POLITECNICO DI TORINO
Repository ISTITUZIONALE

A study of frictional contact effects on modal dissipation characteristics in a debonded structure

Original

A study of frictional contact effects on modal dissipation characteristics in a debonded structure / Kiasat, S., Filippi, M.,
Salehzadeh Nobari, A., Carrera, E.. - In: INTERNATIONAL JOURNAL OF NON-LINEAR MECHANICS. - ISSN 0020-
7462. - 188:(2026). [10.1016/j.ijnonlinmec.2026.105389]

Availability:
This version is available at: 11583/3015166 since: 2026-09-04T14:18:27Z

Publisher:
Elsevier

Published
DOI:10.1016/j.ijnonlinmec.2026.105389

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

09 September 2026



International Journal of Non-Linear Mechanics 188 (2026) 105389

International Journal of Non-Linear Mechanics

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/nlm

L))

Check for

A study of frictional contact effects on modal dissipation characteristicsina |

debonded structure

S. Kiasat*®, M. Filippi *®-*, Ali S. Nobari ™", E. Carrera?

a Politecnico di Torino, Department of Mechanical and Aerospace Engineering, MUL2 Group, Turin, 10129, Italy

Y ESDU-ACCURIS, London, United Kingdom

¢ Imperial College London, Department of Aeronautics, London, United Kingdom

ARTICLE INFO

Keywords:

Debonding

Frictional contact

Nonlinear dynamics

Friction-induced damping

Vibration-based structural health monitoring

ABSTRACT

Interlaminar debonding modifies the dynamic behavior of laminated structures by altering stiffness, modal
characteristics, and associated dissipation mechanisms. Among these, interfacial friction plays an important
but still insufficiently understood role in modal damping variations, particularly in nonlinear regimes.

This study examines the nonlinear dynamic response of a beam with interlaminar debonding, with
particular emphasis on friction-induced modal damping and the contribution of superharmonic components. A
time-frequency framework is employed to characterize frictional dissipation through reconstructed hysteresis
loops, and a pseudo-modal damping index is defined based on the modal strain energy. Finite element
simulations incorporating contact and Coulomb friction are used to investigate the effects of friction level,
debonding pattern, size, and position.

The results show that frictional contact introduces clear nonlinear features that substantially modify the
modal dissipation pattern. In addition, dissipation varies non-monotonically with friction level, indicating the
existence of optimal conditions for maximizing hysteretic energy loss. Parametric analyses further reveal that
the orientation, location, and size of the debonded region strongly influence friction-induced modal damping
and damage-sensitive vibration features.

The proposed framework provides a modal-based interpretation of friction-driven damping by account-
ing for superharmonic contributions and establishes a foundation for the development of vibration-based
damage-detection and structural health-monitoring strategies.

1. Introduction

Interlaminar debonding, defined as the separation of adjacent layers
in laminated structures [1,2], is a critical damage mode that signif-
icantly compromises structural integrity. This separation, which may
originate from manufacturing imperfections or in-service loading, re-
duces the global stiffness [3,4] and shortens the fatigue life [5] of the
laminate. The effects of these degradations emerge through phenomena
such as shifts in the natural frequencies [6], mode localization [7],
and variations in modal damping [8,9]. Although frictional contact,
together with intrinsic material damping, contributes significantly to
energy dissipation in debonded laminates, its isolated contribution to
modal damping remains insufficiently quantified [10]. The magnitude
of friction-induced dissipation is strongly influenced by contact-related
parameters such as the coefficient of friction COF, the normal contact
force, the effective contact area, and the relative slip between the sur-
faces [11-14]. These interfaces introduce nonlinear dynamic features,
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including superharmonic responses, that alter modal damping and
distort expected vibration patterns, which may affect the reliability of
vibration-based structural health monitoring (VHM) strategies [15]. Be-
yond these nonlinearities, interfacial friction may also lead to resonance
shifts [16] and local heat generation, which further complicate dy-
namic modeling and vibration-based damage assessment of debonded
laminates.

Classical models, such as those introduced in [11], quantify dissipa-
tion through cycle-based energy measures that condense frictional en-
ergy loss into equivalent modal damping ratios. While effective for esti-
mating overall dissipation, these averaged metrics suppress amplitude-
dependent and multi-frequency behaviors intrinsic to frictional con-
tact. Subsequent experimental and theoretical studies have shown that
structures dominated by frictional damping exhibit remarkable non-
linearities that cannot be captured adequately by equivalent damping
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ratios [17]. More recent advances, including the nonlinear modal anal-
yses developed by [18,19], further underscore the need for refined
frameworks capable of resolving detailed frictional interactions within
multi-harmonic responses. Motivated by these developments, this work
proposes a hybrid time-frequency domain approach to capture super-
harmonic contributions by reconstructing friction-induced hysteresis
loops at both the fundamental frequency and its higher-order super-
harmonics. This enables a more detailed assessment of interlaminar
frictional dissipation and its influence on modal damping in debonded
structures.

