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Abstract Structural health monitoring (SHM) of composite structures plays an
important role in nondestructive evaluation of safety-critical engineering applica-
tions. Elastic wave propagation based SHM techniques have proven their potential
in effective assessment of structural discontinuities and damages. Numerical simu-
lations play a significant role in development of robust SHM strategies for such
composite structures. These simulations are experimentally validated for selected
baseline cases and then applied to solve a panoptic range of plausible study cases,
such as—variable operating conditions, increasing structural complexities, damage
size and damage shapes. Thus, the numerical simulations can significantly help in
reducing rigorous laboratory experimentations, saving time and cost. This chapter is
mainly focused on the guidedwave propagation and acoustic emission-based damage
response analysis in fiber (graphite/glass/natural) reinforced composite structures
used in the automotive, marine, wind-energy and aerospace industries. Based on the
problem-solving efficiency and popularity, the spectral element and finite element
method based numerical simulation technics are explicitly selected to be discussed
here.
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1 Introduction

Lightweight fiber-reinforced composite structures (laminates and sandwiches) are
of huge demand in automotive, aviation, marine and wind energy industries, due to
their construction flexibilities, high in-plane strengths, high stiffness/weight ratios
and damping capacities [1–5]. But, variable loading conditions (such as—abrasion,
impact, fatigue) and hazardous ambient conditions (such as—moisture-content vari-
ation, temperature fluctuations) can eventually generates various types of damage
(debond, delamination, fibre-cracking, localized inhomogeneity, breathing-cracks,
amongst others) in these structures, and may grow further leading to a sudden
failure of the structure while in service [6–11]. Therefore, development of nonde-
structive robust structural health monitoring (SHM) strategies are needed to identify
the damage symptoms in advance. Some nondestructive evaluation techniques are
proposed that uses the acoustic emission (AE), guided wave (GW) propagation,
infrared-thermography, laser-vibrometry, X-ray computed tomography, ultrasonic
goniometric-immersion methods for the inspection of composite structures [12–14].
The ultrasonic GW propagation and AE based SHMmethods are popularly used for
damage identification in composite structures [15–21].

Ultrasonic GW are elastic waves (e.g., Rayleigh wave, Lamb wave) that generate
various wave modes while propagating in the structure. These SHM methods have
the potential to detect minor structural defects in composite structures [6, 22–25].
The major advantages of these SHM methods are the capacity of GWs to penetrate
hidden layers in the structures and the potential of large area inspection [26, 27].

AE is a sudden release of strain energy in the form of elastic waves that emitted
due to the extension and initiation of damages in structures. These SHM techniques
offer large-area inspection with limited instrumentation and give a clear idea about
structural damagepropagation and/or initiation events [21]. In theseSHMtechniques,
the AE sensors register the wave motion owing to the damage in the materials and
converts them to waveforms. Analysis of these waveforms can help to understand
the intensity and the nature of damage. This technique has in-service monitoring
potential without any external supplied excitations [28].

Numerical simulation of AE and GW propagation and their interaction with
different types of damages in composite structures plays a vital role for the develop-
ment of SHMstrategies by giving the scope of exploring several possible case-studies
without conducting physical experiments that significantly saves time and cost. The
finite element simulations of GW propagation and AE in composites have estab-
lished their capability to replicate the physical experiments for a wide range of study
cases. In Patera [29], the spectral element simulation technique has introduced that
flexibility and coalesces of finite element method with fast-convergences. Willberg
[30] presented a study on the vantages of higher-order finite element method-based
simulation techniques for the solution of elastodynamic problems. In these finite
element simulations, a relatively finer discretization (min. 15 nodes per wavelength)
is recommended. Whereas, the spectral element simulations can handle a relatively
coarse discretization (min. 8 nodes per wavelength). The spectral element simulation
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also offers the capacity to efficiently simulate the GWpropagation in composites [27,
31–33]. This chapter presents some experimentally validated numerical simulations
of AE and GW propagation in damaged composite structures.

2 Numerical Simulation Using Finite Element Method

Finite element simulations of damage induced AE and GW propagation and their
interaction with damages in composite structures are presented by many researchers
[3, 5, 7, 9]. These numerical simulations are usually carried out using popular
finite element software, such as—Abaqus, ANSYS, COMSOL Multiphysics, LS-
DYNA, Nastran, amongst others. Some experimentally validated simulation cases
using Abaqus are described here.

