delamination in FRPC laminates for different failure modes [44,52–55]. By comparing the energy
release rate (G) for a loading case to the GC of the material, the capability of the body to resist crack
extension can be assessed.

Ever-growing applications of laminated NFRPCs and their penetration into structural applications,
as well as the vital role of delamination in these composites, necessitate the investigation of the
interlaminar fracture behavior and determination of IFE of these materials. IFT, as a primary
property of a material, is required for engineering design purposes as well as numerical analysis
methods such as the Finite Element Method (FEM). The interlaminar fracture of the synthetic FRPCs
under different modes of failure has been extensively investigated, and its state of the art has been
comprehensively reviewed by many authors [43,44,50,52,56]. However, in the literature, limited work
has been documented addressing the interlaminar fracture behavior of the laminated NFRPCs,
particularly FFRECs that show better toughness [57]. Wong et al. [58] studied the influence of polymer
modification on IFT of a randomly oriented-flax/poly(L-lactic acid) composite and noted that by
adding hyperbranched polymers (HBPs) to the matrix, GIC of the composite significantly increased:
from 38.9 J/m2 for the original composite to 115 J/m2 for the composite with the highest volume
of HBP. Investigating the properties of a hybrid flax/glass UD-fabric (twisted flax yarns) reinforced
phenolic resin composite, Zhang et al. [59] measured GIC = 550 J/m2 for flax composite that increased
by hybridization to 560 J/m2 for [(flax/ glass)n]s composite. Their study shows that adding off-center
plies of different fibers to the laminate will change the IFT, although the delamination is happening
between the same type of composite plies. Li et al. [60] investigated the effect of fiber surface treatment
on the fracture properties of sisal-fabric/vinyl-ester composites with a fiber volume fraction (Vf) of
around 32% (Vf ≈ 0.32) and observed significant improvements in fracture energies of Mode I (GIC)
and small increases in that of Mode II (GIIC) in comparison to the untreated system. While GIC of the
permanganate-treated fiber experienced the most significant improvement. The authors followed
ASTM D5528 and measured the GIC values of 320.5/1158.7 [888.0/1682.2] J/m2, and GIIC values of
2141.0 [2384.7] J/m2 for the crack initiation/propagation of untreated and [permanganate-treated]
sisal composites. In an experimental study, Chen et al. [45] investigated the potential of carbon
nanotube buckypaper interleaf for improving the IFT of flax-fabric/phenolic resin composites with
Vf ≈ 0.73. They followed ASTM D5528 and tested some partially and fully interleaved laminates at
the mid-plane as well as laminates without interleaf for IFT. They observed a 26% [22%] and 29%
[51%] increase in initiation GIC, and [propagation GIC], respectively, for partially and fully interleaved
composite in comparison to those of the original one (≈4.4 and [≈5.6] kJ/m2) and related them to
the extensive favorable fibrillations observed in the interleaved laminates. Trying to enhance the
IFT of flax-fabric/epoxy composite of Vf = 0.60, Li et al. [61] interleaved them at the mid-plane with
chopped flax yarns of different lengths and content and followed ASTM D5528 to evaluate their
GIC. The authors observed a 4% to 31% improvement in the propagation GIC, with the maximum
increase for the moderate length and content of the chopped yarns, compared to that of the original
composite, GIC =1.40 kJ/m2. It should be noted that they have used Modified Compliance Calibration
method but have stated that used Modified Beam Theory (MBT). Ravandi et al. [62–64] conducted
experimental investigations, according to ASTM D5528, and numerical analysis, using FEM, to study
and predict the effects of through-the-thickness stitching and reinforcement architecture on the GIC of
the UD (Vf ≈ 0.31) and woven fabric (Vf ≈ 0.40) FFRECs. The authors tested double cantilever beams
(DCBs), according to ASTM D5528, to determine the GIC of the FFRECs as well as UD-glass/epoxy
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(Vf = 0.60) composites, and observed that average GIC of the UD-glass/epoxy was less than half of that
of unstitched UD-FFRECs (GIC ≈ 1.3 kJ/m2). Also, their findings showed that the average GIC value of
the UD-FFREC was three times lower than that of woven-FFRECs (GIC ≈ 3.2 kJ/m2), and generally,
stitching with flax yarns induced continuous improvement in IFT of the laminates, increasing with
stitch areal fraction to a maximum of 21% for the highest investigated level (of aerial fraction). Besides,
they reported that their FEM results agreed with the experimental ones giving the GIC values of
0.771 and 1.25 kJ/m2, respectively, for the crack initiation and propagation of UD-FFRECs as well as
0.671 kJ/m2 for the GIC value of glass/epoxy composite. Bensadoun et al. [57] tested some FFRECs
reinforced with seven different fiber configurations; i.e., one plain weave, two twill weaves (low/high
twist), a twisted-yarn-fabric cross-ply and an untwisted-fiber cross-ply architecture (cross-ply laminates
were tested in both 0◦/90◦ directions), to investigate the effect of the reinforcement architectures on the
GIC and GIIC of the composites with Vf = 0.40. In terms of delamination fracture, their composites with
untwisted-fiber cross-ply reinforcement denoted as UD [90,0], has a 0◦/0◦ ply interface at the mid-plane
of the laminate and is the closest one to the UD-FFRECs assessed in the current study. They reported
initiation GIC values between 457 J/m2 for plain woven and 777 J/m2 for twisted-yarn-fabric cross-ply
composite when tested in [90,0] direction, as well as GIC = 496 J/m2 for UD [90,0] tests. While the
propagation values of GIC vary from 663 J/m2 for UD [90,0] to 1597 J/m2 for the low-twist twill-woven
composites. Besides, they obtained GIIC values between 728 J/m2 for UD [90,0] and 1872 J/m2 for
plain weave laminates. The authors named the cross-plied twisted-yarn-fabric (with 90% of yarns in
longitudinal direction and 10% along the transverse direction) and the UD-untwisted-fiber architecture
respectively “quasi-UD” and “UD” architecture, whereas, their interlaminar fracture behavior could
be different with those of UD laminates, where all plies lay in one direction. Therefore, the results
may not coincide exactly with the results of UD laminates. In two different works, Almansour et al.
reported their findings of the effect of water absorption on the GIC [47] and GIIC [48] of the woven
flax (Vf = 0.31) and woven flax/basalt (basalt plies in the skin of the laminates and overall Vf = 0.33)
reinforced vinyl-ester composites in [±45◦] arrangement. Their DCB test results showed that upon
immersion in water, the initiation and propagation GIC of the flax/vinyl-ester, as well as the initiation
GIC of flax/basalt hybrid composites, decreased by 27%, 10%, and 23%, respectively. In contrast,
the propagation GIC of flax/basalt hybrid composites increased by 15%. They have documented the
average initiation/propagation GIC values of 3870/12093 J/m2, and 4431/9738 J/m2, respectively, for flax
and flax-basalt hybrid composites in dry condition. The concerning issue in this study is that the crack
did not propagate in the mid-plane of the laminate and deviated from that by crossing the layers; it thus
cannot be considered a pure interlaminar failure. Along with the high GIC value of vinyl-ester (410 J/m2

compared with 69–150 J/m2 for epoxy [57]), this might be another reason for higher measured values
of IFT. Also, in spite of the increase in initiation GIC, it seems that for the flax/basalt hybrid composites,
the shorter final deviated-crack growth combined with the ever-increasing R-curve resulted in a smaller
propagation GIC. Whereas, comparing the propagation GIC associated with the last crack length
exhibited by the hybrid composites with that of flax composite, an increase in propagation GIC can be
observed. In terms of GIIC values, testing end-notched-flexure (ENF) specimens, the authors observed
that hybridization by basalt fibers (adding basalt composite plies to the skin of the flax laminates)
improved the initiation GIIC value of flax composite by 58%; also, moisture absorption improved
the initiation GIIC of flax composite by 29% and that of hybrid composite by 20%, due to improved
matrix ductility. Their published average initiation GIIC values for the dry flax and flax/basalt hybrid
composites are 253 J/m2, and 400 J/m2, respectively. Nevertheless, considering that the basalt plies
are located at the surface of the laminate, while the IFT is being evaluated between flax plies at the
mid-plane, the basalt layers have the same function that the stiffeners (bonded as tabs to the skin of
DCB and ENF test specimens to avoid large deformations and specimens arm failure) used by some
researchers measuring the IFT of flax composites have [57,62–65]. Accordingly, the findings of these
studies show that the stiffeners affect the values of both Mode I and Mode II IFT, which contradicts
the assumption of these researchers. As a result, stiffening the arms of the DCB and ENF specimens
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will affect the IFT values and is not a proper solution, instead, increasing the thickness or changing
the initial crack length to improve the specimen stiffness seems desirable, as recommended by the
corresponding ASTM standards [53,54]. Trying to improve the IFT of UD-flax/gliadin composites,
Vo Hong et al. [65] investigated the influences of some processing conditions, fiber surface treatment,
and matrix plasticization on IFT by fabricating and testing flax/gliadin composite laminates with
Vf = 0.40. Testing the original composite DCB specimens according to ISO 15024 standard, the authors
reported GIC = 50 to 100 J/m2 and GIC = 450 to 550 J/m2, respectively, for crack initiation and propagation
measurements. Their findings show that the optimum value of IFT, GIC ≈ 1000 J/m2, was obtained
with a combination of all of the investigated processing and materials parameters, i.e., fiber treatment,
adding glycerol to the matrix, and medium cooling rate. Rajendran et al. [66] investigated the
behavior of twill-weave flax/epoxy composites in Mode I and Mode II delamination (no Vf reported).
The authors tested DCB and ENF specimens and, following the experimental calibration method
(ECM), calculated a GIC = 485 J/m2 and GIIC = 962 J/m2 for the composite. In another report [67],
they published their findings of the Mode I, Mode II, and Mixed-mode I/II interlaminar fracture
toughness of the same composite with Vf ≈ 0.44. In this work, they followed ASTM D5528 and
D7905 standards and tested standardized DCB and ENF specimens to determine the IFT in Mode
I and Mode II, respectively, while, they tested single-leg-bending (SLB) specimens, which is not
standardized, to measure the Mixed-mode I/II fracture toughness (G(I/II)C). Their obtained values in
this recent report are GIC = 363 J/m2, GIIC = 962 J/m2 and G(I/II)C = 649 J/m2 (for a GII/(GI + GII) = 0.43),
which shows a discrepancy in GIC value for the same material from two different reports. In a recent
study, Saidane et al. [68] used the acoustic emission (AE) method to investigate the Mode I fracture
toughness of flax, glass, and hybrid flax/glass woven-fiber/epoxy composites, flax laminates had a
Vf = 0.40. They conducted DCB tests according to ASTM D5528 standard but used AE to detect the
onset of delamination and the corresponding critical load to calculate GIC. The initiation GIC values of
1079 J/m2, 945 J/m2 and 923 J/m2 were determined respectively for flax, hybrid flax/glass and glass
composites. Nevertheless, the method used in this work to detect the delamination initiation and the
corresponding critical load used in calculation of GIC influences the obtained values, thus, this fact
should be considered when using the results for comparison purposes. The interesting point in this
study is that the propagation GIC value of flax composites (R-curve) continuously increased with
delamination length which contradicts the findings of previously cited studies, including those of
Zhang et al. [59] for the similar materials which show a stabilized plateau value after a certain crack
length. Also, their findings for hybrid flax/glass composites regarding the behavior of R-curves and
the decrease in GIC is in contrast with those of Zhang et al. [59] for the similar materials.

As summarized above, the literature review shows that the previous works addressing the
IFT of flax composites have mostly studied flax-fabric reinforced composites, while few researchers
investigated UD-FFRECs and only in Mode I [62]. Also, to the knowledge of the authors, no study
has, in particular, investigated their delamination behavior in Mode II and Mixed-mode I/II. Therefore,
the damage tolerance and behavior knowledge of UD-FFRECs, as the basic building block of the
FFRECs, particularly in Mode II and Mixed-mode I/II are missing. This is of paramount importance
in using flax/epoxy composites in recently demanded structural applications as well as employing
widely-used and reliability-proven FEM numerical analysis method to study this environmentally and
economically-advantageous and ubiquitously used material. Consequently, an in-depth understanding
of their delamination behavior in different modes is essential both for improving their material
properties and for generating demanded knowledge and mechanical properties in the engineering
design field and for future studies employing analytic and numerical resolutions. Because of the
variations in the fabrication processes, origins and properties of raw materials, and the mechanical
properties evaluation methods of these composites, the use of well-defined and precisely controlled
uniform composites as well as standard test methods is a pre-requisite to achieve reliable results.

The aim here is to investigate the interlaminar fracture behavior of the UD-FFRECs in three different
modes of failure, namely, Mode I, Mode II, and Mixed-mode I/II and determine the corresponding
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interlaminar fracture toughness. For this purpose, UD-FFRECs are fabricated using identical raw
materials and processing techniques with a precisely controlled fiber volume fraction. The commonly
used ASTM standard test procedures are followed to evaluate the composites under different modes
of loading to determine their IFT and produce valid and reliable data by respecting the defined
validity criteria.

2. Materials and Methods

2.1. Material System and Test Specimen Preparation

Unidirectional tapes of flax fibers, FLAXTAPE™ 200 (from LINEO, Valliquerville, France, https:
//eco-technilin.com), with an areal density of 200 gr/m2, were cut in 300 mm × 300 mm dimensions and
stacked up to form the UD reinforcement preform, Figure 2a. The thermosetting Marine 820 Epoxy
System, mixed with 18 Wt.% Marine 824 hardener (from ADTECH® Plastic Systems, Madison Heights,
MI, USA, www.axson-technologies.com), was used to impregnate the fibers employing the resin
transfer molding (RTM) process. The number of layers in [0]n layup and the thickness of laminates
were accurately computed according to the ASTM D3171 procedure and controlled to result in a
unique Vf of 41% for all composite plates and meet the requirements of the employed ASTM test
procedures regarding the thickness of test specimens. In order to induce a pre-crack as the initiation
site for delamination, a 13 μm-thick polytetrafluoroethylene (PTFE) film, was accommodated on the
mid-plane of the laminate during layup of the preform; the schematic view of the plate including the
insert film is shown in Figure 2b.

 

Figure 2. (a) Unidirectional flax fiber preform and (b) configuration of flax/epoxy pre-cracked laminate.

After fabrication and post-curing of the composite laminate, the PTFE film was located via X-ray
imaging, and the laminate was trimmed to reach the dimension of the insert that is recommended by
the ASTM standards, as shown in Figure 1b. Next, the rectangular UD-laminated composite specimens
with uniform thickness and containing a PTFE non-adhesive insert at one end on the mid-plane were
cut to their desired dimensions by a 10-inch/90-tooth, DIABLO’s cutting saw blade with high-density
carbide tooltips, as illustrated in Figure 2b.

2.2. Mechanical Testing

Three different types of fracture tests were conducted to evaluate the interlaminar fracture
toughness of the composite in pure Mode I and Mode II as well as in Mixed-mode I/II loading
conditions. Numerous test methods and specimen configurations have been developed over the years
to evaluate the IFT of the laminated FRPCs; however, only some of them have been standardized [43,69].
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In this study, the most commonly used standardized test methods by ASTM will be employed. All of
the tests were carried out at ambient conditions, and the specimens were exposed to the test conditions
at least 48 hours before the experiments. The details of the corresponding specimens, test procedures,
and data reduction methods are described as follows.

2.2.1. Mode I Interlaminar Fracture Toughness

Following the ASTM D5528 standard test method, DCB specimens were prepared and tested to
determine the Mode I interlaminar fracture toughness of the composite. The thickness, h, and initial
delamination length, a0, of the composite laminate were designed to fulfill the requirements of the
standard. After cutting the test coupons to their desired dimensions, two piano hinges were bonded to
the delaminated arms of the DCB specimen to introduce the tensile opening load and induce a Mode I
delamination fracture; the configuration and nominal dimensions of the DCB specimen are illustrated
in Figure 3a. To facilitate the detection of the onset and propagation of the crack, the side edge of the
specimens was coated with white correction fluid, and the approximate location of the pre-crack tip
and required final crack length were marked, as shown in Figure 3b. The DCB tests were conducted on
an MTS Landmark 370 hydraulic machine equipped with a 1 kN-capacity load cell, and MTS 647/10
hydraulic grips. The specimens were loaded and unloaded, respectively, at a constant crosshead speed
of 3 and 25 mm/min in two loading/unloading cycles. The initial loading was stopped after a crack
growth of 3 to 5 mm, and the specimens were unloaded; this was a procedure to create a natural Mode I
pre-crack in the DCB specimens. They were then reloaded until the delamination crack (a) propagated
past 50 mm from the tip of pre-crack, and then they were unloaded.

 

Figure 3. Double Cantilever Beam (DCB) specimen: (a) configuration and dimensions, (b) final
test specimen.

A Digital Image Correlation (DIC) system was employed to observe and track the delamination
front; the test setup is shown in Figure 4. DIC is an optical non-contact deformation measurement
technique [70,71] with adequate performance, low cost, and handy experimental setup that has been
used in many research fields for strain analysis studies, including crack initiation [72,73]. The principle
of DIC and theoretical basis for the calculation of stains using consecutive images has been reported by
many researchers and is available in the literature [74–76]. The recorded images were synchronized
with the load and displacement signals of the MTS machine, the crack opening displacement (COD) was
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estimated as the crosshead displacement, and the data was recorded for the entire loading/unloading
cycles. Then, the registered information was processed to associate the load and displacement values
at the intervals of delamination growth defined by the standard. These values were used to calculate
GIC for different delamination lengths and to form the delamination resistance curves (R-curves).
Eight DCB specimens were tested to obtain at least five valid tests to determine GIC of the composite.
The piano hinges were extended with a bracket to avoid the interference that occurred between the
arms of the specimen with regular piano hinges and the jaws of the grip. In order to more precisely
locate the end of the insert film, the first failed sample was completely opened, and the end of the film
was marked to measure a0 and used for marking the other samples.