This work builds upon a previous experimental investigation by one
of the authors [8], which examined variations in the modal parameters
of delaminated composite structures with different delamination levels.
That study yielded two key observations: first, the natural frequency
exhibited limited sensitivity to small-scale delaminations and changed
only slightly, even as the damage percentage increased, whereas modal
damping showed significant variations, suggesting its potential as a
more sensitive damage indicator (DI). Second, while natural frequen-
cies demonstrated a monotonic trend with increasing delamination,
modal damping exhibited non-monotonic behavior. This counterintu-
itive trend indicates that different energy dissipation mechanisms, such
as the viscoelasticity of the resin or interfacial friction, may dominate
specific vibration modes, and that delamination can affect the modal
strain energy contribution. It should be noted that changes in modal
strain energy due to delamination should also affect the structure’s
natural frequencies. However, the order of this change is small enough
not to be captured in the natural frequency, and hence the natural fre-
quency is insensitive to delamination. This is not the case in the modal
damping coefficient, as the order of the magnitude of modal dissipation
is small, and hence can be affected by small changes in the strain
energy. To understand the non-monotonic behavior of modal damping,
it is essential to examine how delamination affects modal damping
for each dissipation mechanism separately, and hence this study. This
enables identification of the dominant dissipation mechanism in each
vibration mode. In a previous numerical study, the viscoelastic damp-
ing mechanism was investigated in a delaminated structure, without
considering contact or friction between the separated layers [9]. The
results showed that damping variations were most significant in regions
of maximum strain for bending modes and maximum deformation for
torsional modes. However, this approach could not fully explain the
uneven variations in modal dissipation, which are likely driven by
nonlinear effects such as frictional contact. Motivated by this limitation,
the present study focuses on the numerical modeling of interfacial
friction and its sensitivity to delamination. One objective is to provide
a basis for investigating the interaction between material- and friction-
related dissipation mechanisms, building upon the approach introduced
in [20]. Accordingly, the present study examines friction-induced dissi-
pation in the absence of other dissipation mechanisms, such as material
damping. This assumption is not introduced to reproduce the modal
damping of a specific test specimen, but to isolate the modal and
spectral contributions of interfacial friction and to examine how these
contributions are distributed between the fundamental response and
the higher-order superharmonic components.

Beyond the experimental trends discussed above, further evidence
from the literature shows that damaged or delaminated composites
may exhibit nonlinear spectral features and higher-order harmonic
components [21,22]. These observations support the need to interpret
delamination-induced dissipation not only through linear stiffness re-
duction or a single equivalent damping parameter, but also through
nonlinear modal and spectral contributions. Therefore, the present
work does not aim to quantitatively reproduce a particular experi-
ment. Rather, it is a mechanism-oriented numerical investigation that
uses a controlled numerical setting to isolate and interpret the con-
tribution of interfacial friction to modal dissipation in delaminated
structures. This frictional mechanism is consistent with experimental
evidence, but its direct isolation in real tests remains difficult, since
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several dissipation mechanisms may coexist, and the local frictional
slip under vibration is not readily measurable. In particular, separat-
ing frictional slip from the accompanying elastic deformation at the
interface is nontrivial, and substantial uncertainty may remain even
when such a separation is attempted [14,23,24]. Within this scope,
the objective is to provide a modal and time—frequency interpretation
of friction-induced dissipation, using the experimental trends reported
in the literature as qualitative reference points rather than as data for
one-to-one validation.

The paper is structured as follows: Section 2 presents the numerical
framework and contact modeling; Section 3 discusses the finite element
FE model verification and COF sensitivity; Section 4 examines the
dynamic response and parametric studies; and Section 5 summarizes
the conclusions.

2. Numerical modeling framework
2.1. Modeling frictional contact

This section focuses on the contact behavior in laminate structures,
addressing both normal and tangential interactions. Normal contact
governs the interaction between debonded surfaces, while tangential
contact accounts for frictional resistance to relative motion.

2.1.1. Normal contact

Normal contact at separated interfaces refers to the interaction
between debonded layers perpendicular to their contact area [25].
The micromechanical approach (MMA) and the geometrical constraint
approach (GCA) are two common approaches for modeling normal
contact.

The MMA considers material behavior at the contact area, de-
veloping constitutive laws for microscale response and determining
normal contact stresses based on applied loads and material properties.
This approach describes contacts involving significant deformation or
material interaction [26].

The GCA focuses on the geometry of contact, ensuring no overlap
or penetration between bodies in the normal direction. It is particu-
larly efficient for surface geometry-dominated contact with negligible
deformation or material interaction [27].

A common formulation treats normal contact as a unilateral con-
straint problem, prioritizing correct contact behavior over specific ma-
terial responses within the interface [26,28]. This approach does not
require constitutive relations for the interface. Instead, the normal con-
tact pressure is a reaction force resulting from the contact constraints.
Referring to Fig. 1 for normal contact of 3D objects, the calculated
distance determines the gap or penetration between the two bodies.
The parameterization of boundary I'' using convective coordinates is
denoted by ¢ = (£',£?). For more detailed information on contact
constraints, see [28-30].

Assuming local convexity of the contact boundary, the relation
between each point x> on the contact boundary of body 2 (I'?) and
its corresponding point x! = x!(£) on the contact boundary of body 1
(I'") is established by Eq. (1), which results from the minimum distance
problem, see Fig. 1.