2.1 Numerical Simulation of AE in Composites

Numerical simulation of damage-induced acoustic emission in a stiffened composite
panel (SCP) can be carried out using the in Abaqus explicit analysis code. The SCP
(500 mm × 500 mm × 2 mm) is made of carbon fibre composite laminate (CFCL)
and it consists of 4-nos. of 500 mm long L-shaped (30 mm× 30mm) stiffeners those
bonded to the baseplate with epoxy adhesive, as presented in Fig. 1.

The three-dimensional (3D) SCPwasmodelled using 8-noded linear brickC3D8R
elements of size (1 × 1 × 0.25) mm for the CFCL and (1 × 1 × 0.01) mm for the
adhesive. Fixed boundary conditions (zero displacements and rotations) are assigned
to the edges of the SCP. The assumed material properties of the CFCL and epoxy
adhesive are given in Table 1.

Fig. 1 Numerical model of the stiffened composite panel
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Fig. 2 Artificial AE-source
for the simulation of acoustic
emission in SCP

0 1 2 3 4 5
-0.25

0.00

0.25

0.50

0.75

1.00

Lo
ad

 a
m

pl
itu

de
 (N

)

Time (µs)

Selection of a proper loading-source is a vital component for simulation of AE in
composite structures [34–36]. The cosine bell-function can be used for the simulation
of artificial AE source that resembles a crack-like damage initiation in the structure
[35]. The AE-source located at a point is described as

P(x1, x2, t) = p(t)δ(x1), δ(x2) (1)

p(t) =
{

t (t−τ)

τ2
, 0<t<τ

1−e−2.1(t−τ), t<τ
(2)

where ‘p(t)’ is the forcing-function, time-variable t = 0 → τ and ‘τ ’ represents
rise-time of load and the AE source is a graphically represented in Fig. 2. In all
simulation, a stable time-step of 1e−7 is considered.

The numerical AE signal collected at the 180 mm distant reception point (Fig. 1)
from the applied AE source location is presented in Fig. 3. The waveform plot of a
typical AE signal in Fig. 4 shows the generation and propagation of the AE signal in
SCP.

2.2 Numerical Simulation of GW Propagation in Composites

Finite element simulation of ultrasonic GW propagation in an adhesively bonded
composite structure with hidden disbond (bond failure) is described here. The simu-
lation in Abaqus is carried using 0.5 mm thick and 10 mm diameter circular piezo-
electric wafer transducer (PWTs) for GW signal actuation and reception in a bonded
composite panel (BCP). The 7 mm thick BCP is made of two woven CFCL (300 mm
× 300 mm × 3.5 mm) bonded with epoxy adhesive. An 8 mm dia. zero-volume
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Fig. 3 AE signal registered at the reception point (Fig. 1)

Fig. 4 Waveform of the AE signals in the SCP

disbond region was modelled in the BCP by undying the adhesive-to-top CFCL
nodes at the adhesive layer, as shown in Fig. 5.

Numerical simulation of GW propagation in composites using actuator-sensor
PWTs required the implicit and explicit solvers. In Abaqus, the implicit analysis
solver is not effective to handle the transient analysis of elastic wave propagation
in complex composite structures. Whereas, the explicit code can efficiently handle
the GW propagation in such composites but, it has no provision for piezoelectric
elements which is available in the implicit solver [37]. Therefore, GW in BCP is
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Fig. 5 Numerical model of the sample panel in Abaqus

modeled in explicit analysis solver and PWTs are modeled in the implicit analysis
solver. The ‘standard explicit co-simulation’ is assigned to link the implicit and
explicit analysis of wave propagation in BCP [37, 38].