 

Figure 4. Mode I delamination test setup with a DIC system to follow crack propagation.

There are various data reduction methods for calculating GIC values, three of which are presented
in the ASTM D5528 standard; however, the MBT method, yielding to the most conservative values,
has been recommended. In this study, MBT was implemented to calculate GIC values based on the
processed data and using Equation (1):

GI =
3Pδ

2b(a+
∣∣∣Δ∣∣∣) (1)

where P is the applied load, δ is the COD on the load line, b is the width of the specimen, a represents
the delamination crack length, and Δ is the crack length correction factor. Δ can be determined
experimentally as the x-intercept of linear least squares plot of C1/3 versus delamination length, where C
is the compliance of the specimen (C = δ/P). GIC is the IFT of the composite, associated with critical
load (PC) determined as follows.

The crack initiation value of GIC (Gini
IC ) was determined using three definitions presented in

the standard, namely, at the deviation from linearity point in the load-displacement curve (NL),
when delamination is visually observed (VIS) and at 5%-increased-compliance point or the maximum
load, as illustrated in Section 3.1. The NL Gini

IC is the lowest and recommended for damage
tolerance analysis, and the first propagation value of GIC is known as Mode I pre-crack GIC [53].
Concerning deflections of the specimen arms due to relatively low flexural modulus of the FFREC,
the values of h and a0 were calculated according to the recommendations outlined in the ASTM standard
and based on the elastic properties of the composite, leading to a shorter a0 = 42 mm compared to
a0 = 50 mm, recommended for synthetic FRPCs. Nevertheless, for some delamination lengths, the ratio
of the load-line displacement to delamination length was higher than 0.4 ( δa0

> 0.4). Consequently,
according to the standard, a large-displacement correction factor (F) was calculated using Equation (2)
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and incorporated in the data reduction method by multiplying F by GIC values calculated using
Equation (1):

F = 1− 3
10

(
δ
a
)

2
− 3

2
(
δt
a2 ) (2)

where t was measured as defined in the standard and is shown in Figure 3.

2.2.2. Mode II Interlaminar Fracture Toughness

End-notched flexure (ENF) tests were conducted following the procedure outlined in ASTM
D7905 to determine the Mode II interlaminar fracture toughness, GIIC, of the UD-FFRECs using the
compliance calibration (CC) method, which is presented as the only acceptable data reduction method
for this test [54]. The specimens were cut from the same laminates used for DCB specimens mentioned
above (Figure 1) and with the same tool to the dimensions that fall within the range of allowable lengths
and widths specified in the standard. Both sides of the specimens were painted with a correction liquid
to help the detection of crack initiation, and the end of pre-crack, as well as the required loading points,
was marked. Figure 5a illustrates the configuration and dimensions, and Figure 5b shows a picture of
the ENF specimen with markings. The ENF specimens were mounted in a three-point-bending (TPB)
fixture with a 100-mm-span and loaded on the same machine fitted with the 1kN-loadcell that was
used for DCB specimens, as shown in Figure 6. The coupons were loaded and unloaded at 0.5 mm/min
crosshead speed, and the data acquisition was performed for the entire fracture tests and the loading
phase of the CC tests.

According to the standard, the non-pre-cracked (NPC) and pre-cracked (PC) CC tests, at ai = 20
and 40 mm, and fracture tests, at a0 = 30 mm, were carried out on the same specimen to obtain the
compliance plots as well as the maximum loads (PMax), to be used for determination of GIIC. The initial
CC forces (Pi) were approximated using the flexural modulus (Ef) of the same material [77] and GIIC of
a similar material [66], then, the result of ENF tests with accepted GIIC was used to update the PC and
Pi. The calculated crack length after NPC tests (acalc) was calculated using unloading data of the NPC
fracture test, as mentioned in the test procedure.

 

Figure 5. ENF specimen for Mode II delamination: (a) configuration and dimensions, (b) specimen
and loading fixture.
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Figure 6. Mode II delamination test setup.

At each crack length, for NPC and PC tests, the compliance (C) was specified as the slope of the
load-point displacement versus load curve by linear least-squares regression analysis (LLSRA). Then,
C values were plotted versus cubed crack length (a3), and the CC coefficients, A and m in Equation (3),
were determined using LLSRA:

C = A + ma3 (3)

GIIC values were calculated using Equation (4) and validated based on the criteria of the ASTM
standard:

GIIC =
3mP2

Maxa2
0

2B
(4)

where m is the CC coefficient, a0 and PMax are respectively the crack length used and the maximum
force measured in the fracture test, and B is the specimen width. Six ENF specimens were tested to
obtain adequate results for the calculation of GIIC. The value of GIIC is considered as IFT, only if it
satisfies the criteria defined in the standard.

2.2.3. Mixed-Mode I/II Interlaminar Fracture Toughness

The Mixed-Mode Bending (MMB) tests were carried out according to ASTM D6671 standard test
method [55] to obtain the Mixed-mode I/II fracture toughness (G(I/II)C) of the composite. Following the
guidelines of the standard, piano hinges, with drilled holes matching to the hinge clamp of the MMB
test fixture, were adhesively bonded to the pre-cracked specimens cut from the same plate as for DCB
and ENF specimens, to form an initial crack length of a0 = 28 mm. The length of the initial crack was
calculated based on the criteria defined in the standard and using the thickness, mechanical properties,
and an estimated value of fracture energy, Gest

(I/II)C, to result in an ultimate allowable deflection. Also,
the side edges of the specimens were painted white and marked. Figure 7a presents the configuration,
dimensions, and load application points of the MMB specimen. Figure 7b shows the MMB apparatus
with a mounted specimen and the finalized MMB specimen. Mixed-mode delamination under a mode
mixture ratio of GII/(GI + GII) = 0.55 was applied by setting the length of the lever as c = 47.4 mm
(Figure 7b). The tests were performed at a constant crosshead speed of 0.5 mm/min on an MTS-322.31
machine equipped with a 5 kN loadcell, and the force versus displacement data was recorded.
A moveable microscope was synchronized with the load-displacement data and used to observe the
crack tip to detect the onset and follow the propagation of the delamination; the test setup is shown in
Figure 8. The loading of the specimen was continued until the delamination extended past 25 mm.
The required elastic and shear properties were used from our previous work [77], and the out-of-plane
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shear modulus G13 was assumed to be equal to G12. Also, for the calculations of the estimated force
and deflection, the estimated Mixed-mode IFT, Gest

(I/II)C, was considered as the average values of the GIC

and GIIC of the composite measured in this present study. Six MMB tests were carried out to achieve a
minimum of five valid tests by controlling the failure mode and maximum allowable deflection of the
specimens according to the criteria of the standard.

Figure 7. Mixed-Mode Bending (MMB) test specimen for Mixed-mode I/II delamination:
(a) configuration and dimensions, (b) test fixture and final test specimen.

G(I/II)C values were calculated using the Equations (5)–(7), as mentioned in the ASTM D6671:

GIC =
12P2

C(3c− L)2

16b2h3L2E1 f
(a0 + χh)2 (5)

GIIC =
9P2

C(c + L)2

16b2h3L2E1 f
(a0 + 0.42χh)2 (6)

G(I/II)C = GIC + GIIC (7)

where GIC and GIIC are the Mode I and Mode II components of the Mixed-mode IFT, respectively, PC is
the critical load, in this study, it is the load associated with the VIS point, c is the lever length, b and h
are respectively the specimen width and half-thickness, a0 is the delamination length, L is the half-span
length, and χ is the crack correction parameter defined in the standard.

 

Figure 8. Mixed-mode I/II delamination test setup.
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3. Results and Discussion

3.1. Mode I Interlaminar Fracture Toughness

The load-COD curve presented in Figure 9a shows the response of a typical DCB specimen to
the crack opening load during the second loading cycle (after inducing the natural pre-crack in the
first cycle). This curve shows that the UD-FFREC DCB specimen has a perfect linear behavior up to
95% of the Pmax, followed by a short nonlinear curve up to the Pmax point. Upon reaching the peak
point, which differs from the point at which the delamination initiates, the load drops slowly and
continuously with crack propagation, indicating that stable crack propagation is happening. Figure 9b
confirms unique behavior for all of the DCB specimens and shows good repeatability of the tests for a
NFRPC. This behavior of the DCBs perfectly agrees with the observations of Ravanid et al. [62–64]
for woven and UD-FFREC DCBs, which were stiffened by GFRP/CFRP tabs on both sides, as well as
with those of Bensadoun et al. [57] for cross-ply (UD [0 90]4s) FFRECs laminate stiffened likewise and
those of Saidaine et al. [68] for woven flax/epoxy composite. Investigating woven/vinyl-ester DCB
specimens, Almansour et al. [47] also observed an initial linear response followed by a nonlinear curve
up to the peak load. However, this is in marked contrast to the observations of Rajendran et al. [66,67]
for the flax fabric/epoxy DCBs., who reported a high nonlinear response up to the maximum load.
Ravandi et al. [62] and Rajendran et al. [67] tested epoxy composite DCBs made of relatively similar
flax fabrics supplied by the same supplier with the specifications as described in the Introduction part.
However, they reported an entirely different load-displacement response and IFT values; the average
GIC value reported by the former (≈2000 J/m2) is much higher than that of the latter (363 J/m2).

 
Figure 9. Load vs. crack opening displacement (COD) of the DCB specimen: (a) Typical
loading/unloading cycle and initial GIC value measurement points, and (b) overall initial behavior.

The calculated GIC values for a typical DCB specimen are drawn as a function of delamination
length (Figure 10) to generate the delamination resistance curve, known as R-curve, and to determine
the initiation and propagation values of GIC. As can be seen in Figure 10, the GIC value determined at NL
is the minimum followed by those at VIS and 5% Offset points, which happened before the Pmax point
for all DCB tests on the load-COD curve (Figure 9a). Figure 10 shows that GIC increases by delamination
growth to a maximum value and then drops to stabilize at a plateau value. Several authors observed
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similar R-curves, and this is a commonly occurred phenomenon for UD-FRPC DCB specimens when
the delamination grows parallel to the fibers between two UD plies that is attributed to the development
of fiber bridging across the crack [45,53,57,62,64,78]. This resistance-type fracture behavior of UD DCB
composites is an incidence of properly implantation of the delamination insert and validates the tests.
The scale of the fiber bridging is much more extensive for UD-NFRPCs compared to their synthetic
fiber counterparts [59,62–64,68]. The authors related this phenomenon to the high strength of the
longer synthetic fibers which tend to remain unbroken and less mobile, whereas, UD natural fibers are
composed of shorter technical fibers with irregular geometry and alignment that helps them bridge
two opening plies. They also believe that the higher GIC value determined for UD-FFECs compared to
those for UD glass/epoxy composites is associated with the larger scale of fiber bridging.

Figure 10. Crack Resistance Curve (R-Curve) of a typical UD-FFREC DCB, the plateau region
is highlighted.

The GIC values, determined based on different definitions of onset of delamination, are presented
in Table 1. However, combining some damage detection techniques, such as Radiography, strain gauge,
and AE, with DCB tests, reveal that the delamination starts in the interior of the specimen width very
close to NL point on the load-COD curve [53,68,79], and as can be seen in Figure 10, this point is far
from propagation values, thus is considered as initiation GIC value, as recommended by ASTM D5528.
The plateau value of GIC in the R-curve, the average value within the highlighted zone in Figure 10,
is considered as the propagation GIC value and summarized in Table 1.

Table 1. Mode I fracture toughness values for UD FFREC.

Mode I GIC
GIC

(NL Point)
GIC

(VIS Point)
GIC

(5%/Max)
GIC

(Propagation)

Average (J/m2) 574 641 644 903
Standard deviation 38 31 26 55

Coefficient of variation (%) 6.6 4.8 4.0 6.1

The relevant DCB tests conducted for FFRPCs and their corresponding GIC values available in
the literature are summarized in Table 2. As can be seen in Table 2, the most similar tests have been
performed by Ravandi et al. [64] for an analogous UD-FFECs ([0]16) laminate containing a similar UD
reinforcement with a lower surface density (110 g/m2) compared to 200 g/m2 used in the under-study
[0]12 laminate. However, the obtained initiation GIC value at VIS point (641 J/m2), as well as the
propagation GIC value (903 J/m2) in the present study, are about 20% lower than those reported by
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these authors. Considering that they stiffened their DCB specimens with GFRP, this difference may be
explained by referring to the work of Almansour et al. [47], where replacing the out-most layers of flax
fabric composites by the 4-fold stiffer basalt fiber plies, equivalent to stiffening flax composite DCBs,
augmented the GIC values by around 19%. Therefore, the obtained results in the current study are in
excellent agreement with their results. The experiments of Bensadoun et al. [57] for the cross-ply DCB
([90,0] specimens), where the delamination occurs at 0◦//0◦ interface, also have similar failure conditions
to the present DCB tests; however, it has been shown that GIC value measured for delamination at
0◦//0◦ interface within a UD laminate is different with that within a multidirectional laminate and
replacing some off-center 0◦ plies with 90◦ layers reduce the GIC value [80,81]. Therefore, in view
of this fact, the lower GIC values reported by these authors, presented in Table 2, are also in good
agreement with those of the present work. In general, from the studies summarized in Table 2, it can
be deduced that the composites reinforced with women fibers have higher GIC values compared to
those with UD reinforcements. As explained before, the huge difference observed for the results of
Almansour et al. [47] can be due to the very high toughness of matrix (that is the dominant factor in
this failure mode) used in their study in comparison to that used in the current study (410 J/m2 of
vinyl-ester against 69–150 J/m2 of epoxy [57]) as well as the woven reinforcement structure used in
their composite that exhibits higher GIC compared to UD laminate as shown in Table 2 and [57,82].
However, for propagation values, clearly, the deviation of crack from the mid-plane of the laminates is
a significant reason. Despite the similarity of the material, the value reported by Rajendran et al. [67]
seems relatively low. In addition to other differences listed in Table 2, and as discussed earlier,
their load-COD curve is entirely in contrast with the findings of this study and all other authors.
Moreover, they reported a 34% higher value for GIC of the same material in another work [66].

Overall, considering the differences in reinforcements architecture/source, matrix type, processing,
testing, and data reduction method, the obtained results in the present study are generally consistent
with the literature data given in Table 2. Therefore, the determined and validated values for the
initiation and propagation GIC for UD-FFRECs can be considered as the material properties of these
composites and be confidently applied in future research and engineering fields.
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3.2. Mode II Interlaminar Fracture Toughness

Figure 11 presents the load-displacement curve of a typical ENF fracture test. As can be seen,
the composite shows an overall linear response with a clear and sudden load drop, from which,
respectively, the compliance of the specimen and the peak load can be determined. This is a normal
and known behavior exhibited by ENF where, under an in-plane shear loading, the surfaces of
the mid-plane plies slide over each other and lead to unstable crack growth and sudden load
drop [54]. This failure allows only the measurement of crack initiation IFT. Almansour et al. observed
an analogous behavior for woven flax/vinyl-ester [48] and non-woven flax mat/vinyl-ester [83],
whereas Rajendran et al. [66,67] reported a complete nonlinear load-displacement curve for woven
flax/epoxy composites. The experience of the latter, likewise to their DCB tests, is in stark contrast
with the observations of previously cited authors (Almansour et al.) and many other authors [84–86].

Figure 11. Load-displacement curve of ENF test and illustration of compliance (C) and
PMax determination.

The Mode II interlaminar fracture energy, GIIC, was calculated using the data reduction method
explained in the previous section, and the averaged results of five valid NPC and PC tests are presented
in Table 3. As can be noticed, considering the variations, the averaged results are in the same range
and overlapping, however, NPC results have a larger variation.

Table 3. Mode II fracture toughness values for UD FFREC.

GIIC (NPC) GIIC (PC) GIIC (Average)

Mean (J/m2) 401 378 390
Standard deviation 18 7 18

Coefficient of variation (%) 4.5 1.9 4.6

There are very limited similar ENF test data available in the literature for comparison and
validation purposes. In fact, there is no available ENF test being conducted and treated exactly in the
same way for UD FFRECs; nevertheless, the closest ones are summarized in Table 4.
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Table 4. Mode II interlaminar fracture toughness tests and values for FFRPCs.

Current
Study

Bensadoun et al. [57]
Almansour
et al. [48]

Almansour
et al. [83]

Rajendran
et al. [67]

Reinforcement UD-flax
(200 g/m2)

0◦//0◦
UD-flax
plies in
[90,0]2s

W-flax
fabrics

(±45◦)
W-flax
fabric

Non-woven
flax mat

W-flax
fabric

(200 g/m2)

Matrix Epoxy Epoxy Epoxy vinyl ester vinyl ester Epoxy
Stiffener - GFRP GFRP −/basalt −/basalt -

Composite
fabrication RTM RTM RTM VARTM

Hand
layup +

CM

Hand
layup

Fiber content Vf = 0.41 Vf = 0.40 Vf = 0.40 100 Wt.% Vf = 0.23 Vf = 0.44
Test /Data
reduction
method

ASTM
D7905/
CC/SBT

SBT SBT SBT SBT CC

GIIC (J/m2) 378/612 728 1315-1872 266/430 1940/2173 962

UD: Unidirectional, W: Woven, RTM: Resin transfer molding, VARTM: Vacuum-assisted resin transfer molding, CM:
Compression molding, SBT: Classical Simple Beam Theory, CC: Compliance Calibration.