(el 22Y _ 12 51l = 2 _ 2l
(6.8 =[5 = i - o
The point x!' is determined by satisfying the necessary condition for
the minimum of the distance function given by Eq. (1) and expressed
by Eq. (2).
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Fig. 1. Coordinate system and minimum distance for normal contact of 3D
bodies.

To solve Eq. (2), the vector connecting the points x> and %! must be
orthogonal to the tangent plane at x!. This orthogonality condition is
expressed by Eq. (3).

-n'¢", &) alE. =0 3)

where in Eq. (3), aé are the tangent vectors to the surface I'' at the
point x!. This condition implies that X! = x'(£!,£?) is the orthogonal
projection of the slave point x> onto the master surface (p}(]‘c1 ). Here, a
bar over a quantity denotes its evaluation at the minimal distance point
(&', &%), representing the solution to Eq. (2).

The Eq. (4) gives the non-penetration condition for the contact
between two objects, which can be expressed as gy > 0, where gy
represents the normal component of the gap function. This condition
ensures that no overlap or penetration occurs. Contact is established
when g, = 0, at which point the normal stress corresponds to the
contact pressure.

gN=(xZ—5cl)~ﬁ120 @

According to the action-reaction principle, the reaction force (R,)
between contacting surfaces acts in the direction opposite to the sur-
face normal. If the gap g between the surfaces is greater than zero,
they are not in contact, and the reaction force is zero, following the
Kuhn-Tucker condition [31]. This condition is defined by Eq. (5).

R, <0
g R, =0
To derive the normal contact formulation for non-penetration, we

begin with the strong form of the equilibrium given by Eq. (6) [27].

(5)

V.o=b inQ (6)

In Eq. (6), o is the stress tensor, b is the body force vector, and 2
is the body domain. At the contact interface, the normal component of
the stress vector, corresponding to the contact pressure, becomes non-
zero upon contact. The Dirichlet (I'p) and Neumann (I'y) boundary
conditions (BCs) (where 02 = I'y U I'p) for Eq. (6) are formulated as
Eq. (7).

u=u on I'p

¢ ™
c-n=t=t, only
In Eq. (7)u is the displacement vector, u, indicates the prescribed
displacement, n shows the outward surface normal vector, and t is the
traction vector with t, being its prescribed value.
The weak form of the equilibrium Eq., including the contact contri-
bution C,, is expressed by Eq. (8).

/o‘:(5u®V)d.Q—/b-5udQ—/t~§udF+CC=0 (€)]
Q Q r
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Let ¢ denote the penalty parameter enforcing the contact constraint.
The potential energy of the contact zone (II,) is given by Eq. (9).
. = l/ 6g2 dr 9
2Jr,

Note that Eq. (9) specifically applies to frictionless contact sce-
narios. In the presence of friction, energy dissipation introduces path
dependency, complicating the potential energy formulation. By com-
bining Egs. (8) and (9) through the penalty method, the weak form is
described by Eq. (10).

/o‘:(5u®V)d.Q—/b-5ud.(2—/t~§udl"—/ egdl' =0 (10)
Q Q r I,

c

2.1.2. Tangential contact

In mechanical contact mechanics, tangential behavior is governed
by either a geometric constraint approach or a frictional constitu-
tive law [32]. Two primary scenarios are analyzed: sticking and slid-
ing [33]. Under sticking conditions, where no relative tangential mo-
tion occurs between contacting surfaces, a geometric constraint en-
forces equal tangential displacements at the interface, effectively pre-
venting tangential movement. Conversely, a constitutive law dependent
on the interface and material properties describes frictional forces
based on the normal contact force, relative tangential velocity, and slip
distance during sliding conditions. Accurate modeling requires careful
consideration of the stick condition, characterized by zero relative
tangential displacements and velocity [34]. Let g; represent the relative
tangential displacement; the stick condition corresponds to zero relative
tangential displacement and velocity (g;), Eq. (11).

gr=0 (11D

Enforcing the stick condition at the contact interface requires suit-
able constitutive relations to govern tangential contact behavior during
stick-slip motion. A penalty term, introduced to enforce the constraint,
modifies Eq. (9) and modifies the potential energy expression, which is
represented by Eq. (12).

gT=0 PR

1 _
HCP=§/ (EN(gN)2+£TgT'gT)dA’ ense7 >0 12
I'c

where in Eq. (12)ey and e are the penalty parameters. The penalty
term /77 is added only for active constraints, defined by the penetration
function gy, and formulated for normal and tangential contact. For
pure stick in the contact interface, the variation of Eq. (12) can be
written as Eq. (13).

Cf:/ (eNg'Nﬁg'N +8TgT~§gT>dA, en.e7 >0 (13)
I,

The tangential component applies only under stick conditions. The
slip condition is described by Eq. (14).

csliv =/ (gNg-N 5Zn +tT~6gT>dA, ey >0 (14)
FL‘

In frictional sliding, the tangential stress vector (z;) is determined
by a friction constitutive law (e.g., Coulomb friction, as used in this
study). Coulomb friction governs relative motion between contacting
surfaces [27], stating that relative motion occurs only when the fric-
tional shear stress (r) exceeds a critical threshold, as formulated by
Eq. (15).

if ozl = ulpyl (15)

&
gzl

In Eq. (15), u represents the sliding coefficient of friction (COF), py
is the normal pressure, and g, shows 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. Hence,
the variable COF in Coulomb’s law, denoted as u = u(gr, Fy ., 6), can be
expressed by Eq. (16).