In explicit modeling, the C3D8R elements are used and the layer-wise element
sizes for CFCL and adhesive are considered as (0.5× 0.5× 0.25) mm and (0.5× 0.5
× 0.01)mm, respectively.Whereas, in the implicit solver the PWTs (actuator/sensor)
are modeled with the standard C3D8E linear piezoelectric brick elements (8-nodes,
6-degrees of freedom at each node) are selected. The C3D8E elements are capable to
handle the electro-mechanical coupling of the PWTs, where the ‘voltage’ is assigned
as an additional degree of freedom in those coupling elements. A preselected input of
150 kHz 5-cycle sine wave signal in Hanning-window described in Fig. 6 is applied

Fig. 6 Input signal for the
actuator PWTs in the BCP
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to the front-surface nodes of the actuators (PWT: 1 and PWT: 3), and zero voltage is
assigned to the back-surface nodes of the actuators as well as sensors (PWT: 2 and
PWT: 4) for grounding operation.

The output signal (in terms of voltage) is registered at the front-surfaces of sensors
(PWT 2 and PWT 4). The PWT (NCE51) properties are assumed as:

[ε] =
⎡
⎣1.72 0 0

1.72 0
Symmetry 1.68

⎤
⎦ × 10−8 C/Vm,

[e] =
⎡
⎣ 0 0 0 0 13.7 0

0 0 0 13.7 0 0
−6.06 −6.06 17.2 0 0 0

⎤
⎦C/m2,

[c] =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

13.4 8.89 9.09 0 0 0
13.4 9.09 0 0 0

12.1 0 0 0
2.05 0 0

2.05 0
Symmetry 2.24

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

× 1010 N/m2

where [ε] represents piezoelectric permittivity-matrix, [e] represents piezoelectric
stress-matrix, [c] is the tensor of mechanical-stiffness, and the piezoelectric material
mass-density ‘ρ’ is 7650 kg/m3. In the simulation, the time-step was considered
as ≤1e−7 (less than the minimum distance of any node-to-node connection/the
maximum achievable velocity of the GW mode).

In the numerical simulation, the PWT#1 is actuated with the input signal and the
propagated signal is collected at PWT#2 to get the without-disbond signal corre-
sponding to the PWT actuator-sensor path#1-2. Similarly, PWT#3 is actuated and
the signal at PWT#4 is registered to get the with-disbond signal from PWT actuator-
sensor path#3-4. A comparison of those without-disbond signal and with disbond
signal is shown in Fig. 7. The numerically obtained waveform plot in Fig. 8 indicates
the disbond influence on the propagating GW signals in BCP.

3 Numerical Simulation Using Spectral Element Method

The spectral element simulation also offers the potential to solve the ultrasonic GW
propagation problems in composites [31, 32]. A time-domain spectral element simu-
lation of GW propagation in the sample BCP is carried out in MATLAB using
100 kHz 5-cycle tone-burst sine wave, as presented in Fig. 9.

This spectral element analysis technique has some similarities with the finite
element method (Sect. 2.2) except in the node distributions and in the approxima-
tion functions those resembles the changes in displacements calculated during the
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Fig. 7 Comparison of GW
signals corresponding to the
without and with disbond
paths
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Fig. 8 Waveform plot shows
the disbond effect in the
propagated GWs in the BCP
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simulation. The nodes are non–uniformly distributed in spectral elements and their
locations can be obtained by evaluating the roots (real values) of ‘ξ i’ as

(3)

where the Legendre polynomials are represented as ξ , η, ζ , ε [−1; 1], Ua−1, Ub−1,
Uc−1; the number of nodes along ξ, η, ζ directions are represented as a, b, c and the
first-derivatives are indicatedwith ‘′’. The shape function (3D) is formulated by using
the tensor product of 1D shape functions with Lagrange polynomials N j (ξ), Nk(η),



94 S. Sikdar et al.

Fig. 9 Input signal for the actuator PWTs in the BCP

Nl(ς) of degree (a − 1), (b − 1), (c − 1) as described in Fig. 10. The polynomials
are represented as:

Np(ξ, η, ς) = N j (ξ)Nk(η)Nl(ς) (4)

in which, j = 1 → a, k = 1 → bandl = 1 → c.
The Gauss Lobato Legendre (GLL) integration technique is applied to compute

the element matrices, where these integration points coincide with selected number
of spectral nodes. The quadrature of GLL is a product of one-dimentional quadrature
with weights of p j , pk , pl as

Fig. 10 Graphical presentation of the shape functions (Ni (ξ))
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(5)

