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Abstract

The presence of interlaminar delamination in laminate structures has a significant impact on their structural
behavior, stiffness, and operational life. Understanding the role of frictional contact between delaminated in-
terfaces is essential for dissipating energy and reducing vibrations, thereby affecting structural dynamics. This
research thoroughly investigates the friction-damping mechanism using time and frequency domain analy-
ses. It explores the possibility of using energy indicators such as strain or frictional dissipated energy and
modal parameters like natural damped frequency reliable damage indices to detect and evaluate delamination
in laminated structures. Moreover, the paper examines the contribution of frictional contact damping to the
overall dynamic behavior. Moreover, through numerical simulations, the aim is to enhance damage detection
techniques, design strategies, and approaches to improve the performance and service life of laminates. The
paper also presents different approaches and formulations to simulate contact mechanisms into finite element
models. The findings and implications of this study have direct applications in guiding further research and
facilitating the health monitoring of laminated structures.

Keywords: SHM, Delamination, Frictional contact, Damping, Damage detection

1. Introduction

Laminate structures are widely used in aerospace [1, 2 3], automotive [4], and wind energy indus-
tries [5] due to their lightweight and robust properties. However, inter-laminar delamination poses a
significant challenge to their reliability and safety. Detecting delamination is crucial to prevent poten-
tial catastrophic failure. Non-destructive testing (NDT) techniques, such as ultrasonic testing (UT)
and thermography, are essential for detecting and assessing damages in laminate structures [6].
However, most current NDT methods require out-of-service, offline measurements and cannot be
applied in real-time, except for oscillation-based techniques. Techniques like Ultrasound or Acoustic
Emission necessitate offline measurements.

Conversely, oscillation-based methods, including Lamb waves and vibration-based techniques, en-
able real-time damage detection. Vibration-based Structural Health Monitoring (SHM) [7] techniques
are advantageous due to their simplicity and cost-effectiveness [8]. Modal parameters, such as
modal damping and natural frequencies, are sensitive indicators of delamination and can aid in tar-
geted inspection and maintenance [9]. Inter-laminar delamination refers to the detachment of ad-
jacent layers in laminated structures [10} [11], resulting in various harmful effects, such as reduced
structural stiffness [12], shifts in resonance frequencies [13] [14], mode localization [15], variations
in modal damping [16], and decreased fatigue life [17]. These effects weaken the structure and al-
ter its behavior, affecting stiffness, vibration characteristics, and operational life. Frictional contact
between delaminated interfaces plays a crucial role in dissipating energy and reducing vibrations.
Understanding the mechanisms involved in energy dissipation and vibration reduction therefore is
essential. Frictional contact generates forces that convert mechanical energy into heat, damping
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structural vibrations. Parameters such as the inter-facial friction coefficient, contact area, and relative
motion between the delaminated layers characterize the friction-damping mechanism in structures
with inter-laminar delamination [18, [19, [20, [21]. Friction damping in delaminated structures exhibits
several effects. Friction at delaminated interfaces affects the structure’s damping ratio and dynamic
response, thereby enhancing modal damping [22]. Friction damping effectively suppresses resonant
vibrations, minimizing structural instability and fatigue.In their previous research, the researchers
identified the modal damping parameter as a sensitive indicator of failures in laminated structures [9].
However, its extraction proved computationally expensive and challenging. This study investigates
using energy indices alongside the damped natural frequency parameter to detect delamination in
laminated structures.

This research also aims to analyze the contribution of frictional contact damping, arising from slid-
ing and relative motion between delaminated layers to the overall dynamic behavior of delaminated
structures. By quantifying the magnitude and influence of friction damping, particularly on parameters
such as damped natural frequency strain energy, frictional dissipated energy and FRF characteris-
tics, the study aims to enhance the understanding of delaminated structures’ dynamic behavior and
stability. To achieve these objectives, a comprehensive methodology integrating time and frequency-
based methods is employed in this study. Dynamic explicit analysis is conducted on a finite element
(FE) model of a laminated beam structure under dynamic sine-sweep loading, stimulating various
natural modes across different frequencies. The model represents delamination by physically sepa-
rating the FE nodes in the delaminated region. The penalty contact method [23, 24], known for its
simplicity and computational efficiency, is used to simulate contact between these nodes. The clas-
sical Coulomb friction model [25] defines the tangential contact properties between the delaminated
interfaces. The resulting time-history signals are analyzed using signal processing techniques, such
as the Fast Fourier Transform (FFT), to obtain the laminated structure’s Frequency Response Func-
tion (FRF). The findings of this research are expected to contribute to the development of improved
damage detection techniques, design strategies, and approaches for enhancing the performance
and durability of laminate structures. By gaining insights into the friction-damping mechanism and its
impact on the overall dynamic response, this study aims to provide valuable knowledge for engineers
and researchers working on non-destructive damage detection methods, especially in the context of
delamination in laminated structures.