Tr =—H |PN

H(gr) = up + (ug — up) e~dcliérll 16)
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Fig. 2. Ideal (a) and penalty (b) stick-slip behavior [20].
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The static COF, ug, denotes friction at zero relative sliding velocity,
while u; represents the value at intermediate sliding velocity. The
decay coefficient d governs how friction diminishes with increasing
relative velocity.

Even when a friction model indicates stick behavior, incremental
slip can occur due to elastic displacements induced by surface rough-
ness [35], leading to slight displacements between contacting surfaces.
To address elastic slip, the conventional Coulomb friction model (Fig.

2(a)) is modified (Fig. 2(b)) [27].

In ABAQUS, elastic slip may be prescribed either as an absolute
displacement or as a fraction of the characteristic surface dimension.

Here, the latter definition was adopted.

2.2. Time and frequency domain analysis

The frequency response function (FRF) is obtained by transforming
time-domain data into the frequency domain via the fast Fourier trans-
form (FFT). Frequency-domain analysis begins with windowing the
signals to reduce spectral leakage, after which the data are converted

to reveal dominant frequencies (Fig. 3).

The power spectral density (PSD) is calculated by Eq. (17).
_ FFT(X) - FFT(X)* a”n

PSDyy =
fsampling -N

The cross spectral density (CSD) quantifies the correlation between

input and output signals, as shown in Eq. (18).

FFT(X) - FFT(F)*
CSDyp = M (18)
fsamp]ing *N
The FRF, is calculated by Eq. (19).
CSD
FRF, = —XF 19
PSD.p
Alternatively, the FRF, is formulated as Eq. (20).
PSD
FRF, = XX (20
CSDy,

Here, X and F denote the response and excitation spectra obtained
via FFT, respectively, while fq,my1ing Tepresents the sampling frequency
and N the number of FFT points. Eq. (20) is therefore used to improve
estimation near resonant regions. In this study, the analyzed frequency
range extends up to 5000 Hz, and Atgmpjin, is defined according to
the frequency bandwidth of interest. In contrast, At4y;amic denotes the
time increment of the nonlinear explicit solver and is significantly
smaller, requiring signal resampling during post-processing. Multiple
downsampled datasets were generated (see Fig. 4) to compute averaged
FRF that reduces numerical fluctuations and spectral inconsistencies.

Further details can be found in [36-38].
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Fig. 4. Downsampling of data sets for computing the average FRF.
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Fig. 5. Schematic of the two-layered beam along with BCs and loading
location.

3. Model verification and the COF sensitivity analysis

In this section, we first verify the accuracy of the FE model and
the computational efficiency of the workflow illustrated in Fig. 3.
Subsequently, we investigate how variations in COF within a specified
range affect the damping behavior of the debonded structure.

3.1. Model setup and verification

A two-layered model of a purely elastic beam with thicknesses of ¢
and 2¢ is considered, with the left end rigidly clamped and the right end
free, as shown in Fig. 5. This configuration enables the investigation of
interfacial friction despite the isotropic material behavior. The material
properties are defined as Young’s modulus E = 69 GPa, density p =
2766 kg/m?, and Poisson’s ratio v = 0.3.

In this study, a logarithmic sine-sweep excitation with an amplitude
of 1(N) is applied, with the instantaneous frequency f(¢) defined by
Eq. (21).

_ fi(=142%)
f= TR 21

where in Eq. (21), f; is the starting frequency (Hz), R shows the sweep
rate (octave/min), and 7 is time. The value of R is determined by
dividing the total number of octaves (N,.t.ves) by the sweep duration,
as expressed in Eq. (22), where f, represents the ending frequency (Hz).

In Jo
Noctaues = % (22)
Interested readers are referred to [39-42] for more details.

Fig. 6 illustrates the first three bending modes (B,, B,, B;) and the
first torsional mode (7)) of the pristine structure, along with their nat-
ural frequencies. We performed a convergence analysis by refining the
F E mesh. The selected model is sufficiently accurate while maintaining
an affordable computational cost. The peaks in the FRF depicted in
Fig. 7 correspond closely to the identified natural frequencies, thereby
verifying the algorithm presented in Fig. 3.

We conducted a two-step sensitivity analysis to ensure numeri-
cal stability and physical accuracy. First, for the pristine structure,

we selected the mesh that best matched the fundamental mode by
comparing peak frequencies from the FFT-based FRF with natural
frequencies obtained from eigenvalue modal analysis. Once the sta-
ble mesh domain was identified, energy-based criteria were used to
evaluate the debonded configurations. Meshes showing smooth and
physically consistent kinetic and strain energy evolution were retained
for all simulations.

Second, we used the central difference integration scheme of
ABAQU S Explicit for time step sensitivity. Fixed time steps introduced
instability, so we adopted the ABAQU S’s automatic time increment
control, which dynamically adjusts the time step based on a stability
criterion. To validate this approach, we again analyzed the frequency
response of the pristine structure under sine-sweep excitation. The re-
sulting F RF showed distinct peaks closely matching theoretical modal
frequencies, confirming that the automatically selected time steps were
sufficiently small to capture the system’s dynamic behavior.