In Table 4, the obtained GIIC value for the under-study UD-FFREC laminate is placed within the
range of those reported for similar tests. However, it is clearly lower than that of the closest material,
i.e., [90,0]2s laminate with 0◦//0◦ UD-flax/epoxy plies in the midplane [57]. This difference can not
only be associated with the variation existing within the properties of natural fibers, it can also be
due to the difference in the reinforcement configuration of the laminates, the GFRP tabs used for
stiffening [90,0]2s laminate and the different data reduction method employed for calculation of GIIC.
The results of Almansour et al. [48,83] show that replacing the out-most plies of the flax composite
with high-stiffness basalt plies, which is equivalent to tabbing ENF specimens, augmented the GIIC
value of the flax composites up to 62%. Therefore, tabbing can be one of the reasons for obtaining
higher value for the compared composite. In addition, for DCB tests, it is proven that alterations in the
off-center plies (orientation and material) of the UD laminates with the same delamination interface
layers affect GIIC values [68,80,81]. There is no research result for ENF tests; however, this might be true
for Mode II delamination, as well. Furthermore, the ASTM D7905 standard is followed in the current
study; however, Bensadoun et al. used the classical simple beam theory method (SBT). While using
different data reduction methods yields variations in the obtained GIIC values, for instance, applying
the classical SBT used in their study to the test data of the current study, a higher value (612 J/m2) is
obtained, Table 4. The findings of some authors [57,87] revealed that woven reinforcements result in
higher GIIC values compared to UD ones; thus, the difference between the GIIC values of UD laminates
and those of woven-fabric reinforced composites given in Table 4 is reasonable. Some authors believe
that normally GIIC values are higher than GIC [57,88], whereas some observed the opposite [47,48,67],
and some believe that both can be true for laminated composites [89]. As listed in Tables 3 and 4,
depending on the applied data reduction method, both cases can happen for the UD-FFREC. For the
most similar instance ([90,0]2s laminate) discussed above, using ASTM D7905 standard for GIC, and SBT
for GIIC results in the same trend.

3.3. Mode II Interlaminar Fracture Toughness

The mixed-mode loading behavior of the composite is plotted in Figure 12. For clarity, a single
curve specimen is presented in Figure 12a and shows that in general, MMB specimens of FFREC exhibit
an initial linear behavior followed by a nonlinear curve up to the peak load, after which, a plateau
type curve with gradual load drop can be seen till the end of the test. Having plotted the curves of all
5 MMB specimens in Figure 12b, it can be seen that they exhibit a similar and consistent response with
acceptable repeatability for the natural fiber composites.
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Figure 12. Load-displacement curves of MMB tests: (a) determination of m and PC, and (b) all curves
of the tests.

The slope of the load-displacement curve (m) and the critical load (PC) need to be determined for
the calculation of mixed-mode I/II fracture energy of the composite. m was directly calculated from the
linear part on the curve, as shown in Figure 12a. However, there are some definitions for the PC in
the standard; NL, VIS, and 5%/max points, as define for the calculations of GIC, and the most suitable
one should be used. Due to the large nonlinearity part in the load-displacement curves, NL and the
calculated 5% offset points reach too early for most of the tests on this curve, so that do they not seem
to be the failure point and using the corresponding load would result in an underestimated fracture
energy. On the other hand, comparing the VIS and the maximum force points, it was observed that the
former happened earlier and right before peak load. This was also observed by Rajendran et al. [67],
who used strain gauge to detect the onset of failure in similar tests. Accordingly, the VIS point was
considered as the onset of delamination, and G(I/II)C was calculated based on the associated load at this
point. For all the tests, the maximum deflection was smaller than the allowable deflection that was
determined based on the criterion of the standard, and they were validated.

The obtained average mixed-mode I/II fracture energy value was G(I/II)C = 414 J/m2 with a 15%
coefficient of variation. The variation of results seems relatively high; however, considering the nature
of the natural fiber composites, the complexity of this test, and the subjective visual solution used for
detecting the initiation of failure, it is reasonable. To the knowledge of the authors, MMB tests reported
by Rajendran et al. [67] are the only literature data available for flax/epoxy composites. These authors
tested three single-leg-bending specimens (GIIC/G(I/II)C = 0.43) of woven-flax/epoxy composite with
Vf = 0.44, and using compliance calibration method, obtained G(I/II)C = 649.1 J/m2. Comparison is
limited to the result of this work that is obviously higher than the value obtained in the present
study; nevertheless, it should be noted that the reinforcement, manufacturing method, mode mixture
(mixed-mode ratio), GII/G(I/II)C, and test method in their study was different with the current one.
Furthermore, in the previous section, it was seen that woven reinforcement configurations produced
higher IFT, and for the same material, in another work, the authors reported a much higher GIIC;
therefore, this difference is reasonable. Considering that there is no other pertinent data for comparison,
and compared to the obtained Mode I and Mode II fracture toughness, which were determined
and validated earlier, this value of the mixed-mode fracture energy is the only value obtained for
UD-FFRECs and reasonably acceptable. Therefore, it can be considered as the representative of the
material property of this composite and used in engineering design and numerical simulation studies.

The B-K delamination criterion was used and fitted to the obtained data to determine the B-K
fitting parameter, η, and to predict the interlaminar toughness for various mixed-mode ratios [90]:

G(I/II)C = GIC + (GIIC −GIC)

(
GII

G(I/II)C

)η
(8)
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where GII/GI(I/II)C is the mixed-mode ratio, and η is the B-K fitting parameter. Using Equation (8),
η = 0.35 is computed for the prediction of the GI(I/II)C with other mixed-mode ratios.

4. Conclusions

The present study investigated the interlaminar fracture energy of unidirectional flax epoxy
composites in Mode I, Mode II, and Mixed-mode I/II delamination failure. The composite laminates
were manufactured via RTM method and were tailored to have a constant Vf = 0.44, and a 13 μm-thick
PTFE was placed in the midplane to induce pre-crack, it was then located by X-ray in the laminate.
All the DCB, ENF, and MMB tests were conducted and validated according to corresponding ASTM
standards to evaluate the fracture energies in Mode I, Mode I, and Mixed-mode I/II, respectively.
For Mode I, GIC = 574 and GIC = 903 J/m2 were obtained respectively for crack initiation and propagation
values. The obtained value based on the standard method for Mode II delamination is GIIC = 378 J/m2,
which in contrast to the results of previous authors, calculated via the SBT data reduction method,
is lower than GIC. However, when following the SBT method, GIIC =612 J/m2 is obtained, which is
consistent with their results. MMB tests resulted in G(I/II)C = 414.4 J/m2 for Mixed-mode I/II fracture
energy. Despite the limited, and in some cases lack of data available in the literature for comparison,
the results are compared to the existing similar data and confirmed. In view of the fact that there
is limited or no interlaminar fracture energy for these composites, the obtained values are valuable
material properties to be further used in the design engineering field and numerical simulation methods.
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Abstract: Polymer composites are used in numerous industries due to their high specific strength and
high specific stiffness. Composites have markedly different properties than both the reinforcement
and the matrix. Of the several factors that govern the final properties of the composite, the interface
is an important factor that influences the stress transfer between the fiber and matrix. The present
study is an effort to characterize and model the fiber-matrix interface in polymer matrix composites.
Finite element models were developed to study the interfacial behavior during pull-out of a single
fiber in continuous fiber-reinforced polymer composites. A three-dimensional (3D) unit-cell cohesive
damage model (CDM) for the fiber/matrix interface debonding was employed to investigate the effect
of interface/sizing coverage on the fiber. Furthermore, a two-dimensional (2D) axisymmetric model
was used to (a) analyze the sensitivity of interface stiffness, interface strength, friction coefficient,
and fiber length via a parametric study; and (b) study the shear stress distribution across the
fiber-interface-matrix zone. It was determined that the force required to debond a single fiber from the
matrix is three times higher if there is adequate distribution of the sizing on the fiber. The parametric
study indicated that cohesive strength was the most influential factor in debonding. Moreover, the
stress distribution model showed the debonding mechanism of the interface. It was observed that the
interface debonded first from the matrix and remained in contact with the fiber even when the fiber
was completely pulled out.

Keywords: fiber matrix interface; finite element analysis

1. Introduction

The interface plays a key role in strength translation and failure of a composite material [1,2].
It is well known that tailoring the interface for weak bonding improves energy absorption, while a
stronger interface results in higher load bearing and environmental resistance of a composite. The
sizing on glass and carbon fibers plays an influential role in the resulting fiber-matrix interface [2].
Typically, silane sizing on glass makes the surface compatible for bonding to epoxy, vinyl ester, and
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other thermoset, as well as thermoplastic, resins. Carbon fiber being non-polar is made reactive by
applying a range of epoxy or urethane-compatible sizing. The sizing helps with the handling of the
fiber and enhances the fiber-matrix interface [2].

A range of mechanical tests provide insight into the fiber-matrix combinations. It is known that
many of the measured mechanical properties of composites are governed by the quality of adhesion
between the fiber and the matrix. These tests include, but are not limited to, tensile, compression,
shear, and fatigue testing, or a combination thereof. Without suitable interfacial interaction, optimal
load sharing between the fibers does not take place, resulting in a weaker material [1].

There have been several techniques used by researchers to measure the fiber-matrix adhesion.
These methods can be broadly classified into three categories: Direct methods, indirect methods,
and composite lamina methods. The direct methods include the fiber pull-out method, single-fiber
fragmentation method, embedded fiber compression method, and micro-indentation method [2].
The indirect methods for fiber matrix adhesion include the variable curvature method, slice compression
test, ball compression test, dynamic mechanical analysis, and voltage contrast x-ray spectroscopy.
The composite lamina methods include the 90◦ transverse flexural and tensile tests, three- and four-point
shear, ±45◦ and edge delamination tests, short-beam shear test method, and mode I and mode II fracture
tests [2]. Typically, the experimental setup for the direct test methods is very complex. Moreover, data
reduction and interpretation are challenging because of several factors. These include experimental
data scatter, the inability to always discern changes in the slopes of the recorded load-displacement
plots, and the machine compliance from the recorded displacement.

Pithekethly et al. [3] devised a round robin test program to evaluate different techniques to
evaluate the interfacial shear strength of a fiber/matrix bond in composite materials. The selected tests
were the single-fiber pull-out test, micro-bond test, fragmentation test, and micro-indentation test.
Twelve laboratories participated in this program, but the results were inconclusive and the scatter
between laboratories for a given test was high. The researchers proposed a further investigation to
devise a protocol.

The traditional pull-out and fragmentation tests suffer from a difficulty in specimen preparation [4].
The micro-bond test developed by Gaur and Miller [5] is one of the widely used single-fiber-matrix
interfacial bond test methods to determine interfacial shear strength IFSS [4]. However, a standard
procedure for the micro-bond is yet to be established with various researchers using different techniques
to minimize the data scatter. This suggests the complexity of this technique and the need to devise a
technique to measure interfacial properties.

Analytical and numerical models are preferred due to their time and cost-saving potential.
Theoretical models have been very popular to understand the load-displacement behavior when a
single fiber is pulled out from the matrix [6–8]. Stang and Shah [7] developed a closed-form solution to
calculate the ultimate fiber tensile strength when fiber-matrix debonding occurred. Interfacial friction
as a measure of debonding behavior was predicted using a simple shear lag model by Gao et al. [8].
They modeled the force-displacement behavior using interface toughness and friction as parameters.
Residual clamping stresses and Poisson’s contraction for the fiber were taken in consideration to
analyze the stresses required to debond the interface by Hsueh [6].

Finite element models have also gained popularity due to technical advancements in commercial
packages. Sun and Lin [9] analyzed the interfacial properties through parametric studies in which they
varied the stiffness of the fiber and matrix coupled with irregular fiber cross-sections. The shear stress
distribution across the interface and its effect on debonding was studied by Wei et al. [10]. Cohesive
zone modeling (CZM) has emerged as a promising tool in formulating simulation models to study the
interface. Dugdale et al. [11,12] were pioneers in implementing CZM, which relies on crack initiation
and its propagation. Chandra [13] investigated interfacial fracture toughness and presented a detailed
discussion on the cohesive damage model and its reliance on traction separation laws to simulate
crack initiation.
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This paper focuses on finite element modeling using Abaqus to study the interfacial behavior
during pull-out of a single fiber in a continuous fiber-reinforced polymer composite. A 2D axisymmetric
model was used to study the shear stress distribution across the fiber-interface-matrix zone. Studies on
the sensitivity of interface stiffness, interface strength, friction coefficient, and fiber length were also
conducted. A 3D unit cell cohesive damage model (CDM) was used to investigate the fiber/matrix
interface debonding.

2. Cohesive Zone Modeling

The failure of the interface is conventionally studied using a linear elastic fracture mechanics
approach. In this approach, the local crack tip field is characterized using parameters such as stress
intensity factors (KI, KII, and KIII) and strain energy release rates (GI, GII, GIII). These parameters
determine the initiation of the crack growth. However, traditional fracture mechanics approaches
assume the existence of a sharp crack with stress levels locally approaching infinity. The crack tip is
called the ‘singular crack tip.’ Moreover, the crack tip does not exist in the fiber matrix interface; hence,
CZM is an alternative to traditional fracture mechanics approaches and this method is used for finite
element analyses.

A bilinear cohesive law is implemented in this work (see Equation (1)), which reduces the artificial
compliance inherent in CZM. Figure 1 illustrates the various stages of cohesive zone damage. τis is the
average interfacial shear stress and δ is the relative tangential displacement. The traction across the
interface increases and reaches a peak value, and then decreases and eventually vanishes, resulting in
a complete decohesion, given by Equation (1).

τis = Kδ 0 ≤ δ ≤ δs (1)

Figure 1. Cohesive zone damage; (a) typical traction separation behavior when a fiber is pulled out
from the matrix [14], (b) traction separations for different fracture modes. Mode II fracture mode has
been used in this analysis [15].

Commercial finite element code (Abaqus Version 6.13) was used to model the cohesive zone in
the fiber/interface debonding and/or pull-out. The relation between traction stress and separation is
given by Equation (2), ⎧⎪⎪⎪⎨⎪⎪⎪⎩

Tn

Ts

Tt

⎫⎪⎪⎪⎬⎪⎪⎪⎭ =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
Knn Kns Knt

sym Kss Kst

sym sym Ktt

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎨⎪⎪⎪⎩
δn

δs

δt

⎫⎪⎪⎪⎬⎪⎪⎪⎭ = Kδ (2)

where Tn is the traction stress in the normal direction, Ts, Tt are traction stresses in the first shear
and the second shear directions, respectively, K is the normal stiffness matrix, and δn, δs, and δt are
separations in the normal, first, and second shear directions, respectively. The elastic stiffness and the
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cohesive strength would be obtained from experiments. The maximum stress criteria were used to
predict damage initiation, given by Equation (3).

max

⎧⎪⎪⎨⎪⎪⎩Tn

Tp
n

,
Ts

Tp
s

,
Tt

Tp
t

⎫⎪⎪⎬⎪⎪⎭ = 1 (3)

Tp
n, Tp

s , Tp
t signify the peak values for traction stresses in the respective directions. Damage

evolution law describes the rate at which the cohesive stiffness is degraded once the corresponding
initiation criteria is reached. A scalar damage variable, D, represents the overall damage at the contact
point, which is represented below. The value of D ranges from 0 to 1. Refer to Equation (4).

Ts = (1−D)Ts (4)

CZM was used to predict the initiation and evolution of damage at the interface of the unit cell
comprising the fiber and matrix. For a composite unit cell that consists of multiple material systems,
the number of potential failure mechanisms that must be accounted for exponentially increases the
complexity of the analysis. Failure mechanisms include failure at the interface, fiber breakage, matrix
cracking, and their interaction.

Different modeling approaches within CZM were employed, such as elements with ‘zero thickness’
and ‘finite thickness’—(a) the interface was modeled as ‘zero thickness’ and adhesive properties were
used to study the interface failure mechanism; and (b) the interface was modeled with a very small
thickness for the ‘finite thickness model,’ respectively. Parametric studies were also conducted to study
the most influential factors affecting the strength of the fiber matrix unit cell.

3. Finite Element Model Setup

A 3D finite element model of the fiber pull-out specimen was generated using the CZM approach.
The finite element model of the unit cell and the boundary conditions are shown in Figure 2. The radius
of the fiber was 7.5 μm and the fiber was encased in a square matrix that was 18.8 μm. The dimension
of the matrix was based on a fiber volume fraction of 60%.

 

Figure 2. 3-D unit cell model where the purple circle indicates the fiber and the square represents the
matrix within which the fiber is enclosed. The boundary conditions are also shown here.
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Both the fiber and the matrix were modeled using 3D first-order (linear) hexahedron elements
with incompatible modes (C3D8I) in Abaqus, which is an improved version of the C3D8 element.
The boundary conditions that are constraints are also shown in Figure 2. More details about this type
of element are available from [14].

The interface was modeled with zero thickness. In this model, the Young’s modulus value for the
interface was assumed to be equal to the matrix properties. However, the interfacial shear strength
or the strength of the interface was taken from [16], which is 25 MPa. This value was measured by a
single-fiber fragmentation test wherein a single fiber was embedded in an epoxy matrix by Kumar [16]
who studied the effect of sizing on interfacial strength properties.

The material and input parameters are summarized in Table 1. The contact behavior of the
fiber/matrix interface was modeled as discussed in Section 2 using surface-based cohesive behavior,
which is similar to the cohesive element approach. This is a preferred approach when the interface
or the adhesive layer is very thin [14]. A displacement-controlled load of 0.1 mm was applied at the
free end of the fiber. The reason for imposing displacement on the fiber was that it results in a more
gradual failure process than a similar loading using applied forces [17]. A similar approach was used
by Bhemareddy et al. in Ref. [18] in their finite element model for the debonding of a silicon carbide
fiber (SiCf) embedded in a silicon carbide matrix (SiC).