2. Computational Approach

2.1 FEM-Based Model Assumptions

The case study is a two-layer elastic beam with clamped-free boundary conditions (BCs) and sub-
jected to a concentrated logarithmic sine-sweep load as depicted in Fig. [l The material properties
considered are Young’s modulus (E) of 69 (GPa), density (p) of 2766 (kg/m?), and Poisson’s ratio (v)
of 0.3. The finite element mesh consisted of linear hexahedral elements. For the sake of brevity,
the governing equations of the finite element model (FEM) are not provided in this context. Further
details can be found in Ref. [27].
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Fig. 1 — Schematic of the two-layered beam along with BCs and loading position

2.2 Modeling Frictional Contact

In this section, we examine the critical aspects of modeling contact behaviors within laminated struc-
tures, specifically focusing on normal and tangential contact behaviors. The normal contact aspect
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primarily addresses the interaction between two debonded surfaces upon contact, while the tangen-
tial contact aspect encompasses the resistance to relative motions, often characterized by frictional
effects.

2.2.1 Normal contact

In delaminated interfaces, normal contact refers to the interaction between separated layers or inter-
faces perpendicular to their contact area. Accurate modeling techniques are required to capture the
normal contact behavior between the delaminated interfaces. Two commonly used approaches are
the "Micromechanical Approach’, which considers material behavior at the contact area and develops
constitutive laws for microscale response, and the ‘Geometrical Constraint Approach’, which focuses
on contact geometry and ensures no overlap or penetration between bodies in the normal direction.
The Geometrical Constraint Approach, often referred to as ’low contact precision’, is a technique that
emphasizes enforcing geometric constraints to capture essential contact behavior. It does so without
explicitly modeling detailed material responses within the contact interface. The approach derives
the determination of the normal contact pressure directly from the constraint equations without rely-
ing on a constitutive equation. Figure |2| provides a representation of the distance calculation, which
is important in determining the gap or penetration between the two bodies. The parameterization of
the boundary I'' using convective coordinates is denoted by ¢ = (!, £?). The relation between each
point on the contact boundary of body 2 (I'?) and a corresponding point on the contact boundary of
body 1 (I'!) can be established using the minimum distance problem (Eq. . This is done under
the assumption that the contact boundary exhibits local convexity, a key factor in this calculation.
Interested readers can refer to Refs. [28, 129, 130] for more detailed information.

Fig. 2 — Coordinate system and minimum distance for normal contact of 3D bodies
d' (&&= ¢~ = min @ - & (1

The point ! is identified by meeting the necessary condition for minimizing the distance function in
Eq.[f]as Eq.[2

d &gl g2 2 —x(ELE)
aga ¢ &8 = e e gy fe = @
To solve Eq.[2] orthogonality between the first and second terms is required. The term represented by
the tangent vector &', (&', £2), must align with the normal vector ' at the minimum point (¢',&2). This
results in the condition —n' (§!,€2) .al, (€',€%) =0, indicating that the current master point 2! (£!,£2) is
the orthogonal projection of the given slave point x> onto the master surface ¢/ (T'!). The bar denotes
evaluation at the minimal distance point. The non-penetration condition for contact is represented by
Eq.

gN = ()Q—)f]).fll >0 (3)

The non-penetration condition (gy > 0) prevents overlap between two bodies. When gy = 0, contact
occurs, and the normal stress indicates the contact force or pressure. Analyzing contact forces and
pressure distribution involves satisfying the non-penetration condition and examining the stress vector
components. Contact occurs when gy = 0, with the reaction force (R,) acting opposite to the surface’s
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normal vector. If the gap (g) is greater than zero, the surfaces are not in contact, and the reaction
force is zero (Kuhn-Tucker condition [31]). See Eq.