3.2. Sensitivity analysis of the COF

Next, we examine the effect of the COF on the dissipative behavior
of the debonded structure (see Fig. 5). A 20% interface debonding
is introduced at the interface between layers, configured transversely
(Fig. 8(a)). The COF values are derived from data in [43].

The Average Frictional Dissipated Power (AF DP) is calculated by
dividing the accumulated Frictional Dissipated Energy (F DE), obtained
at the end of the total analysis duration, by the total analysis time, as
shown in Eq. (23).

E/(T)

AFDP = (23)

In Eq. (23), E/(T) represents the AFDE at the final time, while T
denotes the total analysis time.

A two-second dynamic explicit analysis was undertaken to deter-
mine the AFDP for various COF values (Fig. 8). Since the effective
coefficient of friction depends on local interface conditions and was
not calibrated here against a specific experiment, the selected COF
values were used to span representative friction regimes in the nu-
merical study, ranging from relatively low tangential resistance to
higher-friction conditions associated with partial slip or near-sticking
behavior. As shown in Fig. 8(b), the computed AFDP varies only
moderately across the explored range and exhibits a local minimum
around (g = 1.1). This value was therefore selected as the reference
case for the subsequent analyses.

4. Nonlinear dynamic behavior and parametric analyses

This section explores the influence of superharmonic presence on
the response of nonlinear vibrations in debonded structures, specifi-
cally those affected by debonding-induced frictional contact. Initially,
we calculate the pseudo-modal damping coefficient through superhar-
monic responses and their effects on damping behavior (Section 4.1).
Next, we conduct a parametric analysis to understand the effects of
various debonding parameters on the nonlinear dynamic response of
the debonded structure. This includes an examination of debonding
patterns (Sections Section 4.2.1), their distances from the neutral axis
(Sections Section 4.2.2), and variations in their size (Section 4.2.3).
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Fig. 6. 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. 7. Point-FRF of the pristine structure obtained from the temporal history
using the algorithm illustrated in Fig. 3.

4.1. Pseudo-modal damping coefficient and superharmonic responses

Nonlinearities arising from various sources, such as large deforma-
tions or frictional contact, give rise to vibrational phenomena absent
in linear systems, including amplitude-dependent resonance and non-
linear damping characteristics [42,44,45]. In the present study, the
nonlinear behavior mainly arises from frictional interactions associated
with interfacial debonding, characterized by intermittent contact and
stick-slip transitions that generate superharmonic components in the
response. These superharmonics correspond to frequency components
at integer multiples of the fundamental excitation frequency and arise
from intrinsic nonlinear interactions within the structure rather than
from external forcing. In a harmonically excited nonlinear system, the
steady-state response simultaneously contains the fundamental and its
superharmonics, reflecting the system’s intrinsic nonlinear dynamics
rather than resulting from modal superposition or independent har-
monic contributions. Under certain excitation conditions, the amplitude
of superharmonic responses can become comparable to, or even exceed,
that of the fundamental harmonic, producing highly unpredictable
patterns of energy dissipation, significantly altering the dynamic sta-
bility of the structure [46—48]. Therefore, superharmonics can indicate
structural damage.

The analysis of superharmonic resonances is particularly critical for
developing effective damage-detection strategies and for understanding

(@)
0.012
(b)
0.009
z
& 0.006
|55
<<
0.003
0
04 0.6 1.1 13
COF
(b)

Fig. 8. (a) 20% debonding of the layers’ interface, indicated by hatching. (b)
Average Frictional Dissipated Power (AF D P) across the COF range, computed
for the debonded region in (a).

the complex vibratory response of debonded structures [49]. Impor-
tantly, the emergence of these higher-order spectral components, as
predicted by our framework, is well-supported by previous experimen-
tal observations [21,22].

To quantify the FDE in the modal frame, we introduce the di-
mensionless pseudo-modal damping coefficient, #,, defined as Eq. (24).

Shysteresis,n

My = (1) (24)
SEpus

Fig. 9 summarizes the procedure used to derive 7, from the time
histories of interfacial slip and friction force obtained from the explicit
FE analysis.
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The pseudo-modal damping coefficient, #,, is evaluated for the nth
superharmonic, with n = 1-6. Here, n = 1 corresponds to the funda-
mental mode, while n = 2-6 represent the first five superharmonics.
Shysteresis,» denotes the area enclosed by the hysteresis loop associated
with the nth superharmonic. SES&IS denotes the band-limited root
mean square (RMS) strain energy of the fundamental mode, extracted
from the power spectral density (PSD) of the strain energy time history.
It is computed as Eq. (25).

W 1 \//I,lf]
SEjus = —= PSDg(f)df
RMS \/5 09/,

where PSD stands for Power Spectral Density, f, is the first natural
frequency, and the integration limits define a +10% frequency band
around the fundamental mode. This quantity represents the effective
(RM S) strain energy content concentrated within this modal frequency
band.