Table 1. Material properties used in the 3D finite element model.

Material
Modulus

(GPa)
Tensile Strength

(MPa)
Coefficient of Friction
(Static and Dynamic)

Poisson’s Ratio

E-Glass Fiber 72 - - 0.2
Epoxy Matrix 4.2 - - 0.34

Interface (Cohesive Zone) 4.2 25 1 and 0.9 -

4. Results and Discussion

4.1. Effect of Continuous and Discontinuous Bonding between the Fiber and Matrix

Two cases were studied with this model to understand the effect of sizing coverage on the fiber.
In one case, the complete surface of the fiber is bonded to the matrix while, in the second case, only
half the surface of the fiber is bonded to the matrix. This simulates the situation where only half of the
fiber has been coated with sizing while the other half is uncoated. This is very close to the real-life
situation wherein a typical sizing applicator operates on at least two bundles of fibers. Each bundle of
fibers travels from a bushing above this applicator down to a winder below [19]. Due to the nature of
this process, uneven sizing is deposited on the fiber surface.

The stresses on the matrix region for discontinuous coating (shown in Figure 3b) are one magnitude
lower than those for continuous coating (Figure 3a). This can be attributed to the fact that less force is
required in the case of discontinuous coating. The force required to pull-out the fiber from the matrix
for the continuous coating model was 0.06 N, while it was only 0.015 N for discontinuous coating, as
shown in Figure 3c.
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Figure 3. (a) Stress plot for continuous interface coating on the fiber, (b) stress plot for discontinuous
interface coating on the fiber, and (c) force-displacement plot for the simulated fiber pull-out where
force is measured in (N) and displacement in (mm).

The 3D finite element model simulates the situation when only half of the fiber is bonded to the
matrix, and it has the potential of near-accurately predicting the load-displacement behavior when a
single fiber is debonded from an encased matrix.

4.2. Parametric Study to Understand Influential Factors in Fiber Matrix Adhesion

A parametric study was undertaken on a 2D axisymmetric model to understand the influential
factors affecting the fiber-matrix adhesion. Load-displacement behavior predicted by changes in
these factors were recorded and compared to each other. The radius of the fiber was 7.5 μm and
that of the matrix was 1.5 mm. Both the fiber and the matrix were modeled using four-node bilinear
axisymmetric quadrilateral elements with reduced integration (CAX4R). CZM was used for this model.
A displacement-controlled load of 0.1 mm is applied on the free end of the fiber. The factors studied
are: (a) Coefficient of friction (static and dynamic), (b) cohesive stiffness of the interface, (c) cohesive
strength of the interface, (d) fiber embedded length.

4.3. Effect of Coefficient of Friction

The parameter-coefficient of friction primarily comes into play only after complete debonding has
taken place. Figure 4 shows the load-displacement plots for the finite element models with varying
coefficients of friction. Four different sets of static and dynamic coefficients of friction were used in the
parametric study. They were: (0.1 and 0.05), (0.4 and 0.3), (0.8 and 0.4), and (1 and 0.9).
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Figure 4. Force (or load)-displacement curve for varying coefficients of friction.

Figure 4 is a magnified version and, hence, the non-linearity of the force-displacement curve is
exaggerated. However, the nature of the curve is non-linear to an extent and is not representative of
an actual test. This could be due to the effects of coefficients of thermal expansion and residual
stresses on the fiber, which have not been accounted for in this model. Nevertheless, finite
element models generated by various researchers [4,20,21] have the same trends associated with
the force-displacement curve.

4.4. Effect of Cohesive Stiffness of the Interface

The elastic modulus/stiffness of the interface was provided as an input property in the cohesive
behavior for the interface in Abaqus. The basic assumption here was that the interface would behave
similar to that of the matrix; hence, properties of the epoxy matrix were considered as the baseline.
The interface stiffness was varied from 10% of the matrix stiffness to 1000% of the matrix stiffness in
discrete values as 10%, 50%, 100%, and 1000% respectively.

As reported in Table 2, the elastic modulus for the epoxy matrix and the interface was taken to
be 4200 MPa. Figure 5 shows the load-displacement behavior for varying moduli of the interface.
It was noticed that the peak force required for debonding does not change even when the modulus of
the interface is as low as 420 MPa. In addition, the higher the stiffness of the interface, the lower the
displacement (complete separation). Furthermore, it was seen that for a very low interface modulus
(420 MPa), the evolution of crack length was much higher when compared to other cases. This is along
expected lines as the interface is too weak.

Table 2. Baseline material properties used in 2D axisymmetric model.

Material
Modulus

(GPa)
Tensile Strength

(MPa)
Coefficient of Friction
(Static and Dynamic)

Poisson’s Ratio

E-Glass Fiber 72 - - 0.2
Epoxy Matrix 4.2 - - 0.34

Interface (Cohesive Zone) 4.2 25 1 and 0.9 -
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Figure 5. Force-displacement curve for varying interface stiffness.

4.5. Effect of Cohesive Strength of the Interface

The strength of the interface was varied starting from 1 to 10 MPa, keeping all the other variables
at the baseline configurations. It can be clearly seen from Figure 6 that interfacial strength would
directly affect the maximum load at which the interface fails. The peak load is almost proportional to
the strength of the interface. It is also worth noting that at higher strength, ductile behavior of the
interface is seen. In other words, the crack has initiated but, as the bond strength is too high, the crack
evolution does not take place and debonding is delayed.

 

Figure 6. Force-displacement curve for varying cohesive strength.

4.6. Effect of Embedded Fiber Length

The effect of fiber-embedded length is more pronounced in terms of the maximum separation
achieved. Three different fiber lengths (3, 6, and 9 mm) were used in the parametric study, and the
respective load-displacement curves are illustrated in Figure 7. As the fiber length increased, it was
observed that the fiber-matrix response became more compliant and delayed debonding was observed.
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Figure 7. Force-displacement curve for varying fiber length.

A similar observation was observed by Sockalingam et al. [22] when they developed a finite
element model of the micro-droplet test method. The micro-droplet test is one of the best techniques to
study the interfacial properties between a fiber and matrix. This can be attributed to the fact that the
fiber bears the load when it is pulled out of the matrix.

4.7. Stress Distribution at Debonding between the Fiber, Interface, and the Matrix

Shear stress distribution across the interface during the debonding stage is an important indicator of
the interface and adhesion within the fiber/matrix. To investigate this effect, a 2-D axisymmetric model was
created where the interface was given a thickness of 0.001 mm, the fiber diameter was 0.007 mm, and the
matrix was 1.5 mm. This is shown in Figure 8. Furthermore, the interface was divided into three sections
and each had its own isotropic material property assigned. The three sections were: (a) Interface close to
the fiber, which was assigned fiber property; (b) interface in the middle, which was assigned the average
constituent fiber and resin property; and (c) interface closer to the resin, which was matrix-dominated.
The representation of the model is shown in Figure 8. Details of the input properties used in Abaqus are
provided in Table 3. The assumption for the interface was that it would behave like a glass fiber when
near the fiber and similar to the resin when in contact with the resin. CZM was employed here as well
when considering the bond between the interface, fiber, and matrix.

Figure 8. Shear stress distribution across the constituents—(a) dimension of the unit cell model,
(b) debond stage. The stress contour plot is also seen here.
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Table 3. Input properties for three-phase model where interface is modeled as a separate entity.

Material
Modulus

(GPa)
Tensile Strength

(MPa)
Poisson’s Ratio

E-CR-glass 81 - 0.2
Epoxy Matrix 4.2 - 0.3

Interface (Fiber-Dominated) 4.2 - -
Interface (Fiber/resin Average) 42.6 - 0.3
Interface (Resin-Dominated) 4.2 - 0.3

Fiber-Interface (Cohesive Zone) 50 40 -
Matrix-Interface (Cohesive Zone) 3.5 10 -

A pressure load was applied on the free end of the fiber, and the shear stress distribution across
the fiber, interface, and the matrix was recorded. The boundary condition was applied to mimic a
fiber pull-out where the bottom part of the matrix block is fixed and the fiber is pulled from the top
end. Symmetry about the axis is also considered as it is an axisymmetric model. As higher strength
was provided at the fiber-interface zone (Modulus 50 GPa), it was observed that debonding does
not take place in this zone. However, the debonding occurs in the interface-matrix region (3.5 GPa).
Figure 8 shows the shear stress distribution across the model. This was based on an assumption that
the interface takes the property of the fiber in this zone, and the interface fails mostly in the matrix
region, if the interface itself is not the weakest link.

The 2D axisymmetric model covers the entire range of intricacies involved in adhesion of the fiber
and the interface and the matrix. It was observed that the interface, which was modeled as a thin
film between the fiber and the matrix, continued to remain bonded with the fiber. Figure 9 shows a
stress contour plot of all three sections of the model. As discussed above, the stress is mostly borne
by the fiber and then then reduces gradually. The stresses calculated were 1980, 1870, 785, 39, and
11 MPa for the fiber, fiber-dominated interface, average interface, resin-dominated interface, and the
matrix, respectively.

 

Figure 9. Stress values calculated during the simulation for each section (fiber, interface, and the matrix).

The CONTACT STATUS (CSTATUS) feature of Abaqus was used throughout the analysis between
the bonded surfaces. It is divided into three parts—‘stick, slip, and open.’ The CSTATUS provides an
indication (a) when the contact is closed and is intact; (b) when it has begun degrading; and (c) when it
is completely open. Figure 10 illustrates the contact status at various stages of the analysis. At the
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initial stage, the contact is entirely intact between both the surfaces; in the middle stage of the analysis,
progressive debonding takes place between the interface-matrix zones.

Figure 10. Finite element modeling of fiber pull-out and debonding: (a) Represents initial stage of
pull-out where the red part indicates the interface is intact, (b) represents the middle stage of simulation
where the absence of red spots indicates debonding, and (c) represents the debond between the matrix
and interface.

5. Discussion

With the application of CZM, the finite element models demonstrate a single-fiber pull-out process
very well. Even though the finite element models developed herein were for glass fibers, the same
methodology can also be employed for carbon fibers. The parameters that would change are—radius of
the fiber, dimension of the matrix block, friction coefficient, and interfacial crack initiation shear stress.
More details on modeling parameters can be found in [23]. In Ref. [23], the authors have followed
the CZM approach and simulated a single-carbon-fiber pull-out using the commercial finite element
package Abaqus.

The finite element models in the current study have shown good potential to predict the
load-displacement behavior. Availability of more data sets from exhaustive tests would make the
model more robust and could be used for further investigation of adhesion between the fiber, interface,
and matrix. The finite element models need to be validated by comparing to experimental test
results, and they can be improved further to predict the load-displacement interfacial behavior during
fiber-pull out.

Having analyzed the fiber/matrix interface using both 3-D models and 2-D models, it is clear that
both the approaches have their advantages with respect to each other; however, the 2-D axisymmetric
model with its relatively simple and user-friendly approach coupled with lower computational time
was preferred. As both the models (3D and 2D) follow the same principles of CZM, the fundamentals
remain the same.

6. Conclusions

This study addressed the interfacial characteristics in fiber-reinforced composites. A 2D and 3D
finite element model of the fiber pull-out specimen was generated using the CZM approach. The key
findings from the modeling were: (a) The effect of sizing coverage was found to be pronounced.
While the force required to pull-out the fiber from the matrix for the continuous coating model was
0.06 N, it was only 0.015 N for discontinuous coating, a 300% increase with uniform sizing coverage;
(b) The static and dynamic coefficient of friction had a moderate effect on the force-displacement
past debonding of the interface. Friction coefficients greater than 0.3 resulted in about a 66% higher
interface force magnitude over lower values of friction coefficients; (c) for varying degrees of interface
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stiffness ranging from 10% to 1000% of the matrix stiffness (modulus), it was noticed that the peak force
required for debonding does not change even for 10% of the matrix stiffness. In addition, the higher the
stiffness of the interface, the lower the displacement (complete separation); (d) varying the interface
strength from 1 to 10 MPa directly affected the maximum load at which the interface fails. The peak
load is proportional to the strength of the interface; (e) in terms of embedded fiber length, as the fiber
length increased, it was observed that the fiber-matrix interface becomes more compliant and delays
debonding; and (f) for the high-fiber-interface zone (for example, modulus 50 GPa), it was observed
that the debond does not take place in this zone, but the debond takes place in the interface-matrix
region (for example, modulus 3.5 GPa). With larger data sets available from experimental results in the
future, these models can be used to capture details that are otherwise difficult to study. Furthermore,
the findings from this study can be used in the composites industry to characterize and evaluate
different fiber surfaces.
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Abstract: It is well known that concrete is one of the most widely used construction materials in
the world, and cement as its key constituent is partly responsible for global Carbon Dioxide (CO2)
emission. Due to these reasons, high strength concrete with lower CO2 emission, and concrete with
lower reliance on natural resources is increasingly popular. Geopolymer Concrete (GPC), due to its
capability to minimize the consumption of natural resources, has attracted the attention of researchers.
In cold regions, frost action is one of the primary GPC deterioration mechanisms requiring huge
expenditures for repair and maintenance. In this regard, two types of GPC (fly-ash based GPC and
bottom-ash based GPC) were exposed to the harsh freeze-thaw conditions using a standard test
method. The dynamic elastic modulus of both types of GPC was determined using a Non-Destructive
Test (NDT) method called Resonant Frequency Test (RFT). The results of RFT after exposing to 300
freeze-thaw cycles showed that bottom-ash based GPC has better freeze-thaw resistance than fly-ash
based GPC. Moreover, in this study, the leachability of bottom-ash based GPC was also investigated
to trace the heavy metals (including Si, Al, Na, Cr, Cu, Hg) using Toxicity Characteristic Leaching
Procedure (TCLP) test. The results of the TCLP test showed that all of the heavy metals could be
effectively immobilized into the geopolymer paste.

Keywords: geopolymer concrete; fly-ash; bottom-ash; freeze-thaw; leachability; non-destructive test;
TCLP; RFT

1. Introduction

Fly-ash and bottom-ash are by-products of the combustion of pulverized coal in thermal power
plants. These by-products are pozzolans and typically consist of Silicon Dioxide (SiO2), Aluminum
Oxide (Al2O3) and Iron Oxide (Fe2O3) [1]. It is projected by Miller et al. [2] that coal production
will increase up to 1000 million tons annually by 2040. So, due to the environmental regulations,
utilization of by-products such as fly-ash and bottom-ash in different applications must be provided to
protect natural resources and avoid landfill disposal of ashes. Although, broadly speaking, the use
of by-products in various industries leads to a cleaner environment, the Environmental Protection
Agency [3] reported that by-products can pollute groundwater and can increase a person’s health risk
to incurable diseases. So, besides creating a durable concrete made using by-products, it is worthwhile
to assess the environmental impact of concrete.

Ordinary Portland Concrete (OPC) is one of the most used construction materials all over the
world due to its high durability, high mechanical properties and long service life. However, the
production of cement as a main constituent of OPC requires energy that leads to the generation of
Carbon Dioxide (CO2). According to the Portland Cement Association (PCA), 1000 kg of Portland
Cement Production releases 927 kg of CO2 into the atmosphere [4]. Hence, to alleviate this impact on
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the atmosphere, it is critical to reduce the use of Portland cement in the concrete by replacing it with
other pozzolanic materials such as fly-ash, slag and bottom-ash.

Due to the issues mentioned above, scientists have been trying to use waste materials such as
fly-ash to make durable concrete. However, the use of bottom-ash to produce concrete is not widely
reported in the literature. French scientist Joseph Davidovits initially found one such concept, that of
the “Geopolymer”. Then, slag-based geopolymer cement was made in the 1980s [5]. Subsequently,
in 1997, based on the obtained results for slag-based geopolymer cement, Silverstrim et al. [6], Van
Jaarsveld and Van Deventer et al. [7] created an inorganic polymer concrete called Geopolymer Concrete
(GPC). GPC is produced by reacting aluminate and silicate bearing materials with a caustic activator [8].
Since then, numerous works have reported on the development of Sodium-based (Na-based) GPC
durability [9–12]. However, there are only limited studies conducted on the development of mix
design, durability and service life of Potassium-based (K-based) GPC made by the combination of
bottom-ash and fly-ash. Habert et al. [13] compared the environmental impact of GPC made by two
types of by-products (fly-ash and slag), metakaolin and Ordinary Portland Concrete (OPC) using the
Life Cycle Assessment (LCA) methodology. The results confirmed that GPC has a lower environmental
impact in terms of emission of CO2.

Freeze-thaw damage is a potentially critical deterioration mechanism that occurs not only in
cement-based concrete but also in GPC structures. The reason for the deterioration of GPC in a cold
condition is the water in cracks/capillary pores. The water in the cracks/capillary pores converts into
ice when the material was exposed to the freeze-thaw cycles, where this issue leads to the internal
expansion stress in the paste. This expansion stress causes internal micro-cracks. Continuously,
an increase of freeze-thaw cycles leads to an extension of micro-cracks. Fu et al. [14] studied the
freeze-thaw resistance of Na-based alkali-activated slag concrete. Six specimens of five mix proportions
were cast and tested to measure the freeze-thaw resistance of alkali-activated slag concrete. Mass and
Relative Dynamic Modulus of Elasticity (RDME) of each sample were measured after 25 freeze-thaw
cycles. The result of the freeze-thaw test showed that RDME and mass of all mix proportions decrease
about 10% and less than 1% after 300 cycles of freeze-thaw respectively. The authors also developed
damage mechanics-based models using RDME. The authors reported that attenuation and power
function models are more suited to accumulative and exponential damage models respectively.