R, <0
g-R,=0 4)

To derive the normal-to-surface contact formulation for non-penetration, the strong form of the equi-
librium equation can be expressed as Eq. B

Vo=b in Q (5)

Here, o is the stress tensor, V is the gradient, b represents body forces, and Q denotes the body
domain. The normal component of the stress vector at the contact interface must be non-zero.
Dirichlet (I'p) and Neumann (I'y) boundaries (with 0Q =T’y UTp) for Eq. [ are defined in Eq. 6

U= Ug on I'p

on=t=t, on Iy (6)

Here, u denotes displacement, u, is the prescribed displacement, » is the boundary surface normal
vector, and ¢ represents the traction or stress vector with 7g being its prescribed value. The weak form
of the equilibrium equation is expressed in Eq.|/}, where C, is the penalty contact parameter indicating
the contact contribution.

/0': (5u®V)dQ—/(b.6u) dQ—/(t. Su) dT+C, (7)

Q Q r

If € denotes the penalty stiffness, the potential energy for the contact zone (I1,) is given by Eq.

1
M =3 / g. g%dl’ (8)
r(,‘

Equation [8] applies only to contact problems without frictional sliding. Friction introduces dissipation,
making the solution path-dependent. The weak form can be derived as Eq.[9using Egs. [7|and

/o: (5u®V)dQ—/(b.6u) dQ—/(t. Su) dF—F/a gdl’ 9)

Q Q r :

2.2.2 Tangential contact

In the context of mechanical contact in the tangential direction, we encounter two scenarios: sticking
and sliding. When there is no sliding or relative motion (stick condition), a geometric constraint equa-
tion ensures that equal tangential displacements occur at the contact interface, preventing tangential
movement. Conversely, constitutive law describes the frictional forces involved in frictional sliding,
considering the normal force, relative tangential velocity, and slip distance.

The specific form of the constitutive law, which is essential for accurately depicting the behavior of
contacting bodies, is determined by the characteristics of the contact interface and the materials in-
volved. The stick condition, where both the relative tangential displacement and velocity become
zero, is fundamental to a truly accurate representation of contact behavior.

Further exploration into stick, slip, and Coulomb friction contributes to a better comprehension of
contact behavior. The stick condition corresponds to the scenario where both relative tangential
displacement (g7) and relative tangential velocity (¢7) are zero, as illustrated in Eq.

gr=0+¢r=0 (10)

Enforcing the constraint condition of Eq. It requires implementing appropriate constitutive rela-
tions for the tangential contact behavior during stick/slip motion. A penalty term (er), is in rporated

into Eq.[8] resulting in Eq.[T1]

HPl

¢ =3 <8N(gN)2+8TgT-gT> dA, ey, er >0 (11)
C
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For pure stick at the contact interface, the variation of Eq.[11]is given by Eq.

cl = /(€N§N5§N +érgr.6gr)dA,  en,er >0 (12)
T
Here, ey and er are the penalty parameters. The penalty term I1c? is added only for active constraints,

defined by the penetration function gy, and must be formulated for both normal and tangential con-
tacts, with the latter applicable in the case of stick behavior. Eq. 13| addresses the slip condition.

Cg”p:/(SNg_N5gN+lT.5g_T)dA, ey >0 (13)
I.

In frictional sliding, a tangential stress vector (¢7) is determined by a friction constitutive law, such as
the Coulomb friction.

2.2.3 Coulomb friction model

The Coulomb friction law, the most common constitutive equation, governs relative motion between
contacting surfaces [23]. It states that relative motion occurs only when the frictional shear stress (1)
exceeds a critical threshold, as described by Coulomb’s law (see Eq.[14).

Tr=—u

pN?T’ el > Pyl (14)
el

Here, u is the sliding coefficient of friction, py is the normal pressure, and g7 is the sliding velocity.
Although u is typically constant in the classical Coulomb law, it can vary due to surface roughness,
sliding velocity, pressure, and temperature. Thus, the variable friction coefficient, denoted as u =
w(gT, py,0), can be expressed as Eq.

p(gr) = IJD+(.Us—#D)€7dCHgTH (15)

The static coefficient of friction, ug, indicates friction at zero relative sliding velocity, while up rep-
resents the value at an intermediate sliding velocity. The decay coefficient d. dictates how friction
decreases with increasing relative velocity.