Fig. 10(a) shows the slip spectrum for the debonded region high-
lighted by the arrow in Fig. 8(a). Due to the nonlinear nature of
frictional contact, the response is not confined to the fundamental fre-
quency but includes significant higher-order harmonic components [50,
51]. For qualitative comparison, Fig. 10(b) reports approximate har-
monic peak amplitudes replotted from the damaged-plate response
spectrum reported in Ref. [21], obtained under excitation at the eighth
vibration mode. In that study, the in-plane motion of delaminated
plies was related to frictional interaction, including micro-slip at low
excitation levels and stick—slip motion at higher levels, which can lead
to harmonic generation and hysteretic dissipation. The experimental

(25)

spectrum is used here as representative evidence that damaged compos-
ite interfaces can exhibit nonlinear harmonic content, while the present
numerical framework examines this response by isolating the effect of
interfacial frictional contact.

Figs. 11-12 display the hysteresis loops and their correspondence
n, values for the damaged structure shown in Fig. 8(a) as a case study.
As evident from Fig. 11, with increasing COF, the interface progres-
sively evolves from gross slip toward partial-slip or sticking conditions,
which alters the hysteresis loops and redistributes dissipation across
the spectrum [52]. Consequently, the dependence of 5, on COF is non-
monotonic, and a minimum in the overall frictional dissipation may
coexist with relatively high pseudo-modal indices in the fundamen-
tal and first superharmonic components, as shown in Figs. 8(b)-12.
This behavior indicates that dissipation remains primarily governed
by the low-order components, while higher-order superharmonics are
increasingly suppressed [53].

4.2. A parametric study of debonding characteristics

4.2.1. Debonding pattern effect

This part compares the dynamic response of beams with 20% longi-
tudinal and transverse debonding patterns (Fig. 13). Fig. 14 displays the
temporal response for these cases, corresponding to the excitation node
shown in Fig. 5. The four subplots illustrate magnified time intervals
within the 2-second analysis.

In Fig. 14(a), a transient response is observed, where the initial
oscillations gradually decay as the system approaches a steady-state
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regime; the case study with transverse debonding exhibits slightly
larger amplitudes. This increase in amplitude is primarily due to the
reduced effective stiffness in the transversely damaged configuration,
in which the layers are fully separated within the debonded region,

Fig. 13. 20% debonding of the layers’ interface, indicated by hatching: (a)
along the length, and (b) across the width of the interface.

thereby reducing structural constraint. In Fig. 14(b), a significant am-
plitude jump occurs when the excitation frequency intersects the first
natural frequency of the structure, corresponding to resonance crossing.
This amplification is more remarkable for the transverse case, suggest-
ing a higher sensitivity to dynamic excitation due to its lower local
stiffness. Furthermore, Fig. 14(d) highlights waveform distortions asso-
ciated with higher-order vibration modes and nonlinear contact effects.
The transversely-damaged case shows stronger nonlinear characteris-
tics, while the longitudinally damaged case behaves more similarly to
the pristine structure.

Fig. 15 shows the point-FRF plot for damaged structures with
longitudinal and transverse interface damage.
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The results in Fig. 15 indicate that not all vibration modes exhibit
the same sensitivity to interface debonding. While the first bending
mode (B;) remains almost unaffected and the second bending mode
(B,) shows only limited sensitivity, the third bending mode (B;) and
the first torsional mode (7)) emerge as the most informative for damage
characterization. For these modes, the damage orientation (longitudinal
or transverse) is clearly reflected in the frequency response, and a
distinct separation among the pristine, transversely, and longitudinally
damaged structures is observed. In particular, the strong sensitivity of
B; indicates a significant interaction between the debonded region and
the high-strain zones of the corresponding mode shape [9]. Similarly,
T, is physically highly relevant, as it is directly governed by the inter-
layer shear coupling. Since interface debonding primarily degrades this
shear transfer mechanism, the torsional response is strongly affected.

Although the influence of damage orientation can be identified in
the responses of certain vibration modes, the modal damping param-
eter provides a more physically meaningful basis for interpreting the
damage-induced changes [10].

To further examine the effect of interfacial damage on the structural
energy response, the normalized strain energy (NSE) is evaluated by
comparing the damaged configurations with the pristine structure (see
Eq. (26)). The NSE is defined as the ratio of the cumulative strain
energy of the damaged structure to that of the pristine one.

T
/ SEdamaged (Hdr
0

T
SEpristine (H)dr

NSE = (26)

Fig. 16 presents the FDE distribution within the structure over the
entire analysis. Subplot (a) highlights the initial stage and the stick-slip
transition. In addition, Fig. 17(a)-(b) reports the corresponding 5, and
NSE values for the damaged configurations illustrated in Fig. 13.

Fig. 16 shows that the transversely debonded case activates sliding
earlier and exhibits a steeper growth of FDE, indicating stronger fric-
tional interactions. In contrast, when the delamination is aligned with
the dominant vibration mode (longitudinally damaged case), interfa-
cial slip is less effectively triggered, leading to lower overall dissipa-
tion [54]. Although the transverse configuration yields a larger total
FDE, the longitudinally debonded structure exhibits higher dissipation
when the first bending mode is excited (around ¢ ~ 0.75 s).