This paper deals with the leachability of heavy metals of GPC. Basically, the potential leaching of
heavy metals into the groundwater is a crucial concern with the use of by-products as a constituent of
GPC, especially once the by-products are mixed with chemical materials such as Potassium Hydroxide
(KOH) and Potassium Silicate (K2O3Si). Thang et al. [15] investigated the leachability of hazardous metals
including Copper, Cadmium, Lead, Iron and Chromium of fly-ash based and red-mud-based geopolymer.
Nine mix proportions were made to use Inductively Coupled Plasma- Atomic Emission Spectrometry
(ICP-AES) at a pH of 7 to characterize the heavy metals in the geopolymer. The authors reported that raw
materials leached a high amount of Lead, Palladium, Chromium and other hazardous metals. However,
at a pH of 7, the level of leached metals from geopolymer materials was within the range specified by
the European Standard. It is also found that geopolymer materials had lower concentrations than their
constituent raw materials (fly-ash and red-mud). Arioz et al. [16] studied the leachability of fly-ash based
geopolymer paste cured at different temperatures, including 40 ◦C, 80 ◦C and 120 ◦C for 6, 15 and 24 h.
The hazardous metals including Arsenic, Lead, Chromium, Cadmium and Mercury were characterized
using Toxicity Characteristic Leaching Procedure (TCLP) test for samples and ICP-AES for solutions
extracted from GPC and fly-ash. The results of the TCLP test showed that fly-ash has higher heavy metals
concentration than geopolymer paste. Moreover, the higher concentration of Arsenic and Mercury were
measured in the solution of the samples cured at 120 ◦C for 15 and 24 h.

2. Research Significance

First of all, ample studies on the durability and service life of Na-based GPC have been reported.
However, limited studies have been reported on the mechanical properties of K-based GPC. Moreover,
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it is reported that bottom-ash has similar physical, chemical and mechanical properties to fly-ash [17].
Since the use of bottom ash is relatively limited, dealing with this industrial material is now posing
to be one of the most significant challenges in recent years. So, in the current study, attempts have
been made to produce an appropriate mix proportion for K-based GPC made by a combination of 50%
fly-ash and 50% bottom-ash (here noted as bottom-ash based GPC for further descriptions). K-based
GPC synthesized only with fly-ash was also produced to compare its freeze-thaw resistance with
bottom-ash based GPC.

Freeze-thaw delamination and heavy metals leaching are amongst the most persistent concerns
of material in a frozen condition. Basically, aggressive environments damage the structure of GPC
and consequently decrease their life span. Since there are limited studies that have reported on
examination of the durability of K-based GPC, it is important to investigate the freeze-thaw resistance
and leachability of K-based GPC synthesized by both fly-ash and bottom-ash.

Regarding freeze-thaw resistance properties, numerous predictive models were proposed for
Na-based GPC [9,18,19]. Hongfa et al. [20] proposed a damage model for cement-based concrete.
While, authors could not find any empirical model for K-based GPC, this model was used for K-based
GPC in the current study. Moreover, the damage variable of K-based GPC was calculated and
compared with other research studies to find the applicability of this freeze-thaw resistance model for
by-products-based GPC [21,22].

3. Experimental Work

3.1. Precursors

Both fly-ash and bottom-ash were procured from Lafarge Inc. in Vancouver, Canada. According
to ASTM C618 [23], the term fly-ash is divided into three categories (N, F, C). Class F was selected for
the present study as it is a pozzolanic material and is useful for developing a durable GPC. Bottom-ash
used in the current study had coarser particles than fly-ash. So, bottom-ash was sieved (#1.18 mm) to
remove bigger size particles to increase the surface area of particles to achieve reasonable strength. The
chemical elements obtained from the X-Ray Diffraction (XRD) test measured by Lafarge Inc. (due to
the cost prohibitive nature of this test) are indicated in Table 1. It should be mentioned that the values
of Na2O, K2O, TiO2, P2O3, Mn2O3 of fly-ash are not measured by are the main components of both
fly-ash and bottom-ash. The specific gravity of fly-ash and bottom-ash was 2.5 and 2.3 respectively.

Table 1. Chemical Compositions of fly-ash and bottom-ash.

Source: Lafarge Inc.’s Report

Properties Fly-Ash (%) Bottom-Ash (%)

SiO2 47.1 60.11
Al2O3 17.4 14.35
Fe2O3 5.7 5.92
CaO 14 10.40
MgO 5.4 4.49
SO3 0.8 0.10
LOI 0.19 0.00

Na2O N/A 2.232
K2O N/A 1.766
TiO2 N/A 0.892
P2O5 N/A 0.200

Mn2O3 N/A 0.093

Basically, a combination of alkali solution and soluble silicate is needed to produce GPC with desire
durability. Since the durability of K-based GPC has only been reported by a few researchers [24,25],
the combination of KOH and K2SiO3 was used in the present study because at elevated temperature
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(higher than 30 ◦C, GPC made by K-based is more steady than Na-based GPC in terms of mechanical
properties including compressive strength [26]. KOH flakes obtained from Sigma-Aldrich Private
Ltd. (St. Louis, MO, USA), and K2SiO3 powder (AgSil 16) obtained from PQ Corporation (USA)
were used in this study. Chemical elements of K2SiO3 obtained from the Material Safety Data Sheets
(MSDS) of the product are shown in Table 2. The specific gravity of KOH and K2SiO3 was 1.45 and
1.26, respectively.

Table 2. Chemical composition of K2SiO3.

Compound K2O SiO2 H2O

%W/W 32.4% 52.8% 14.8%

Microstructural Study of Fly-Ash and Bottom-Ash

The Scanning Electron Microscopy (SEM) of fly-ash and bottom-ash was investigated using
Hitachi S-4800 (Chiyoda, Tokyo, Japan) at the Advance Microscopic Facility (AMF) of the University
of Victoria. The SEM operated at an accelerating voltage of 15 kV. Both fly-ash and bottom-ash were
analyzed under 16.0 mm × 900 magnification.

The SEM images of both fly-ash and bottom-ash are presented in Figure 1i,ii. Figure 1i shows that
the fly-ash particles are spherical in shape and hence known as cenospheres (perfectly round smooth
and intact) with the presence of a few irregular particles. Figure 1ii shows the bottom-ash particles that
are larger in size and sub-angular to angular in shape. It also can be seen that bottom-ash particles are
porous with tiny pores visible in Figure 1. This porous nature of bottom-ash causes bottom-ash to
absorb more water than fly-ash [27]. This needs to be properly accounted for when using bottom-ash
in GPC production since excess water might have a negative impact on the GPC properties.

 
Figure 1. SEM images of fly-ash (i) and bottom-ash (ii).

3.2. Aggregates

Naturally available fine aggregate from Sechelt pit in B.C., Canada was used for the experimental
work. Moisture content was measured by the change in weight of sample after keeping the sample for
24 h in an oven at 100 ◦C. The calculated moisture content was 4.10%. The fineness modulus, specific
gravity and absorption of fine aggregate were 2.60, 2.65 and 0.79, respectively in accordance with
ASTM C127 [28].

Coarse aggregate was also sourced from the Sechelt pit. The nominal size of the coarse aggregate
was 12.5 mm. Calculated specific gravity, absorption and moisture content of coarse aggregate were
2.69, 0.69 and 1.39%, respectively in accordance with ASTM C127 [28]. The particle size distribution of
coarse and fine aggregates was measured (shown in Figure 2) in accordance with ASTM C33 [29].
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Figure 2. Aggregates size distribution.

3.3. Mix Design and Specimen Preparation of GPC

The mix proportion of GPC shown in Table 3 was derived after extensive initial trial experiments
performed in the Facility for Innovative Materials and Infrastructure Monitoring (FIMIM) of the
University of Victoria, Canada by the authors [12,30,31]. The KOH solution, with a concentration of
12 Molar (M), was prepared by dissolving KOH flakes in water. The KOH and K2SiO3 were mixed to
prepare alkali activator solution in accordance with the mix design, provided in Table 3, 24 h before the
casting day. The alkali activator ratio (K2SiO3/KOH) and a mass ratio of fly-ash to bottom-ash were
considered to be 1.5 and 50:50 respectively to achieve a target strength of 35 MPa. This target strength
was used as it is prescribed for numerous applications in practice.

Table 3. Mix Design.

Material
Bottom-Ash Based GPC

(Kg/m3)
Fly-Ash Based GPC

(Kg/m3)
Specific
Gravity

Fly ash 194 388 2.5

Bottom ash 194 0 2.3

Coarse aggregates 1170 1170 2.69

Sand 630 630 2.60

KOH (12M) 85.16 85.16 1.45

K2SiO3 125.74 125.74 1.26

Extra Water 38.71 38.71 1

Air Entrained Admixture 1.5 1.5 1.03

Total 2439.11 2439.11 14.83

First, the alkali solution was prepared a day before casting day, as suggested by Davidovits [8].
Then GPC samples were produced in accordance with ASTM C192/C192M-15 [32] and ASTM
C39/C39M-15 [33]. In order to produce GPC, dry materials were mixed in a concrete drum mixer for
1 min. Alkali solution was then added to the dry materials and was mixed for 3 min followed by a 3
min rest period. Finally, extra water (if the mixture was dry) was slowly added to the mixture for 2
min of final mixing. After mixing, GPC specimens were cast in molds (100 × 200 mm) for compressive
test. Then, the Gilson vibrator table with a frequency of 60 Hz was used to discharge air bubbles to the
surface, and for consolidating the specimens.
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3.4. Curing of GPC Samples

Several efforts have been made for characterizing the influence of curing environments on different
properties of Na-based GPC [34–36]. In previous studies performed by current authors [12,30,31] three
methods of curing (ambient, steam and dry curing) were selected to accelerate the curing of K-based
GPC and obtain higher compressive strength. So, in total, 54 cylindrical GPC samples (100 × 200 mm)
were cured using the methods mentioned above. According to the results, steam-cured GPC samples
showed greater compressive strength at temperature of 80 ◦C for 24 h. So, the steam curing method
and temperature of 80 ◦C were used to cure fly-ash based and bottom-ash based GPC for this study.

Generally, for the steam curing method, after 24 h of ambient curing (approximate relative
humidity range of 45% to 70% and approximate temperature range of 5 ◦C to 15 ◦C), the samples
were left in a container surrounded by water. The container was packed tightly to prevent excessive
evaporation during the curing process. The container was then put into the oven at a temperature of
80 ◦C. Lastly, the samples were removed from the oven, demolded, and was followed by 28 days of
ambient curing. More details about the curing regime used are available in prior studies [12,30,31].

4. Methodology

Figure 3 shows the scope of work of this study. In this study, first of all, attempts have been
made to produce bottom-ash based GPC and fly-ash based GPC using the steam curing method (at a
temperature of 80 ◦C). After that, cylindrical bottom-ash based GPC and fly-ash based GPC specimens
were made to measure their compressive strength. The freeze-thaw resistance, resonant frequency and
leachability of bottom-ash based and fly-ash based beams were then tested using the Non-Destructive
Test (NDT). Eventually, a comparative study was made between concrete parameter, compressive
strength and number of cycles. It should be noted that the leachability of bottom-ash based GPC was
separately studied using the TCLP test.

 
Figure 3. The work scope of the current study.

4.1. Compressive Strength

The steam-cured fly-ash based and bottom-ash based GPC samples (100 mm diameter and 200
mm height) were tested at the age of 28 days in accordance with ASTM C39/C39M-15 [33] using Forney
compression testing machine model #AD 650.
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4.2. Freeze-Thaw Test

In order to verify the durability of GPC under cold weather conditions, the freeze-thaw test
was performed. Six GPC prisms (76 × 102 × 406 mm) were exposed to 300 freeze-thaw cycles, with
temperature operating range from −17.8 ◦C to +4.4 ◦C and a humidity range from 10% to 95% in
accordance with ASTM C666 [37]. Procedure “A” was selected in this study which arranges rapid
freezing and thawing in water. After every 30 freeze-thaw cycles, samples were pulled off from the
freeze-thaw cabinet to measure their mass loss, RDME and leaching.

4.3. Dynamic Elastic Modulus

One of the objectives of this research was to calculate the RDME using an NDT called Resonant
Frequency Test (RFT)/Resonant Frequency Gauge (RTG). Figure 4 shows the components of the
RFT/RTG device used for this study. Firstly, an accelerometer, with a frequency response measurement
range of 20,000 Hz, was attached to the GPC surface using adhesive grease. After attaching the
accelerometer and positioning GPC samples to the required mode of testing, a standard ball tip hammer
weighing 110 ± 2 g with a tip diameter of 10 mm, is used to strike the surface at precise locations on
the samples being tested. The achieved time domain signal was amplified and passed through BNC
connection/cable. Finally, Olson instruments’ RTG software records/shows the resonant frequency.
ASTM C666 [37] suggested the following equation to calculate the RDME:

Pc =

⎛⎜⎜⎜⎜⎝n2
1

n2

⎞⎟⎟⎟⎟⎠ × 100 (1)

where:

Pc = RDME, %.
n = fundamental transverse frequency at 0 freeze-thaw cycles.
n1 = fundamental transverse frequency after ‘n’ freeze-thaw cycles.

Figure 4. Resonant Frequency Test (RFT)/Resonant Frequency Gauge (RTG) Device.
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5. Freeze-Thaw Damage Model

Hongfa et al. [20] used Aas-Jakobsen’s [38] S-N equation (Equation (2)) and proposed a model
(Equation (3)) for calculating the freeze-thaw damage of cement-based concrete in both the laboratory
and real environmental conditions. According to their assumption, the freeze-thaw fatigue damage in
concrete can be calculated as Equation (3):

S =
o′max

ft
= 1−β (1−R) logN (2)

Dn = 1− 0.6 log N
logN− 0.4 log(N− n)

= 1− En

E0
(3)

where:

Dn = freeze-thaw damage variable expressed as the RDME.
N = fatigue life of concrete exposed to freeze-thaw cycles.
n = number of freeze-thaw cycles.
E0 = initial dynamic modulus of elasticity.
En = dynamic modulus of elasticity after ‘n’ freeze-thaw cycles.
β = concrete material parameter

They also determined the value of β under freeze-thaw conditions using Equation (4) and
established a relationship between β and compressive strength.

β =
Dn

log N
(4)

In this study, the value of β of fly-ash based GPC and bottom-ash based GPC and other
by-products-based GPC performed by Zhao et al. [21] and Mengxuan et al. [22] was calculated to
find the applicability of Equation4. Table 4 compares the mix proportions of other researchers [21,22]
to the ones used in this study. Equations (3) and (4) were used to calculate the value of β of each
mix proportion (shown in Table 4), and to establish the relationship between β, number of cycles and
compressive strength of each mix proportion.

6. TCLP Test

Several materials are categorized as hazardous waste when they are dumped in landfills. GPC is
considered as a toxic material due to the use of hazardous waste materials and chemical activators in its
mixture. This is why it is vital to check its chemical metals leachability. In this study, the TCLP test was
used to analyze the leaching of chemical metals from GPC. To study the environmental compatibility
of K-based GPC made by 50% fly-ash and 50% bottom-ash, TCLP was performed as per USEPA 1311.

In this study, GPC was crushed to achieve a minimum of 100 g to characterize the chemical metals.
Then, 5 g of GPC sample was mixed with 95 mL of distilled water to measure its pH level. After the
determination of pH value, a proper extraction fluid was selected and was added to 100 g ± 0.1 g of
GPC sample (< 9.5 mm). The solution was placed in the extraction vessel and was rotated at 30 ± 2
rpm for 18 ± 2 hrs at ambient temperature (23 ± 2 ◦C). At the end of the extraction period, the solution
was transferred to the filter holder. The filtrate collected is called leachate.
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7. Results and Discussion

7.1. Physical Characteristics

The slump test was performed for the analysis of viscosity behavior of fly-ash based GPC and
bottom-ash based GPC to investigate the workability, according to ASTM C143 [39]. The average slump
value of fly-ash based GPC and bottom-ash based GPC was measured as 245 mm and 215 mm, respectively.
The bottom-ash based GPC specimens showed lower workability than fly-ash based GPC specimens
because according to the microscopic study of GPC, the smooth surface and rounded-shape of the fly-ash
particles improve ball-bearing effect, which increase the workability [40]. Moreover, it can be seen from
Table 3 that bottom ash has a lower specific gravity when compared to fly-ash. Hence, when the same
weight of fly-ash per cubic meter of the material is replaced with bottom ash, there is more dry volume of
the material, which may also be partly responsible for reducing the workability of the mix.

The average dry density of fly-ash based GPC and bottom-ash based GPC at 7 days was 2415 kg/m3

and 2422 kg/m3, respectively. The dry density of these two types of GPC increased as the age of
the GPCs increased. The average dry density of fly-ash based GPC increased from 2415 kg/m3 to
2431 kg/m3 when age of samples increased from 7 days to 28 days with an overall increase of 0.66%.
In contrast, the average dry density of bottom-ash based GPC increased from 2422 kg/m3 at 7 days to
2435 kg/m3 at 28 days with an overall increase of 0.53%. The authors attribute this slight difference in
density to in-batch test variability.

It is well-known that the specific gravity of fly-ash and bottom-ash is comparable because these
two materials have similar chemical compositions. Table 3 indicates that fly-ash has higher specific
gravity compared to its counterpart bottom-ash. It is reported that cenospheres and poor gradation of
particles degrade specific gravity of bottom-ash [41].