2.2.4 Elastic slip

Incremental slip due to elastic displacements from surface roughness is significant, even when the
friction model indicates a stick phase [32]. This process results in slight displacements between
contacting surfaces during the stick phase. To address this, the traditional Coulomb friction model is
modified [25], transitioning from its conventional form (Fig[3|-(a)) to an adapted form (Fig3|-(b)).

In ABAQU S, elastic slip can be characterized in two ways: by a fixed displacement magnitude or as a
percentage relative to the characteristic element size of the surface. These options provide flexibility
in accurately modelling elastic slips within the computational framework.

2.3 Implementation of Logarithmic Sine Sweep Loading

Sine sweep loading is a dynamic testing technique for evaluating the response structures or compo-
nents across various frequencies. The frequency gradually increases or decreases over the specified
range, known as the sweep rate. Linear or logarithmic sweep rates can be used [33]. Sine sweep test-
ing allows for exploring dynamic behavior such as resonant frequencies, mode shapes, and damping
characteristics. It is commonly used for modal analysis, reliability analysis, and fatigue testing. The
input signal in this research is a sine wave with a logarithmic sweep rate determined by an equation
involving the starting sweep frequency, sweep rate, and time [34]. The frequency increment is calcu-
lated using Eq. where f; represents the initial sweep frequency in Hz, R denotes the sweep rate
in octave terms, and ¢ corresponds to the time.

frequency(t) = % (16)
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Fig. 3 —ideal (a) and penalty (b) stick-slip behavior

The value of R is obtained by dividing the total number of octaves (N,.aves) by the duration of the
sweep. The calculation of the number of octaves, N, iS based on Equation 17, where fo repre-

sents the final frequency of the sweep range.
In f—"
Noctaves = —lg(fl ) (1 7)
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Figure 4 — (a) linear sweep rate vs. logarithmic sweep rate (b) time-sweep signal

2.4 Algorithm for Time and Frequency Domain Solutions
2.4.1 Frequency Domain Analysis

Frequency domain analysis is conducted using the Fast Fourier Transform (F FT) algorithm to analyze
time-domain data and extract meaningful information in the frequency domain. The flowchart in Fig-
ure [5outlines the steps for the procedure. The primary goal is to estimate the Frequency Response

Function (FRF), which characterizes the system’s response to external excitations.

2.4.2 Data Processing
We gather time-domain data from FE measurements, encompassing force and displacement signals.
To minimize spectral leakage, a window function such as Hamming, Hanning, or Blackman is applied

to the raw data [36].
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Fig. 5 — Time domain and frequency domain analysis steps [35]

2.4.3 Fast Fourier Transform

This study utilizes the FFT algorithm to efficiently convert the time-domain signal into the frequency
domain [38]. By analyzing the coefficients of the Discrete Fourier Transform (DFT), the researchers
obtain complex amplitudes that correspond to various frequency components.

2.4.4 Frequency Spectrum Analysis

Frequency spectrum analysis is a method used to examine the distribution of dominant frequencies
and their magnitudes, providing valuable perspective into resonant frequencies and significant vibra-
tion modes within a system.

Power Spectral Density (PSD) is used to evaluate the energy distribution across different frequencies.
It quantifies the power of a signal in the frequency domain. In this study, PSD is computed using FFT
algorithm applied to the measured data [39].

_ FFT(X)-FFT(X)"/
PSDXX o framp[ing'Nrampling (1 8)
Cross-spectral density (CSD) measures the cross-correlation between input and output signals in the
frequency domain. It helps understand a system’s behavior and identify transfer functions that de-
scribe the relationship between the two signals [40].

_ conj

CSDxr = ) N (19)
FRF estimation involves assessing the connection between input and output signals in the frequency
domain. FRF; characterizes the transfer function from the input signal to the output signal and it is
particularly informative in the anti-resonance region. FRF,, on the other hand, is more informative
in the resonance region, indicating the system’s resistance to external forces. Coherence (Coh.), a
measure of the linear association between input and output signals, is determined as the quotient of
FRF and FRF. This measure reveals the system’s behavior. If its value is one or near one, the data
is accurately measured [40].