These trends are also evident in the distributions of 7, and the NSE
in Fig. 17(a)~(b). In the longitudinally damaged case, the debonded
interface lies in a region of higher fundamental-mode deformation, so
excitation of the first mode more effectively promotes interfacial slip
and frictional dissipation. By contrast, in the transverse configuration,
dissipation becomes dominant at higher frequencies. The higher NSE
observed in the transverse case may reflect changes in the interfacial
load-transfer characteristics and the corresponding deformation pat-
terns. These effects could lead to increased local strain concentrations
and elastic energy storage near the debonded zone. This qualitative
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Fig. 18. 20% transverse debonding of the layers’ interface, indicated by
hatching: (a) symmetric and (b) asymmetric with respect to the neutral axis.

trend is consistent with previous experimental observations showing
that the dynamic response of delaminated composite structures depends
sensitively on the damage orientation, location, and the associated local
stiffness redistribution [22,55].

4.2.2. Determination distance relative to neutral axis

This section examines the influence of the interface debonding
distance from the neutral axis on the dynamic characteristics of the
debonded beam. The study encompasses symmetric and asymmetric
configurations, as depicted in Fig. 18, where the interface is located
at the mid-thickness (1.5¢, 1.5¢) for the symmetric case (Fig. 18(a)) and
at (7,21) for the asymmetric case (Fig. 18(b)).

Fig. 19 shows the temporal response of the symmetric and asym-
metric delaminated configurations. The four subplots show magnified
portions of the 2 (s) time history. It is observed from Fig. 19 that
in the symmetric case study, the delamination is located close to the
neutral axis, resulting in weaker bending-extension coupling and a
more balanced stress field [56]. Consequently, the response remains
more regular and closer to the pristine behavior. In contrast, in the
asymmetric configuration, the offset of the delamination from the
neutral axis enhances bending-extension coupling, promoting stronger

10

energy transfer into the vibration modes. This results in a more non-
linear response, larger vibration amplitudes, and greater sensitivity to
dynamic excitation.

Fig. 20 shows the point-FRF for damaged structures with symmet-
ric and asymmetric configurations. B is less affected, as the debonding
occurs near a weakly deformed region of the mode shape. Similarly,
B, shows limited sensitivity in the asymmetric configuration for the
same reason. In contrast, B; and T, exhibit clearer frequency shifts,
since the debonded region is located close to high-strain and high-
deformation zones of the corresponding mode shapes, consistent with
our previous findings [9]. In these modes, symmetric debonding leads
to a larger reduction in effective stiffness than asymmetric debonding,
as both sides of the interface are equally affected. This results in a
more global degradation of the cross-section and a stronger weakening
of the interlaminar coupling. Consequently, a larger drop in natural
frequencies is observed. Fig. 21 presents the FDE throughout the
analysis. Fig. 21(a) highlights the early moments and the transition
from stick to slip. Fig. 22(a)-(b) indicates the 5, and NSE values for
the damaged structures shown in Fig. 18.

Fig. 21 shows that the symmetric configuration activates sliding
earlier, whereas the asymmetric case accumulates a larger total FDE at
later times. This delayed yet stronger dissipation in the asymmetric con-
figuration is associated with the bending—extension coupling induced
by the offset delamination, which enhances contact asymmetry and
promotes more intense stick—slip interactions [56].

This change in dissipation mechanism is also evident in Fig. 22. In
the asymmetric configuration, bending—extension coupling drives fric-
tional slip directly through the fundamental bending response, yielding
a dominant contribution of the first natural mode. By contrast, in
the symmetric case, frictional dissipation is activated more gradually
through nonlinear interactions, leading to a redistribution of energy to-
ward higher superharmonics. Hence, even though the total dissipation
becomes comparable near the first resonance, the asymmetric config-
uration is characterized by modal-dominated dissipation, whereas the
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Fig. 19. Temporal history of the vertical displacement at the loading point for structures with 20% debonding of the interfaces: symmetric (Fig. 18(a)) and
asymmetric (Fig. 18(b)) configurations.
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Fig. 23. Debonding of the layers’ interface, indicated by hatching, at three
fixed levels: (a) 5%, (b) 10%, and (c) 20%.

symmetric one exhibits a stronger superharmonic contribution and a
higher NSE. Such behavior can be interpreted in terms of bending—
extension coupling associated with the offset of the delamination from
the neutral axis, which is a well-known effect in laminated structures.
In qualitative terms, the observed trend is also in line with previous
studies showing that the dynamic response of delaminated laminates
depends on the position of the damage and the resulting changes in
structural stiffness and deformation patterns [55].

4.2.3. Debonding size variation

This section examines the influence of debonding size by comparing
three discrete sizes (Fig. 23). It is important to note that the debonding
size remains constant throughout the analysis. Fig. 24 displays the
temporal response for these cases, corresponding to the patterns shown
in Fig. 23. The four subplots illustrate magnified time intervals within
the 2-second analysis.

The results of Fig. 24 show a gradual change in the time-domain
response with increasing delamination size, indicating a clear damage-
scaling effect. While the responses are nearly identical at low excita-
tion levels, larger delamination sizes introduce noticeable amplitude
variations, phase shifts, and cycle irregularities, revealing enhanced
nonlinear behavior. These observations suggest that damage-induced
features may not be fully distinguishable in the time domain alone.