7.2. Compressive Strength of GPC

It is well-known that elevated curing temperature and duration are beneficial toward the
acceleration of the polycondensation process. In previous studies performed by current authors, three
methods of curing (ambient, steam and dry curing) were used to achieve higher compressive strength.
A minimum of six specimens (100 × 200 mm) were cured at ambient, 30, 45, 60, 80 ◦C for 24 h and then
kept at room temperature for 28 days. These samples were tested at the age of 28 days by using Forney
compressive testing machine model #AD 650. However, steam-cured GPC at a temperature of 80 ◦C for
24 h following by 28 days of room temperature curing achieved higher average compressive strength
(35 MPa). Based on the other studies on the microstructure of GPC [42,43], the steam curing method
improves the dissolution rate of chemical species, such as Silicon Dioxide (SiO2) and Aluminum Oxide
(Al2O3), from mixture where the rate of geopolymerization increases. This finding can be attributed to
the full and uniform internal curing of specimens. This finding is also in good-agreement with Yewale
et al. [44], where the optimum compressive strength of steam-cured GPC was achieved at 80 ◦C. So, in
the present study, GPC samples were steam-cured at 80 ◦C for subsequent experiments. However, it
should be mentioned that GPC samples can be steam-cured at 60 ◦C for some applications and it may
not be necessary to cure at high temperature such as 80 ◦C.

The same method and temperature (80 ◦C) were then used to produce fly-ash based GPC.
A minimum of three fly-ash GPC cylinders were cast to find their average compressive strength at
the age of 28 days. The compressive strength of fly-ash based GPC specimens was 32 MPa, 30 MPa
and 32 MPa with an average of 31 MPa. It can be seen from the results of the compression test that
the compressive strength of bottom-ash based GPC steam-cured at 80 ◦C is higher than fly-ash based
GPC with a similar curing regime. Although several studies have reported that bottom-ash based
GPC has lower compressive strength compared to fly-ash based GPC [27,45,46], it can be attributed to
the higher porosity of bottom-ash [47]. However, it should be noted that the ratio of SiO2/Al2O3 also
affects the compressive strength of GPC [48,49]. This means that GPC made by waste ashes with a
higher of SiO2/Al2O3 ratio tend to develop higher compressive strength. In this study, the bottom-ash
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had a higher SiO2/Al2O3 ratio than fly-ash. This is why bottom-ash based GPC had higher compressive
strength compared to fly-ash based GPC.

Generally, Na-based solution is mostly considered in various studies due to its low cost, availability,
desired workability and durability. However, the K-based solution can also be used for high temperature
applications [48,50–52]. According to Hounsi et al. [53], Na-based GPC gains lower compressive
strength value than K-based GPC at the same alkali concentration of the current study (12 M). Hounsi
et al. [53] attributed this phenomenon to the reduction of Si/Na ratio at a high concentration of sodium
hydroxide (NaOH), where NaOH slows the polycondensation process and reduces the mechanical
properties of Na-based GPC.

In previous studies performed by current authors, attempts have been made to cure the samples
at ambient temperature. However, as aforementioned, the higher compressive strength is achieved at
80 ◦C. It is well known that only ambient temperature curing is a practical method in the construction
field for GPC and to save energy. Hence, mixing calcium-based material such as cement with
ashes is suggested to improve setting time, workability and durability of GPC cured at ambient
temperature [54]. The microstructural investigation of fly-ash based GPC mixed with cement showed
that the geopolymerization process is more likely as calcium alumino-silicate hydrate (C-A-S-H), which
contributes to hardening and early strength gain of GPC mix with cement. Moreover, the enhanced
strength of GPC mixed with cement is attributed to the generated heat during the geopolymerization
process, where cement helps GPC to initiate condensation reaction at ambient temperature [35].

7.3. Freeze-Thaw Resistance

7.3.1. Mass Loss of Specimens during the Freeze-Thaw Process

The weight of GPC was taken every 30 cycles of freeze-thaw to calculate their mass loss. Figure 5
shows the average mass loss of six fly-ash based GPC and six bottom-ash based GPC up to 300 cycles
of freeze-thaw. Fly-ash based GPC shows higher and rapid mass loss possibly because the specimens’
structure failed at the early age of freeze-thaw cycles, and due to the poor bonding in the Interfacial
Transition Zone (ITZ) which led to severe surface scaling. This finding is in good-agreement with the
mass loss result of fly-ash based GPC-10 studied by Zhao et al. [21]. In contrast to fly-ash based GPC,
the mass loss of bottom-ash based GPC was slow till 300 freeze-thaw cycles which indicates higher
bonding strength of paste of bottom-ash based GPC.

7.3.2. RDME of Fly-Ash Based and Bottom-Ash Based GPC

Figure 6 indicates the average RDME reduction of six fly-ash based GPC and six bottom-ash based
GPC over 300 cycles of freeze-thaw. As can be seen in Figure 6, bottom-ash based GPC exhibits higher
RDME than fly-ash based GPC. The RDME of both types of GPCs dramatically dropped when cycles
increased from 0 to 60. Authors attribute this RDME reduction to the existence of uncured by-product
particles in the microstructure of GPC that caused GPC specimens to lose its microstructural strength
at early freeze-thaw cycles [55].

It also can be seen that RDME loss of bottom-ash based GPC (13.4%) was higher than fly-ash
based GPC (10.9%) until 60 cycles. However, RDME of fly-ash based GPC reduced intensely until 150
cycles (RDME ≈ 60%). In this study, the freeze-thaw test for fly-ash based GPC was continued up to
300 cycles, even though according to ASTM C666 [37], the freeze-thaw testing procedure of specimen
must be stopped when its RDME reaches 60% of the initial modulus. Since concrete is a heterogeneous
material, the issue mentioned above might be due to the various factors such as the density and RDME
of the main constituents (such as fly-ash and bottom-ash) and the characteristic of the ITZ which affect
the elastic behavior of the composite [56]. Moreover, in general, the RDME of the fly-ash based matrix
and bottom-ash matrix are determined by their porosity. So, the parameters determining the porosity
of the matrix, such as geopolymerization process, curing conditions, AEA amount, etc., could be the
other reasons for rapid RDME reduction of fly-ash based GPC.
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Figure 5. Average mass loss of fly-ash based Geopolymer Concrete (GPC) and bottom-ash based GPC
over 300 cycles of freeze-thaw.

 
Figure 6. Average Relative Dynamic Modulus of Elasticity (RDME) reduction of fly-ash based GPC
and bottom-ash based GPC vs. No. of cycles.

It is well-known that Air Entrained Admixture (AEA) provides more free spaces for the water to
freeze. However, the pressure made by cryo (ice formation inside the air voids of GPC) can overcome
the tensile strength of the matrix when these free spaces are overloaded with cryo. Consequently, this
pressure creates micro-cracks in the ITZ and would reduce the ultimate strength of concrete. So, fly-ash
based GPC can bear lower force when exposed to the freezing and thawing conditions since the initial
compressive strength of fly-ash based GPC (~32 MPa) was lower than bottom-ash based GPC (~35 MPa).

7.4. Leachability of GPC

7.4.1. Laboratory Investigation of Bottom-Ash Based GPC

Identification of heavy metals and their leaching is one of the important factors that govern the
utilization of GPC because of its influence on the environment. The toxicity of heavy metals depends
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on their concentration rate in the environment. With the increasing concentration rate of heavy metals
in the environment, these toxic hazardous metals can be accumulated in living tissues and cause
irreparable events. So, the TCLP test was conducted for obtaining the essential data about main
chemical elements such as Si, Al, Na and other hazardous metals such as Cr, Cu, Hg, etc. It should be
mentioned that the TCLP test was only possible on one sample due to the cost prohibitive nature of
this test. Bottom-ash based GPC was selected in this study because of its higher freeze-thaw resistance
than fly-ash based GPC. The TCLP test was performed by the Maxxam Analytics lab, Victoria, Canada.
Table 5 shows the pH of bottom-ash based GPC at three levels of extractions. The initial pH of the
sample was 11.6 due to the existence of alkali constituents (K-based) in the bottom-ash based GPC
mixture. To prepare the leaching/extraction fluid, 5.7 mL glacial acetic acid (CH3CH2OOH) was added
to 500 mL reagent/distilled water. When reasonably mixed, the pH of this fluid was 4.96. Then, to
perform the TCLP test, an amount of the proper leaching fluid equivalent to 20 times the mass of the
specimen (20:1 liquid to solid ratio) was added to the extraction vessel of TCLP equipment. Then, the
measured pH of leachate was 6.36.

Table 5. pH values of bottom-ash based GPC.

pH -

Initial pH of sample 11.6

Final pH of leachate 6.36

pH of leaching fluid 4.96

The results of the TCLP test showed that all the heavy metals could be effectively immobilized into
the geopolymeric paste. Figure 7 indicates that Ba, B and Fe have the highest leaching concentration
and the rest of heavy metals have a concentration of less than 0.10 mg/L. Moreover, the obtained results
showed that the concentration of all the heavy metals is below the regulatory level in accordance
with USEPA 1311 and USEPA CFR. This could be attributed to the cations of heavy metals (such as
Cu2+, Cd2+, Fe3+, Zn2+, Pb2+, and total Cr) that can participate in the balance of the negative charge
of tetra-silicate ([SiO4]4−) and potassium tetra-aluminate ([K+AlO4]4−) [57,58]. So, bottom-ash based
GPC showed low porosity, which could help immobilize all the heavy metals [59,60].

Figure 7. Toxicity Characteristic Leaching Procedure (TCLP) test results of bottom-ash based GPC.

7.4.2. Observational Study on Leachability of GPC during the Freeze-Thaw Process

In this study, the leachability of fly-ash-based GPC and bottom-ash based GPC was measured
using a water testing method called HACH strips. The water sample was collected every 30 cycles
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from the freeze-thaw cabinet to measure the leachability of fly-ash based GPC and bottom-ash based
GPC. Since the trend of data for every 30 cycles was quite similar only results obtained from the last
cycle (300 cycles) were analyzed and plotted in Figure 8. The leachability of both fly-ash based GPC
and bottom-ash based GPC was constant over 300 cycles of freeze-thaw (Figure 8). This phenomenon
shows that the geopolymerization process was fully completed, and all toxic metals were trapped in
the paste. Moreover, heat-treatment improved the microstructure of the GPC specimens, decreased the
porosity and decreased the leachability of the paste [61].

 
Figure 8. Leaching range of GPCs over 300 freeze-thaw cycles.

It also can be seen that the concentration of all the elements is almost in same range. However,
fly-ash based GPC had more amount of alkalinity than bottom-ash based GPC, possibly due to poor
geopolymerization of fly-ash based GPC compared to bottom-ash based GPC, which led to leaching of
potassium from fly-ash based GPC.

7.5. The Relationship between β, Number of Cycles and Compressive Strength of GPC

Figure 9 shows calculated values of β for data obtained from Zhao et al. [21] and Mengxuan et
al. [22] and compares with values of β of fly-ash based GPC and bottom-ash based GPC. The value of
β for mix #1, 2, 3, 4, 5, 6, 7 and 8 is 0.19, 0.44, 0.22, 0.19, 0.27, 0.23, 0.18 and 0.16, respectively. According
to Equation4, the value of β is inversely proportional to the logarithmic function of N, which means a
higher number of freeze-thaw cycles give a lower value of β. The results of the current experiment,
shown in Figure 9, confirm the finding mentioned above that bottom-ash based GPC (mix #8) with
a lower value of β has higher freeze-thaw resistance than fly-ash based GPC (mix #7). This finding
is also applicable to the rest of the GPC samples. Moreover, it can be seen that the value of β for
GPC samples with compressive strength less than 50 MPa decreased abruptly. While, β value of GPC
samples with compressive strength higher than 50 MPa reduced gradually. Although the results of the
current study are in good agreement with Hongfa et al. [20], the authors suggest that compressive
strength of GPC should be considered in Hongfa et al.’s [20] equation because compressive strength is
one of the key properties of GPC revealing internal bonding of paste. Therefore, a greater number
of freeze-thaw cycles were achieved when GPC had higher bonding strength. This finding can be
seen in Figure 9 where the value of β was varied when compressive strength increased (the value of
compressive strength of mix #1, 3, 4 and 8 was higher than their β, while the compressive strength of
mix #2, 5, 6 and 7 was lower than their β).
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Figure 9. Value of β, compressive strength and number of cycles for different types of GPC.

8. Conclusions

In this study, the deterioration and mass loss produced in fly-ash based GPC and bottom-ash
based GPC during 300 cycles of freeze-thaw were evaluated using RFT. Leachability of bottom-ash
based GPC was also measured using the TCLP test to characterize the heavy metals. According to the
obtained results:

• Bottom-ash based GPC indicated lower mass loss than fly-ash based GPC. Authors attributed the
phenomenon mentioned above to the poor bonding of pastes in the ITZ in fly-ash based GPC.

• The resonant frequency of both types of GPC was measured after exposure to 300 freeze-thaw
cycles with interval of 30 cycles. According to the results, bottom-ash based GPC showed better
freeze-thaw resistance than fly-ash based GPC. It could be attributed to various parameters
including geopolymerization process, curing conditions and the amount of AEA.

• Toxicity of heavy metals leaching from bottom-ash based GPC was measured using the TCLP test.
The results showed that all the heavy metals including Si, Al, Na, Cr, Cu, Hg etc. were trapped
and immobilized in the paste, and all of them were below the standard range of USEPA 1311 and
USEPA CFR.

• A comparison between compressive strength, N and β of different types of by-products-based
GPC was made. The experimental results showed that a higher number of freeze-thaw cycles
give lower β. So, Bottom-ash based GPC with a higher number of cycles had lower β (0.1614)
than fly-ash based GPC (0.1838). The authors also found that compressive strength should be
accounted for in the proposed equation by Hongfa et al. [20].
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Abstract: Current state of the art, simulation methods to determine the frequency-, temperature- and
humidity-depending stiffness and damping do not show an accurate prediction of the structural
dynamics of short-fiber-reinforced thermoplastics. Thus, in the current work the new developed
Arbitrary-Reconsidered-Double-Inclusion (ARDI) model has been used to describe the stiffness and
damping. Thereby, a homogenization equation has been used to derive the transversal-isotropic
stiffness and damping tensors. By rotating and weighting these tensors using orientation distribution
functions (ODF), it is possible to create a material database. A validation of the developed ARDI model
was performed on bending vibration specimens under variation of the fiber direction, temperature
and humidity, to investigate the structural dynamics. In general, the comparison of the results of the
simulation and experiments shows a good correlation of the eigenfrequencies and the amplitudes. The
main differences in the simulation can be traced back to the used modelling of the damping behavior.

Keywords: structural dynamics; composite plastics; stiffness; damping; fiber orientation;
ODF; viscoelasticity

1. Introduction

Engineering plastics have become an important component of modern industry as a construction
material, due to their good mechanical properties at low weight. Under Noise-Vibration-Harshness
(NVH) aspects, plastics show a reduced structure-borne sound transmission and sound radiation
behavior compared to metallic components due to their viscoelastic damping properties [1]. The
challenge is to describe the microstructural mechanics of the short glass fiber-reinforced plastics in a
suitable material model for a reliable prediction of the structural dynamics behavior.

For the description of the microstructural mechanics of short fiber-reinforced plastics, different
approaches were pursued, which are mainly based on the investigations of Eshelby [2]. Assuming that
the fibers have an ellipsoidal shape, the local stress and strain fields of the individual phases in the
composite were calculated with a localization equation. This describes the mean-field theory according
to the Mori-Tanaka model [3] and builds the basis for extended models like Hill’s self-consistent
model [4], Benveniste´s reformulation of the Mori-Tanaka model [5] or the second-moment mean-field
homogenization model of Dogri et al. [6].

A look at the microstructure of fiber-reinforced plastics shows that a high crystalline interphase
is formed between the fibers and the matrix [7]. In this context, three-phase models such as the
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Reconsidered-Double-Inclusion (RDI) model [7] were developed to characterize the material properties
more precisely. An overview of currently available material models is given in [8,9].

For the prediction of the structural dynamics of plastic components, established simulation
methods generate anisotropic, linear-elastic material models [1]. In this context, the integrative
simulation method as a coupling between process and structure simulation has become an essential
tool for the efficient design of short fiber-reinforced plastic components [10]. Here, the fiber orientation
tensors were coupled to the mesh of the components to demonstrate the anisotropic material properties.
This condition allows an adequate description of the anisotropic stiffness of short fiber-reinforced
plastics in the elastic range.

For the description of the damping of plastics, reduced damping models such as Rayleigh or
modal damping are still used today [1,11]. The main disadvantage is that the damping constants
are usually iteratively optimized using a reverse engineering approach based on experimental data.
Furthermore, the stiffness and damping of short fiber-reinforced plastics varies depending on the
excitation frequency, temperature and humidity [12]. This effect is also neglected when defining a
static material model for the stiffness and damping.

Under the usage of Prony-series it is possible to model the frequency-dependent viscoelastic
material behavior of the plastics more accurate. Thereby, a linear interpolation of the material
properties between a defined number of interpolation points is performed and weighted by a sum
function. Park and Schapery [13] as well as Breuer et al. [14] have demonstrated a successfully
application of Prony-series formation for the description of the frequency-dependent stiffness of
fiber-reinforced plastics.

In this work, a novel anisotropic viscoelastic material model based on the RDI model and
Prony-series formation is proposed, to describe the frequency-, temperature- and humidity-dependent
stiffness and damping of short glass fiber-reinforced thermoplastics.

2. Methodology and Approach

In order to achieve the aim of this work, the first step is to define the material model. Therefore,
the existing RDI model has been extended to the Arbitrary-Reconsidered-Double-Inclusion (ARDI)
model, by using the complex modulus to consider the damping behavior. Afterwards, the orientation
distribution function (ODF) has been reconstructed according to the maximum entropy method
(MEM) [15] for a number of orientation tensors. This method allows the creation of a discrete ARDI
material database.