Constitutive equation for the linear-piezoelectric materials can be represented as
per Giurgiutiu and Lyshevski [39]

{
σ

D

}
=

[
BF −eT

e εX

]{
X
f

}
(6)

where the tensors ‘εX ’ represents dielectric components, ‘BF ’ represents elastic
components, ‘e’ represents piezoelectric components, ‘F’ is corresponding to the
electrical-field constants, ‘D’ is corresponding to the electrical-displacements, ‘σ ’
is the stress and ‘X’ is corresponding to the strains. The initial electric-fields, initial
strains and transpose matrix are represented by the superscripts ‘F’, ‘X’ and ‘T ’,
respectively. The elementary governing equation of motion can be defined as:

[
me

uu 0
0 0

]{
üe

ϕ̈e

}
+

[
ceuu 0
0 0

]{
u̇e

ϕ̇e

}
+

[
keuu keuϕ

kuϕ
eT keϕϕ

]{
ue

ϕe

}
=

{
Fe

Ge

}
(7)

where ‘me
uu’ represents structural mass-matrix, ‘keuu’ represents stiffness-matrix,

‘ceuu’ represents damping-matrix, ‘keϕϕ’ represents dielectric permittivity-matrix,
‘keuϕ’ is piezoelectric coupling-matrix, ‘ϕe’ is electric potential vector, ‘ue’ is nodal
displacement-vector, ‘Fe’ is the external force-vector, ‘Ge’ represents the applied
charge vector, and ceuu is defined based on the damping model by Rayleigh in [31] as

ceuu = μmm
e
uu + λkk

e
uu (8)

where ‘λk’ is the coefficient of stiffness proportionality and ‘μm’ is the mass-
proportionality coefficients. The computation time is reduced by applying a
central-difference scheme to solve Eq. (7).

A numerical model of PWT-induced GW propagation in BCP is presented in
Fig. 11. The assumed material properties of BCP is given in Table 1. The PWT
properties are selected as per the manufacturer’s (Noliac NCE51) data (Sect. 2.2). In
the simulation, the BCP and PWTs aremodeledwith 108 noded 3D spectral elements
(36 in-plane nodes and 3-through thickness nodes), as schematically represented in
Fig. 12. Each PWT element nodes has three displacement DOFs with one additional
DOF (i.e. electric-voltage).
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Fig. 11 Numerical model of BCP with PWTs

Fig. 12 Schematic of node distribution in the 3D spectral element

In each layer, there are 3500 number of in-plane elements and 24 number of
elements in PWTs are connected to the front-layer of the BCP. The contact effect
is not considered in simulation and a debond region of 8 mm diameter is modeled
by demerging the adjoining nodes at the bond-layer (Fig. 12). The simulation was
carried out in MATLAB and the time-step of calculation was selected as 1e−7.
A comparison between the without-debond (signal corresponding to Actuator-1–
Receiver-1) and with-debond (signal corresponding to Actuator-2–Receiver-2) is
presented in Fig. 13 and a waveform plot is shown in Fig. 14 that shows the debond
influence on the propagated GWs.
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Fig. 13 Comparison of
without debond and
debond-influenced signals
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Fig. 14 Waveform plot from
the simulation of BCP model
indicates debond effect on
the propagated GWs

4 Conclusions

This study is an effort to provide insights on the numerical simulation techniques for
damage-induced AE as well as the PWT-induced GW propagation and interactions
with damages in composite structures. It evident that the numerical simulations can
give the insights about the damages in composites and can significantly contribute to
the development of robust SHM strategies that use the AE and/or GW propagation-
based nondestructive evaluation techniques. The finite element simulation of AE in
a composite structure is quite straightforward and requires a proper artificial AE-
source function to replicate the damage-source. This simulation technic can be used
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for the solution of a wide range of laboratory-scale AE problems. This method is
also suitable for simulation of ultrasonic GW propagation in composites with hidden
damages (such as debond/disbond), using PWTs (actuators/sensors). The spectral
element method-based simulation technique can be applied for fast and efficient
simulation of elastic waves and damage response estimation in composite structures.
It is expected that the given information will help the readers to understand the
numerical simulation techniques and their applicability for different types of damage
response analysis for composite structures.
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