_ CSD
FRF = PSDg
PSD
FRF> = cpy, (20)
Coh. = /S5

- |PSDXX ‘* ‘PSDFF ‘

Downsampling accommodates the discrepancy between the time step requirements for dynamic ex-
plicit convergence analysis and the conversion to the frequency domain. By reducing the data sets
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obtained from dynamic explicit analysis, FRF and FRF, are calculated for each down-sampled set.
The average FRF across all sets is computed to reduce noise and inconsistencies from transforming
time-domain data to the frequency domain.

setl ——— set 1 .
set2 [ | | | set2 [
set3 | [ [ [ I w3 | | I | |
set4 ()\-\/—/\—\ﬁz\—\,y\_\/v Sl N — e

== t, t, e to t, 0 disp, disp , e disR | disp,

At
| sampling
(I |

Fig. 6 — downsampling of data sets for computation of average FRF [35]

3. Results

3.1 Reliability Assessment of FE-Based Simulation

Mode shapes and natural frequencies of bending and torsional modes for the structure in Fig. [1|are
shown in Fig.[7] Point-FRF of the pristine structure is presented in Fig. [8}(a) for a frequency range
of 0 to 2000 Hz. The resonance frequencies align closely with the natural frequencies from Fig.
validating the algorithm outlined in Fig. Figure [8}(b) reveals nested circles in the Nyquist plot,
indicating the presence of multiple poles or resonant frequencies within the system, as depicted in
Fig.[8H(a). It is important to highlight that the Nyquist plot of the undamped pristine structure exhibits
perfect circularity due to the absence of factors causing deviations from this circular pattern.

) =85.3 (i)

@y = 1823 (H)

Fig. 7 — The mode shapes and the natural frequencies of the first three bending modes and the first torsion mode of the pristine structure
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Fig. 8 — The point-FRF (a) and the Nyquist plot (b) of the pristine structure obtained using the algorithm of Fig.
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3.2 Coefficient of friction sensitivity
This section aims to determine the optimal coefficient of friction COF value. The beam in Fig.[1} with
two layers of thicknesses /4 and 3t/4, is analyzed. A 20% delamination is present longitudinally
(Fig.[9}(a)) and transversely (Fig. [9}(b)) at the interface. COF ranges are based on sources like [39].
A two-second dynamic explicit analysis was conducted with the specified boundary conditions and
loading.
Figure [10] shows that an optimal COF of 1.1 is for both longitudinal and transverse interface debond-
ing, with more pronounced differences in transverse delamination.

Further analysis focuses on the impact of frictional contact between delaminated surfaces on the

A#y

() (b)

Fig. 9 — Visualization of delamination in 20 % of the layers interface, (a) along the length and (b) along the width, highlighted in color
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Fig. 10 — Frictional dissipated energy in the entire structure for (a) 20% delamination along the length of the interface (Fig.@]-(a)) and (b)
20% delamination along the width of the interface (Fig. E}(b)) for various COF's.

structure’s dynamic behavior. Parametric studies with COF set to 1.1 examined the influence com-
prehensively in both the time and frequency domains.

Figure [T1}(a) shows the initial transient response diminishing over time, indicating system stabiliza-
tion. Figure[T1}(b) displays a sharp amplitude increase, suggesting that loading frequencies are near
the beam’s first natural frequency, resulting in resonance. Transverse delamination shows slightly
higher peaks. In Fig[11}(c), the beam reaches a steady-state vibration pattern with similar periodic
responses for both types of delamination. Figure[i1}(d) presents higher-order mode interactions,
causing uneven response peaks and indicating complex vibration patterns due to the excitation fre-
quencies aligning with multiple natural frequencies. The temporal history illustrates the transient
response, resonance effects, steady-state behavior, and complex higher-order mode interactions in
the beam with transverse and longitudinal delamination.

Phase maps of the structures for the loading node are depicted in Fig. providing a graphical
representation of the trajectories of the dynamical system in the phase plane. The phase portrait in
Fig.[12forms an elliptical shape, indicating periodic, harmonic motion. The data points for longitudinal
delamination are more dispersed, covering a broader area, while those for transverse delamination
are more concentrated, showing higher peak velocities and displacements. The dense clustering
near the center reflects the stick phase with lower velocities and displacements. In contrast, the
extended parts of the ellipse indicate the slip phase with higher velocities and displacements. The
broader spread of data points in transverse delamination suggests greater energy dissipation through
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Fig. 11 — Temporal history of the structure with 20% longitudinal (Fig. [8}(a)) and transverse (Fig. [3} (b)) delamination

friction, aligning with prior findings of higher frictional energy dissipation in transverse debonding.