In the next step, the execution and evaluation process of the experiments have been defined.
For the execution of the bending vibration tests, a system for the uniaxial vibration excitation of test
specimens [16] has been used. The positioning of this system in a climatic chamber allows the execution
of the bending vibration tests under defined temperature and humidity conditions.

The evaluation of the bending vibration tests was carried out with the resonance-curve method [17]
and the 3 dB method [18]. In this context, the evaluation of the bending vibration tests of pure
thermoplastic material specimens provides the storage and loss modulus for the calibration of the
ARDI model. The evaluation of the bending vibration tests of the glass fiber-reinforced thermoplastics
provides the structural dynamics behavior in the form of an accelerance frequency response function
(FRF) for a comparison to the simulation.

The present work focuses on the thermoplastics PA66 (polyamide 6.6) and PPA (polyphthalamide)
as pure matrix materials and in the reinforced state with 30 (GF30) and 50 (GF50) weight percent
glass fibers.

The bending vibration tests of the plastics were performed under conditioning of 23 ◦C with
0% relative humidity (rh), 130 ◦C with 0% rh and 23 ◦C with 50% rh. The selected temperatures and
humidities were derived from the temperatures and humidities where the plastics of this work are
typically used (23 ◦C, 0% rh) but also where the selected plastics can still be used in a technically useful
way (maximum humidity 50% rh, maximum temperature 130 ◦C).
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The micro-computed topography (μ-CT) measurements of the glass fiber-reinforced materials
allow the determination of the experimental fiber orientation tensors. The μ-CT specimens have been
prepared from the center of the plate material from the same batch as the bending specimens. Based
on these μ-CT results, it is possible to adjust the setup of the filling simulation to improve the quality
for predicting the fiber orientation. Based on the calculated velocity field of the flow, the Folgar-Tucker
model has been used to determine the fiber orientation tensor [19].

In the next step, a nearest neighbor mapping process has been used to couple the calculated fiber
orientation tensors from the computational fluid dynamic (CFD) mesh of the filling simulation to the
finite-element (FE) model mesh. Then, the material properties from the ARDI material database have
been assigned for each element of the component according to the smallest error deviation of the
Euclidean standard of the orientation tensors.

In the last step the calculation of the structural dynamics for each continuum element under
update of the stiffness and damping tensor has been performed. For this, a linear-viscoelastic material
law based on a Prony-series formulation via subroutine (UMAT) has been used [14].

The comparison of the results of the existing RDI to the ARDI model allows the assessment of
the significant extension to the state of the art. For this purpose, the existing RDI model has been
combined with a global modal damping (GMD) behavior approach. The GMD behavior has been
modeled as ratio between stiffness and damping tensor and thus corresponds to the dissipation factor.

The calculation of the FRF of the bending specimens allows a comparison to the experiments
and an assessment of the quality of the developed ARDI model for the selected temperatures and
humidities. Thus, it is possible to assess whether the ARDI model is able to simulate a wide range of
humidity and temperature conditions under the usage of the defined calibration method. The concept
of this work is shown in Figure 1.

Figure 1. Concept for embedding the Arbitrary-Reconsidered-Double-Inclusion (ARDI) material model
in a simulation routine.

3. Arbitrary-Reconsidered-Double-Inclusion (ARDI) Material Model

This section presents the equations of the ARDI model and corresponding, the implementation of
the model in a simulation routine. The ARDI model consists of four significant steps: the first and
second homogenization step, the generation of a material database and the property assignment.

3.1. First Homogenization Step

The ARDI model is based on the RDI model according to literature [7]. The RDI model is a
two-step homogenization method to characterize three-phase composite structures with respect to a
unidirectional, transversal-isotropic effective composite stiffness. In semi-crystalline thermoplastics,
the three phases are the fibers, the matrix and a highly crystalline interphase between matrix and fiber.
The effective stiffness tensor has been calculated by Equation (1):

Ce f f
S = CM

S + f IΔCI−M
S AI + f CΔCC−M

S AC, (1)
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with
ΔCI−M

S = CI
S −CM

S , (2)

and
ΔCC−M

S = CC
S −CM

S . (3)

Here, CS represents a fourth rank stiffness tensor, f the fiber volume fraction and A a strain
concentration tensor. The index M stands for the matrix, I for the inclusion (e.g., glass fibers) and C

for the coating or interphase. A detailed derivation of Equation (1) is given in [7]. Assuming that the
main damping contribution in the composite is introduced by the matrix [20], Equation (1) has been
modified to Equation (4):

Ce f f
L = CM

L − f ICM
L AI − f CCM

L AC. (4)

Here, the fibers and interphases have a negligible damping behavior. Therefore, the determined
total damping tensor of the matrix material CM

L is reduced by the volume fraction of the fibers and the
interphases. Furthermore, CL represents a fourth rank damping tensor.

The tensors CM, CI and CC have been assumed as transversal-isotropic stiffness CS or damping
CL matrices and have been determined by the inverse of the matrix C−1 according to Equation (5):

1
Cαk

=

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1
Eαk

− ναEαk
− ναEαk

− νEαk
1

Eαk
− ναEαk

− ναEαk
− ναEαk

1
Eαk

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

2(1+να)
Eαk

0 0

0 2(1+να)
Eαk

0

0 0 2(1+να)
Eαk

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (5)

with Eαk as unidirectional module and να as Poisson´s ratio of the respective phase α : M; I; C and
depending on whether the storage or loss module k : S; L have been used. The values of Eαk correspond
to experimental determined storage EM

S or loss module EM
L .

In the next step, the effective tensors have been rotated in discrete directions. For this, the spatial
construction of an icosphere has been used. A detailed description can be found in [15]. In the next
step, the effective tensors are rotated into a discrete number of directions of the icosphere, according to
Equation (6):

Ce f f
R,k = KCe f f

k KT. (6)

The rotation matrix K is defined by:

K =

[
K(1) 2K(2)

K(3) K(4)

]
, (7)

with
K(1)

i j = Ω2
i j, (8)

K(2)
i j = Ωimod( j+1,3)Ωimod( j+2,3), (9)

K(3)
i j = Ωmod(i+1,3) jΩmod(i+2,3) j, (10)

K(4)
i j = Ωmod(i+1,3)mod( j+1,3)Ωmod(i+2,3)mod( j+2,3)

+Ωmod(i+1,3)mod( j+2,3)Ωmod(i+2,3)mod( j+1,3),
(11)
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and i, j = 1 . . . 3. Furthermore:

mod(i, 3) =
{

i i f i ≤ 3
i− 3 i f i > 3

}
. (12)

Ω corresponds to an orthogonal transformation matrix from the basis vectors e = {e1, e2, e3} and
m = {m1, m2, m3}, whereby:

Ωi j = mi·e j, (13)

and
ΩΩT = ΩTΩ = I, (14)

with I as unit tensor. A detailed derivation of the rotation matrix K can be found in [21,22].

3.2. Second Homogenization Step

In the second homogenization step, the ODF is reconstructed for a discrete number of eigenvalue
combinations according to the MEM. As result, it is possible to calculate the effective composite stiffness
and damping over a sum function for all of these discrete eigenvalue combinations.

First, a discrete number of eigenvalue combinations has been generated. The eigenvalues represent
the reduced second order orientation tensor and can accept values between the following equations:

f1(x1) = −x1 + 1, (15)

f2(x2) = −2x2 + 1, (16)

f3(x3) = x3, (17)

with {x1 ∈ R | 0 ≤ x1 ≤ 0.5}, {x2 ∈ R | 0 ≤ x2 ≤ 1/3} and {x3 ∈ R | 1/3 ≤ x3 ≤ 0.5}. The intersection
points of these equations represent a two-dimensional triangle. A meshing of the inner area of this
triangle has been implemented on basis of a Delaunay method [23]. As a result, the coordinates of
the mesh nodes correspond to a discrete number of two dimensional eigenvalue combinations. With
regard to the following two boundary conditions:

axx + ayy + azz = 1, (18)

axx ≥ ayy ≥ azz, (19)

the complete second order orientation tensor:

a =
{
axx, ayy, azz

}
, (20)

can be derived for all of these mesh nodes. Figure 2 shows the meshed two-dimensional triangle with
the corresponding eigenvalue combinations.
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Figure 2. Delaunay-based triangle mesh with the corresponding eigenvalue combinations.

Next, the MEM is applied to reconstruct the ODF for the discrete number of eigenvalue
combinations of the previous step. This leads to a discrete number of ODFs. The MEM uses
the entropy to assess the coherence to an existing information content. In case of ODF reconstruction,
the entropy represents the deviation of the calculated probability. The MEM has been used due to the
following advantage: The method is based on a physical approach without the necessary of a closure
formulation and can reconstruct a large area of fiber orientation distribution, with respectively small
error deviations compared to other reconstruction methods [15].

A Bingham distribution function has been used for reconstructing the ODF. This implementation
corresponds to a normal distribution on the unit sphere. The general bivariate MEM has been
reformulated to a minimization problem. Thereby the deviation (entropy) between a calculated and a
given second order fiber orientation tensor is minimized. The minimization problem can be defined
with the MEM as:

fMEM = (dixwi − axx)
2 +

(
diywi − ayy

)2
+ (dizwi − azz)

2, (21)

whereby:
dij = p2

i j, (22)

and pij correspond to the surface points of the icosphere. axx, ayy and azz correspond to the entries of
the major axis of a given second order fiber orientation tensor of the previous step. wi is the probability
which the fibers in a volume element point in discrete direction pi. A detailed derivation of the
corresponding equations of the MEM is given in [15].

3.3. Material Database

For the determination of the representative composite stiffness, the orientation averaging approach
after Advani and Tucker [24] has been used. Thereby, the individual stiffness in discrete directions
multiplied by the corresponding value of a given ODF results in the effective composite stiffness,
according to:

〈CVE,S〉 ≈
N∑

i=1

Ce f f
R,S,i·wi. (23)

and transferred to the composite damping applies:

〈CVE,L〉 ≈
N∑

i=1

Ce f f
R,L,i·wi. (24)

This approach of a sum function for describing the effective composite stiffness has already been
successfully used in existing studies [7,25–28]. The approach of a sum function to describe the effective
damping of a composite material represents a new methodology. On the use of a discrete numbers of
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ODFs, it is possible to create a material database consisting of a defined number of composite stiffness
〈CVE,S〉 and damping tensors 〈CVE,L〉.

In the next step, an assignment of the properties from the material database to the volume elements
of the components to be calculated has been performed. It is based on the principle of the smallest
error deviation of the Euclidean standard between the fiber orientation tensor of the elements of the
components and the stored orientation tensors of the database. Here:

fEN = (axx,G − axx,C)
2 +

(
ayy,G − ayy,C

)2
+ (azz,G − azz,C)

2, (25)

has been minimized, where:
aG =

{
axx,G, ayy,G, azz,G

}
, (26)

corresponds to the orientation tensors of the volume elements of the component and:

aC =
{
axx,C, ayy,C, azz,C

}
, (27)

corresponds to an orientation tensor of the material database.

3.4. User-Defined Material Subroutine

In the present work, the frequency-dependent, linear-viscoelastic material behavior of the plastics
has been calculated using a Prony-series into a user subroutine (UMAT) in the FE software Abaqus
version 2017. Thereby, the frequency dependent stiffness tensor C′i j( f ) has been determined by a
Prony-series:

C′i j( f ) = C′i j,0 +
n∑

r=1

C′i j,r·e
( f ′− f )
τr . (28)

C′i j,0 corresponds to the stiffness tensor at start frequency f0 and is determined by inserting the

experimental determined EM
S ( f0) in Formula (5) and inversion. The Prony-series elements of the

stiffness matrix result from the evaluation of EM
S ( f ) at the selected support point r. For the Prony

support points result:

EM
S

(
f0 +

( fmax − f0)
n

·r
)
, (29)

where n is the total number of selected interpolation support points. The Prony support point EM
S has

been inserted in Equation (5) and inverted to the Prony stiffness tensor C′i j,r. Following, the stress of a
volume element with viscoelastic material behavior can be defined as:

σi =

f∫
f0

C′i j( f )· .ε j d f , (30)

whereby ej,r is determined as Prony strain. A detailed description of the used Prony series formulation
can be found in [14].

In the present work, an extended approach is followed to consider the frequency-dependent
damping behavior. The frequency-dependent stiffness defined in Equation (30) has been extended by
the damping tensor to:

σi =

f∫
f0

(
C′i j( f ) + iC′′i j( f )

)
· .ε j d f , (31)
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where C′′i j( f ) corresponds to the frequency-dependent damping tensor and i to the complex
number. Thus:

C∗i j( f ) = C′i j( f ) + iC′′i j( f ), (32)

can be treated as a complex module. The frequency-dependent damping tensor C′′i j( f ) is also determined
by a Prony-series with

C′′i j( f ) = C′′i j,0 +
n∑

r=1

C′′i j,r·e
( f ′− f )
τr . (33)

C′′i j,0 corresponds to the damping tensor at start frequency and C′′i j,r corresponds to the Prony

damping part, which are formulated with EM
L ( f ), analogous to the procedure described above.

4. Bending Vibration Tests

The determination of the dynamic material properties of the glass fiber-reinforced plastics has
been carried out on bending specimens with the dimension 180 × 15 × 2 mm which have been prepared
from an injection molded plate material at 0◦ (Inflow - IF), 45◦ (Midflow - MF) and 90◦ (Crossflow - CF)
to the flow direction, according to Figure 3. The injection molded plate material dimension is 180 ×
180 × 2 mm. With regard to Figure 3, the bending specimens of the pure matrix plate material have
been prepared as 0◦ oriented respected to the injection flow direction. Preliminary investigations show
that the dynamic material properties of the pure matrix material do not differ with variation of the
direction of orientation.

Figure 3. Positions of the 0◦ (IF), 45◦ (MF) and 90◦ (CF) orientated bending specimens.

The bending specimens have been applied to a connection structure via a clamp fit. A shaker
with stinger connection to this structure allows a uniaxial vibration excitation of the test specimens.
Furthermore, the testing structure has been placed in a climatic chamber and allows a vibration
excitation of the specimens under defined temperature and humidity conditions.

To excite the specimens, the shaker was driven with a defined sine sweep in the range from 100 Hz
to 8 kHz. The acceleration of the specimens under vibration excitation has been recorded by using the
PSV-500-3D scanning laser Vibrometer of the company Polytec. The excitation force of the specimens
has been recorded using a Type 8001 impedance sensor of the company Brüel & Kjaer. Thus, it is
possible to determine the FRF of the bending specimens as ratio between the displacement of the lower
end of the specimens and the applied excitation force. A detailed description of the method used to
characterize the dynamic material properties is given in [16]. Figure 4 shows schematically the used
test arrangement with resulting FRF.
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Figure 4. Principle sketch of the used bending vibration test arrangement.

Assuming a fixed-free connection and excitation of an Euler-Bernoulli beam, the m-th natural
frequency ω0,m has been obtained according to:

ω0,m = (κml)2·
√

E′I
ρACl4

, (34)

where E′ is the storage modulus of the material, I is the moment of inertia of the bending specimen, ρ
is the density of the material, AC is the cross-sectional area of the bending specimen, l is the length of
the specimen. κml is a characteristic factor for describing the shape of natural oscillation as a function
of the bearing of the beam. This can be determined using:

κml = (2m− 1)
π
2

, (35)

for the m-th natural frequency and m ∈ N. Switching Equation (34) to the storage module results with:

E′ =
ω2

0,m

(κml)4
·ρACl4

I
. (36)

Equation (36) allows to evaluate the FRF of the bending vibration tests at the occurring resonance
frequencies to the storage module. Using linear inter- and extrapolation, the storage module as function
of the frequency has been determined. Furthermore, under conditioning and testing the plastics in the
climatic chamber, it is possible to determine the frequency-, temperature- and humidity-dependent
storage modulus EM

S ( f , T, rh).
Following, the dissipation factor tan(δ) at m-th natural frequency can be determined using the 3

dB method [18] according to Figure 5.

197



J. Compos. Sci. 2020, 4, 37

Figure 5. Estimation of the dissipation factor tan(δ) at m -th natural frequency of a FRF.

Equation (37) describes the relationship between dissipation factor, storage and loss module with:

tan(δ) =
E′′

E′ . (37)

Thus, it is possible to convert Equation (37) to the loss modulus E′′ and determine the loss modulus
as function of the frequency, temperature and humidity EM

L ( f , T, rh) by linear inter- and extrapolation
over the frequency. As result, the values of EM

S and EM
L allow calibrating the ARDI model.

5. Simulation

In the present work, the developed ARDI material model has been applied to investigate the
structural dynamics of a bending specimen. Starting point is the geometry of the bending specimen
with the dimension 180x15x2mm. Using Abaqus CAE version 2017, this geometry has been discretized
into 27,000 C3D8 tetrahedral elements. This corresponds to an element size of 1x1x0.2 mm and thus
10 elements across the thickness. A fixed-free boundary condition has been applied. As result, in
the simulation, the upper area of the bending specimen has been excited unidirectional with a force
amplitude, whereas all other directions have been blocked against movement. Figure 6 shows the
discretized bending specimen with applied boundary conditions.

Figure 6. Finite-element (FE) mesh of the discretized bending specimen with position of applied
boundary conditions.
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6. Results

6.1. Stiffness and Damping Behaviour

The unidirectional, transversal-isotropic, fourth ranked stiffness Ce f f
S and damping Ce f f

L tensors
were rotated by the rotation matrix K into different planar spatial directions of the icosphere and thus
resulting fiber directions in the plain, corresponding to Figure 7.