Fig. 25 represents the point-F RF plot for the debonded case studies
in Fig. 23. Fig. 25 shows that increasing delamination size leads to
limited minor frequency shifts in B; and B,, while a more evident
reduction is observed in Bj;. This is attributed to the location of the
damage near the turning point of the B; mode shape, where higher
modal strain amplifies the effect of stiffness degradation. These find-
ings are consistent with previous studies reporting stronger frequency
sensitivity when damage is located in high-strain regions [9]. Moreover,
T, shows a clear frequency reduction in all damaged cases relative to
the pristine structure, with a noticeable separation between damage
sizes. This indicates that torsional stiffness is affected not only by the
presence of delamination but also by its extent. Such sensitivity of
torsional modes to interfacial debonding is in accordance with previous
experimental and numerical findings [8,9].

Table 1 summarizes the sensitivity of bending and torsional mode
FRF's to variations in debonding size, pattern, and layup.

12

Table 1
Summary of FRF behavior for identifying damage-tracing modes at the turning
points of mode shapes.

Debonding size Debonding pattern Layup
Bending v X 4
Torsion X v v

Fig. 26 shows the FDE over time for the debonded case studies in
Fig. 23. Fig. 27(a)-(b) displays the #, and NSE values for the damaged
structures shown in Fig. 23.

Fig. 26 shows that the FDE does not increase monotonically with the
extent of interlaminar debonding. Before excitation of the first bending
mode (around ¢ = 0.75 s), the 10% debonded configuration dissipates
less energy than the 20% damaged case, owing to the larger effective
contact length and earlier activation of frictional work for the wider
debonding. As the excitation proceeds, the FDE curves intersect (around
t ~ 1 s), and the 10% case ultimately exceeds the 20% case in terms
of accumulated FDE. This inversion reflects a shift in the dominant
interfacial regime: while the larger debonding initially enhances sliding
near resonance, it also favors partial sticking or contact locking at
later stages of the sweep, which progressively limits further frictional
dissipation. By contrast, the intermediate debonding size preserves a
more effective stick-slip balance over a wider excitation range.

This transition is consistently captured by the pseudo-modal damp-
ing distributions in Fig. 27. Near the fundamental resonance, the larger
debonding (20%) shows a dominant contribution from the first har-
monic, indicating that dissipation is mainly governed by the funda-
mental bending response. In contrast, the 10% debonded case exhibits
a stronger first-superharmonic contribution, revealing a more efficient
redistribution of energy from the fundamental response toward higher
harmonics. Moreover, the relatively higher contributions of upper har-
monics for the smaller debonding (e.g., 5%) underline the importance
of accounting for higher-order harmonic components in damage as-
sessment, as small debonding sizes may not manifest primarily at the
fundamental frequency but rather through amplified responses at the
first and second superharmonics (2f, and 3f,). Overall, increasing the
debonding size modifies not only the magnitude of frictional dissipation
but also its modal distribution, leading to a non-monotonic evolution of
both FDE and 7,. A comparable counterintuitive dependence of modal
damping on delamination size has also been reported experimentally
for delaminated carbon-fiber-reinforced polymer laminates. To provide
reference points for this behavior, Fig. 28 reports approximate modal
damping variations replotted from Ref. [8].

5. Conclusion
This study proposed a hybrid time-frequency numerical framework

to examine friction-induced modal dissipation in a delaminated beam.
Unlike classical energy-based approaches that provide only aggregate
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Fig. 24. Temporal history of the vertical displacement at the loading point for structures with fixed interface debonding of 5%, 10%, and 20% (Fig. 23(a)-(c)).
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modal damping measures, the proposed method resolves the spectral
contributions associated with nonlinear frictional response, including
the fundamental component and its higher-order superharmonics. This
enables a more physically grounded interpretation of modal damping
variations induced by friction in debonded structures.

The coefficient of friction (COF) sensitivity analysis showed that, for
the considered case study, varying the COF modifies both the interfacial
slip regime and the spectral distribution of dissipation. In particular,
the results revealed a non-monotonic dependence of 7, on COF, with
dissipation remaining dominated by the low-order components, while
the higher-order superharmonics become progressively suppressed.

The parametric analyses further showed that, for the considered
beam configuration, the debonding geometry governs not only the mag-
nitude of friction-induced dissipation, but also its modal and spectral
distributions. The debonding pattern affects the coupling between fric-
tion and the dominant vibration mode. The position of the debonding
relative to the neutral axis changes the balance between direct modal
dissipation and superharmonic redistribution. Finally, the debonding
size does not lead to a monotonic increase in frictional dissipation.
Larger debondings may enhance sliding near resonance, but also tend to
promote partial sticking at later stages of the frequency sweep, thereby
limiting further dissipation, whereas intermediate sizes preserve a more
effective stick—slip balance and promote a broader redistribution of
energy toward superharmonic components.

Consistent with the previous experimental findings reported in [8]
regarding the sensitivity of modal damping to damage, the present re-
sults support a mechanistic interpretation of friction-induced variations
in modal dissipation in debonded structures. In this sense, the pro-
posed framework may support future studies on damping-based dam-
age characterization and on the interaction between friction-related
and material-related dissipation mechanisms.
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Future work

Future work will extend the present framework to other geometries
and boundary conditions and will address the combined effect of
interfacial friction and material-related dissipation mechanisms. The
influence of excitation characteristics on the detectability of nonlinear
effects induced by frictional contact will also be investigated.
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