The elliptical shape also implies that the applied logarithmic sine-sweep load induces a sinusoidal

response, with distinct cycles indicating the structure’s response to multiple harmonic frequencies.
Figure [T3]illustrates the frictional dissipated energy in the structure during the analysis. In Fig[T3}
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4 + Transverse — - ="+

Vertical velocity (m)
(=1

-0.0075 -0.006 -0.0045 -0.003 -0.0015 0 0.0015 0.003 0.0045 0.006 0.0075

Vertical displacement (m)

Fig. 12 — Phase portrait of the structure with 20% longitudinal (Fig. @(a)) and transverse (Fig. @(b)) delamination

(a), the initial moments of energy dissipation are highlighted, showing no dissipation during the stick
phase between the delaminated interfaces. The curve’s breaking point marks the transition from
stick to slip. Fig[T3}(b) reveals that, over time, the energy dissipation continues to increase steadily.
Transverse delamination shows a more significant increase in energy dissipation, indicating a higher
frictional interaction than longitudinal delamination for equal debonding percentages. This effect sug-
gests that transverse delamination causes more interfacial sliding and energy loss due to friction
compared to longitudinal delamination under the same loading conditions.

Figure[14}(a) quantifies the relations shown in Fig. Figure[14}(a) shows that frictional energy dis-
sipation in transverse delamination is more than twice that of longitudinal delamination, as observed
in Fig[T3] Figure14}(b) presents the strain energy ratio between damaged and pristine structures.
Higher normalized strain energy for the structure with transverse damage implies that it is deforming
more and thus storing more energy compared to the undamaged state. This effect indicates that
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Fig. 13 — Temporal frictional dissipated energy in the entire structure for 20% longitudinal (Fig. E]-(a)) and transverse (Fig.@]-(b))
delamination

transverse delamination leads to a more severe impact on the structural integrity, causing both in-
creased energy loss due to friction and greater deformation, resulting in higher stored strain energy.
Figure [15}(a) shows the FRF for structures with 20% transverse and longitudinal delamination. The
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Longitudinal Transverse Longitudinal Transverse

Fig. 14 — (a) Comparison of the amount of frictional dissipated energy in the entire structure (b) Normalized strain energy

resonance frequencies of the first two bending modes remain roughly unaffected, but a significant
frequency shift is observed in the fourth resonance corresponding to the first torsional mode. The
location of damage influences the frequency shift, with transverse damage exhibiting a more notable
frequency reduction than longitudinal damage. The FRF peaks represent the system’s natural fre-
quencies, with the first three peaks corresponding to the bending modes and the fourth peak to the
torsional mode. The longitudinal delamination and transverse delamination exhibit distinct resonance
peaks. Still, the transverse delamination shows slightly higher resonance amplitudes, indicating a
more significant vibration response and potentially higher energy dissipation.

The Nyquist plots in Fig. [T5}(b) display non-circular patterns, indicating complex responses attributed
to frictional contact properties at the delaminated interfaces. These patterns suggest additional cou-
pling and non-linear behavior in the system. Larger loops in the Nyquist plot for transverse delamina-
tion signify greater nonlinearity and energy dissipation than longitudinal delamination. This difference
aligns with the higher energy dissipation observed in the transverse delamination due to frictional
effects at the interface.
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delamination

4. Conclusion

This study used a novel time and frequency domain approach to characterize frictional contact damp-
ing in delaminated structures. We evaluated whether frictional dissipated and strain energies are re-
liable parameters for tracing delamination. We concluded that these energies, along with the energy
factor and the damped natural frequencies, are effective indicators for identifying delamination pat-
terns. At equal percentages of delamination, different patterns (longitudinal and transverse) exhibited
different behaviors. Delaminated cases showed significant variations in these values compared to the
pristine state. These findings provide valuable information for developing advanced structural health
monitoring tools, aiding in the design of more resilient engineering systems.
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