Figure 7. Schematic explanation of the rotating procedure of the unidirectional, transversal-isotropic
tensors in different fiber directions.

Ce f f
k,1111 describes the modulus orientated to the main global (1, 0, 0)–direction and k : S; L

depending on whether the experimental determined storage S or loss modulus L has been used to
calibrate the tensor. Following, Ce f f

k,2222 describes the modulus in the (0, 1, 0)–direction. Ce f f
k,3333 is equal

to Ce f f
k,2222 due to the used transversal-isotropic behavior. and Ce f f

k,2323 describes the main transverse
modulus components.

Figure 8 shows the main matrix entries of the fourth ranked stiffness Ce f f
S and damping tensor Ce f f

L

of PA66-GF30 at 23 ◦C and 0% rh. Figure 8a shows that the stiffness in the main axis direction Ce f f
S,1111 is

highest, when all fibers pointing in the main (1, 0, 0)–direction (0◦). As the angle deviation of the fibers
from the main axis increases, the stiffness Ce f f

S,1111 decreases, whereas the stiffness perpendicular to the

main axis Ce f f
S,2222 remains relatively constant. This applies up to a rotation angle of the fibers of about

45◦. The transverse modulus Ce f f
S,1212 increases continuously with a rotation from 0 to 45◦ and reaches

its maximum under 45◦ fiber orientation. At this point, the trend of the modulus Ce f f
S,1111 and Ce f f

S,2222

reverses for a further rotation from 45 to 90◦. In this case, the transverse modulus Ce f f
S,2323 is constant

due to the planar rotation.
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(a) (b)

Figure 8. Components of the fourth ranked (a) stiffness and (b) damping tensors of PA66-GF30 at 23
◦C and 0% rh.

Figure 8b shows that the damping Ce f f
L,1111 is lowest, when all fibers pointing in the main

(1, 0, 0)–direction (0◦), while the damping perpendicular Ce f f
L,2222 is highest. This is due to the used

definition of the damping tensor. Here, the strain concentration tensor, which includes the geometry
tensor of the ellipsoid inclusions, increase the more fibers point in the main axis direction. Thus, the
effective composite damping decrease.

As the angle deviation of the fibers from the main axis increases, the damping perpendicular
Ce f f

L,2222 decreases, whereas the damping in the main axis Ce f f
L,1111 remains relatively constant up to

a rotation angle of the fibers of about 45◦. Following, the trend of the modulus Ce f f
L,1111 and Ce f f

L,2222
reverses for a further rotation from 45 to 90◦, comparable to the stiffness tensor.

Figure 9 shows the matrix entries of the fourth ranked stiffness Ce f f
S and damping tensor Ce f f

L of
PPA-GF50 at 23 ◦C and 0% rh. Due to the same definition of the stiffness and damping tensors, the
trend of the curves of the tensor components of PPA-GF50 are comparable to the PA66-GF30, according
to Figure 8. Due to the increased fiber volume fraction, the stiffness tensor of the PPA-GF50 is increased.
The damping tensors of the PPA-GF50 are comparable to the PA66-GF30. This is due to an increased
damping tensor of the pure PPA matrix material, but stronger reduction of this damping tensor due to
an increased fiber volume fraction.

(a) (b)

Figure 9. Components of the fourth ranked (a) stiffness and (b) damping tensors of PPA-GF50 at 23 ◦C
and 0% rh.

Figure 10 shows the main matrix entry of the stiffness Ce f f
S,1111 and damping tensor Ce f f

L,1111 of
PA66-GF30 at 23 ◦C and 0% rh, 23 ◦C and 50% rh, 130 ◦C and 0% rh. Figure 10a shows that the stiffness
decreases with increasing humidity and temperature. Figure 10b shows that damping increases
sharply with an increase in humidity and temperature. The influence of temperature increase is more
pronounced than the influence of humidity increase. Both, the decrease in stiffness and the increase in
damping is generally due to the softening behavior of the matrix material with an increase in humidity
or temperature [29,30].
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(a) (b)

Figure 10. Components of the fourth ranked (a) stiffness and (b) damping tensors of PA66-GF30 at 23
◦C and 0% rh, 23 ◦C and 50% rh, 130 ◦C and 0% rh.

Figure 11 shows the main matrix entry of the stiffness Ce f f
S,1111 and damping tensor Ce f f

L,1111 of
PPA-GF50 at 23 ◦C and 0% rh, 23 ◦C and 50% rh, 130 ◦C and 0% rh. In comparison to Figure 10,
Figure 11 also shows that the stiffness of the PPA-GF50 decreases with an increase in humidity and
temperature, while damping increases. In comparison to PA66-GF30, the influence of the increase in
humidity on the stiffness and damping of the PPA-GF50 is less pronounced, as the PPA matrix material
has a reduced water absorption capacity [31].

(a) (b)

Figure 11. Components of the fourth ranked (a) stiffness and (b) damping tensors of PPA-GF50 at 23 ◦C
and 0% rh, 23 ◦C and 50% rh, 130 ◦C and 0% rh.

6.2. μ-CT Measurement and Filling Simulation

The convention of the axis system of the μ-CT specimens is shown schematically in Figure 12.
In this case, the z-direction corresponds to the injection flow direction. Using the filling simulation
of the three-dimensional geometry of the plate material, it is possible to derive the second order
fiber orientation tensor aSIM. The filling simulation in this work was performed with the software
CADMould by the company PART Engineering.

Figure 12. μ-CT specimen with convention of the associated axis system.
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In the first step of the filling simulation, a CFD mesh of the plate material has been generated.
Then the process parameters for the production of the material plate have been set. The process
parameters of the PA66-GF30 originates from the material database of the CADMould software and the
parameters of the PPA-GF50 have been taken from a specification of the manufacturer. In the next step,
the filling simulation has been performed. The fiber orientation tensors of the filling simulation aSIM of
the plate material have been evaluated at the same center positions of the plate material comparable
to the μ-CT investigations. The measured aCT and calculated aSIM fiber orientation tensors of the
PA66-GF30 plate material are shown in Figure 13.

Figure 13. Fiber orientation tensors of the measured (CT) and calculated (Sim.) PA66-GF30 specimens.

Figure 13 shows that the PA66-GF30 has a narrow, but very pronounced edge and middle layer.
Furthermore, Figure 13 shows a good correlation of the trend of the measured fiber orientation tensors
of the PA66-GF30 in comparison to the filling simulation. Only the pronounced orientation gradient in
the middle layer is not covered due to the absence of an evaluation point in the middle of the plate.
This is associated with loss of information. As result, the orientation tensor in flow direction is slightly
increased in the middle of the flow channel.

The measured aCT and calculated aSIM fiber orientation tensors of the PPA-GF50 plate material
are shown in Figure 14. Figure 14 shows that the PPA-GF50 has a continuous transition from edge to
middle layer. As result, there is a broad and strong pronounced middle layer. Figure 14 also shows
that the continuous transition and thus the change in the orientation gradient of the PPA-GF50 material
does not show a good correspondence to the filling simulation. The result is a loss of information in
the middle of the flow channel comparable to the PA66-GF30, which also leads to an increase of the
orientation tensor in the flow direction.

202



J. Compos. Sci. 2020, 4, 37

Figure 14. Fiber orientation tensors of the measured (CT) and calculated (Sim.) PPA-GF50 specimens.

The comparison shows that the calculated fiber orientation tensors of the filling simulation are
sufficient to be used for the calculation of the direction-dependent material properties. In this case, an
adjustment of the settings of the filling simulation was purposeful.

6.3. Orientation Tensor Mapping Procedure

In order use the calculated second order fiber orientation tensor aSIM for the FE simulation of the
structural dynamics, the data of the filling simulation (CFD) have been transferred. This has been done
using the nearest neighbor principle.

The vector distance between the nodes of the CFD and FE mesh has been evaluated. Any node of
the FE mesh with the smallest distance to another node of the CFD mesh has been assigned to each
other. As result, the eigenvalues have been transferred from the CFD to the FE mesh. The assignment of
the eigenvectors of the elements has been performed to the same principle. The eigenvectors describe
the position of the elements (local coordinate system) relative to a base (global coordinate system).

In order to keep the loss of information low, a fine discretization of the FE mesh is necessary. For
the mapping process the software Converse has been used. In addition, [10,32] describes the principle
of the nearest neighbor in more detail. Figure 15 shows the fiber orientation tensor of the filling
simulation of the plate material, as well as the transferred fiber orientation tensor to the geometry of an
IF bending specimen.

Figure 15. Fiber orientation of the fill simulation of the plate material and mapped bending specimen.

6.4. Comparison between RDI and the ARDI Model

Figure 16a shows the FRF of the RDI model combined with the approach of a GMD behavior.
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(a) (b)

Figure 16. (a) Frequency response function (FRF) of the Reconsidered-Double-Inclusion (RDI) model
with global modal damping (GMD), the ARDI model and the experiment of PA66-GF30 of the IF
orientation at 23 ◦C and 0% rh and (b) dissipation factors of the RDI and ARDI model.

The RDI model is based on the definition of a homogenized, unidirectional, transversal-isotropic
stiffness tensor and does not provide a reconstruction of ODFs for different fiber orientation tensors.
As result, the stiffness tensor can only be rotated in discrete spatial directions.

Following, the comparison of the FRF of the RDI model with the experiment shows that the
natural frequencies are shifted towards higher frequencies, corresponding to Figure 16a. This is due to
a stiffer behavior of the modelled stiffness tensor of the RDI model compared to the experiments. In
structural dynamics, an increase in the stiffness is shown by a shift of the natural frequencies to higher
frequencies. This is derived from the resonance-curve method and Equations (34) to (36).

Furthermore, Figure 16a shows the FRF of the extended ARDI model. Using the MEM to
reconstruct discrete ODFs, the effective composite stiffness can be reconstructed very well by the ARDI
model. The result is that the ARDI model shows a good agreement of the natural frequencies of the
FRF compared to the experiment.

Corresponding to the 3 dB method, the amplitude of the FRF is a parameter to assess the damping
of a system. In the present case, both the RDI model with GMD behavior and the ARDI model shows a
good agreement of the amplitude of the FRF in comparison with the experiment. The optimization of
the GMD behavior has been performed numerically in a reverse engineering approach using Altair
HyperStudy software and the FRF of the experiment.

Figure 16b shows the dissipation factors tan(δ) as ratios of the main entries of the stiffness and
damping tensors of the RDI and ARDI model as a function of frequency. The dissipation factors of the
RDI model tan(δ)RDI,GMD start uniformly at 0 Hz with a value of 0. After a curved increase a linear
course follows with different slopes up to the maximum frequency. The dissipation factor pointing in
the main axis direction tan(δ)RDI,GMD

1111 is lowest and the dissipation factor perpendicular to the main
axis direction tan(δ)RDI,GMD

2222 is highest. The dissipation factor in thickness direction tan(δ)RDI,GMD
3333 is

slightly reduced compared to tan(δ)RDI,GMD
2222 .

In comparison, the dissipation factors of the ARDI model tan(δ)ARDI do not start with a value of 0
at 0 Hz, whereas the further course is approximately linear to maximum frequency. Furthermore, the
dissipation factor in the main axis direction tan(δ)ARDI

1111 is lowest and the dissipation factor perpendicular
to the main axis direction tan(δ)ARDI

2222 is highest. The dissipation factor in thickness direction tan(δ)ARDI
3333

is identical to the dissipation factor tan(δ)ARDI
2222 , due to the used transversal-isotropic behavior.

On the one hand, the comparison shows that the reverse engineering approach is a good method
to determine the dissipation factors and thus the components of the damping tensor, if there exists
no knowledge about the damping of an entire system. This is shown by a good agreement of the
amplitudes of the FRF of the RDI model with GMD behavior compared to the experiment.

On the other hand, the stiffness tensor of the RDI model does not represent a reliable input for the
simulation due to a too stiff behavior. This shows the main disadvantage of the reverse engineering

204



J. Compos. Sci. 2020, 4, 37

approach, it is a pure numerical optimization of the damping behavior based on the defined input of
the simulation.

In comparison, the ARDI model provides a material-specific description of the stiffness and
damping tensors based on calibration data of bending vibration tests. This is shown by a good
agreement of the natural frequencies and the amplitudes of the FRF of the ARDI model compared to
the experiment.

6.5. FRFs of ARDI Model

Figure 17 shows the FRF of the IF, MF and CF bending specimens of the PA66-GF30 at 23 ◦C and
0% rh. Figure 17 shows that the IF-FRF has the highest stiffness (high natural frequencies). This is due
to the high orientation of the fibers in the flow direction of the IF specimens, which correlates with the
resulting stiffness. As result, the stiffness of the PA66-GF30 decreases (reduced natural frequencies)
with increasing deviation to the IF direction of the material.

(a) (b)

(c)

Figure 17. FRF of the simulation and the experiments of PA66-GF30 of the IF (a), MF (b) and CF (c)
orientation at 23 ◦C and 0% rh.

Furthermore, the damping increases with increasing deviation of the fibers from the direction of
propagation of the vibrations. Energy dissipation in the matrix and at the fibers can be considered
as potential physical reason. The more the fibers are transverse to the direction of loading, the more
energy is dissipated at the fibers and the interphases. Vice versa, the more fibers in the direction of the
vibrations, the lower the damping, since the fibers and interphases act like a vibration conductor. This
effect correlates to a number of existing investigations such as [33,34]. Corresponding to Figure 17,
the damping of the PA66-GF30 increases (reduced amplitudes) with increasing deviation to the IF
direction. The FRF of the PPA-GF50 according to Figure 18 shows a similar behavior.
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(a) (b)

(c)

Figure 18. FRF of the simulation and the experiments of PPA-GF50 of the IF (a), MF (b) and CF (c)
orientation at 23 ◦C and 0% rh.

The MF orientation of the PPA-GF50 according to Figure 18b shows a significant deviation of the
amplitude towards higher frequencies and can be traced back to an error during the execution of the
bending vibration tests.

Furthermore, all FRFs of Figures 17 and 18 show that the oscillation grounds in the simulation
are shifted towards higher amplitudes with increasing frequency. This is mainly due to the defined
modelling of the damping using the ARDI model with inter- and extrapolation via Prony-series
formulation. The evaluation of the damping behavior of the glass fiber-reinforced PA66-GF30, as well
as the PPA-GF50, generally tends to a non-linear course of the damping, especially in the direction of
higher frequencies.

Figure 19 shows the IF-FRF of the PA66-GF30 bending specimens at 23 ◦C, 50% rh and 130 ◦C, 0%
rh. It shows that an increase in temperature and/or humidity leads to a strong reduction in stiffness
(decrease of natural frequencies) and a strong increase in damping (decrease of amplitude). This
corresponds to the results of chapter 6.1. In the present case with selected test conditions, the influence
of the temperature increase on stiffness and damping is more pronounced than the increase in humidity.
The PPA-GF50 shows a similar behavior with an increase in temperature and humidity, according to
Figure 20.
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(a) (b)

Figure 19. FRF of the simulation and the experiments of PA66-GF30 of the IF orientation at 23 ◦C and
50% rh (a) and 130 ◦C and 0% rh (b).

(a) (b)

Figure 20. FRF of the simulation and the experiments of PPA-GF50 of the IF orientation at 23 ◦C and
50% rh (a) and 130 ◦C and 0% rh (b).

The comparison between the FRFs of the simulation with the ARDI model and the experiments
generally shows a good correlation of the natural frequencies up to 6 kHz and a good correlation of the
amplitude up to 1 kHz.

The ARDI model is not sufficient above 1 kHz to describe the damping behavior. This applies in
particular to an increase in temperature or humidity. This is shown by a strong shift of the oscillation
grounds in the simulation with increasing frequency in the direction of higher amplitudes and tends to
the assumption, that the damping behavior is nonlinear.

On the other hand, this effect is enhanced by the used calibration method. The ARDI model
have been calibrated with the stiffness and damping of the pure matrix material. However, due to the
increased humidity and temperature, only a small number of natural frequencies can be evaluated with
the usage of the resonance-curve method and the 3 dB method below 1 kHz. Higher frequency ranges
are too noisy and do not provide acceptable values for the stiffness and damping. Consequently, the
linear extrapolated stiffness and damping tensors are not sufficient to describe the structural dynamics
behavior on the use of the ARDI model.

7. Conclusions

In the present work, the novel ARDI model for the description of the anisotropic, viscoelastic
stiffness and damping of short glass fiber-reinforced thermoplastics has been presented.

The comparison between simulation and experiment of the FRF of an IF-, MF- and CF-bending
specimen of the PA66-GF30 and PPA-GF50 shows in general a sufficient correlation of the
natural frequencies and the amplitudes. Thus, the ARDI model is in general able to predict
the frequency-, temperature- and humidity-depending stiffness and damping of short glass
fiber-reinforced thermoplastics.
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At higher frequencies, the linear inter- and extrapolation of the experimentally determined
damping results in a shift of the oscillation grounds to higher amplitudes and thus in a significant
deviation from the experiments. This effect is more pronounced with an increase in humidity and
temperature and tends to the assumption, that the damping behavior is nonlinear. Due to the small
number of investigated conditioning states, a nonlinear course of the damping can only be assumed as
possible reason for the deviation of the structural dynamics behavior.

Taking into account that the properties of the composite are homogenized from the properties of
the matrix, the fibers and the interphase and the resulting composite properties are linearly inter- and
extrapolated, the ARDI model provides a good prognosis for the structural dynamics of short glass
fiber-reinforced thermoplastics.

Further investigations concentrate on the execution and evaluation of bending vibration tests with
a larger variation of humidity and temperature gradients. These tests form the basis for reconsidering
the formulation of the stiffness and damping tensors of the ARDI model.
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