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A B S T R A C T

The dynamic response of marine structures to underwater explosions (UNDEX) is crucial for ensuring onboard 
equipment’s operational safety and reliability. Non-contact UNDEX events generate shock waves and bubble 
oscillations that induce vibrations propagating through the hull, potentially affecting sensitive systems. This 
study proposes a novel numerical framework integrating a high-fidelity acoustic-structural coupled model 
(CASA) with an Acoustic Black Hole (ABH)-based metamaterial solution to enhance vibration mitigation. A 
validated finite element model of a full-scale patrol vessel is used to assess the frequency response of equipment 
mounted on traditional resilient supports. The innovation lies in the integration of ABH into the mounting 
system, forming a passive control solution tailored to reduce UNDEX-induced excitations. Comparative analyses 
between conventional mountings and the proposed configuration show that the ABH-based metamaterial 
effectively attenuates vibrations above its theoretical cut-on frequency, leading to reductions up to 20 m/s² in 
acceleration amplitude and an average peak attenuation of approximately 61 %. This work represents the first 
application of ABH technology in a naval context for mitigating UNDEX effects, offering a promising strategy for 
improving onboard equipment protection.

1. Introduction

Marine structures are exposed to a wide range of dynamic 
loads—including wave impact, slamming, and accidental events such as 
collisions or explosions—which can lead to various structural conse
quences such as deformation, fatigue damage, or even crack initiation 
and propagation [1–3].

Understanding the dynamic response of floating and submerged 
structures to pressure loads is essential for ensuring safety and structural 
integrity in the naval shipbuilding and offshore engineering industries. 
Among the various types of pressure loads that marine structures may 
experience, underwater explosions (UNDEX) are particularly critical due 
to their significant impact on safety and operational performance [4–8].

UNDEX are classified as either contact or non-contact, depending on 
whether the structure is within the bubble’s immediate impact zone 
[9–12]. Contact explosions occur when explosives detonate near the 
hull, often causing severe structural damage, such as hull ruptures. In 
contrast, non-contact explosions, which occur farther from the target 

structure, may not compromise the hull’s integrity but can still result in 
plastic and elastic deformations.

In a non-contact UNDEX, two main sources of loading actions can be 
identified: the primary shock waves and the subsequent gas bubble 
pulsation [10,13]. In addition to causing permanent deformation, the 
primary shock waves excite the hull of the vessel over a broad frequency 
range, with the induced vibrations propagating throughout the ship’s 
structure. These vibrations can reach areas far from the impact point, 
inducing high-frequency responses in onboard equipment [14]. In 
contrast, gas bubble oscillations occur at lower frequencies and can 
result in dangerous global motions, such as whipping [13,15,16]. The 
present study addresses the non-contact UNDEX scenario, with partic
ular emphasis on the frequency response of onboard equipment. This 
aspect is crucial, as the structural integrity and correct functioning of 
such equipment play a key role in ensuring the operability and safety of 
ships and offshore structures, especially when operating in harsh and 
dynamically demanding environments [17,18].

Currently, onboard equipment is protected from shock loads and 
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vibrations using resilient mountings, which can be designed to deform 
either elastically or elastic-plastically (i.e., requiring replacement after a 
shock event). These mountings are critical for isolating equipment from 
the dynamic disturbances encountered in naval environments, including 
those induced by UNDEX. The design and effectiveness of resilient 
mounting depend on several factors, such as their function (i.e., anti- 
shock or anti-vibration), positioning, stiffness of the system, target fre
quency range, and the mass of the equipment. Moreover, the perfor
mance of these mountings is influenced by environmental conditions, 
operational loads, and aging. Thus, rigorous testing and qualification 
processes are needed. As a result, naval shipyards have a strong interest 
in researching advanced technologies that can provide more reliable, 
efficient, and durable solutions for equipment protection under dynamic 
loading conditions [19].

In response to these growing demands, recent research has increas
ingly focused on innovative materials and structural solutions aimed at 
improving vibration control performance. Among the various strategies 
investigated, particular interest has been directed toward advanced 
architected materials with unconventional dynamic properties (like 
metamaterials, etc.), capable of effectively absorbing and dissipating 
vibrational energy [20]. Although these solutions are still at an early 
stage of development and not yet widely adopted in industrial practice, 
promising applications have been documented in fields such as offshore 
structures [21], construction [22], and automotive engineering [23].

One of the most innovative vibration-reduction technologies found 
in the literature is the Acoustic Black Hole (ABH), which can be 
assembled in a metamaterial-inspired design. The ABH acts as a flexural 
wave trap, dissipating energy through damping materials placed in the 
ABH region [24].

Several prototyping applications of ABH for vibration and structure- 
borne noise reduction are presented in the literature [25–27]. However, 
despite their demonstrated potential in noise and vibration control, 
limited studies in marine engineering field are present in the available 
literature [28,29]. No studies have specifically addressed mitigating 
UNDEX effects on ship hulls.

This study explores the feasibility of employing ABH-based protec
tive solutions to enhance the resilience of onboard equipment, with the 
goal of reducing vibrational energy transmission.

In this context, a novel numerical framework is proposed, integrating 
high-fidelity finite element modeling with ABH-based metamaterial for 
passive control of vibration. The originality of the approach lies in the 
combination of a validated global-scale numerical model of a real patrol 
vessel and the design of an ABH-based solution with a metamaterial-like 
pattern, improving the vibration damping performance of conventional 
resilient mounting systems.

The key innovations of this study are highlighted: 

• Development of a coupled acoustic-structural approach (CASA) high- 
fidelity numerical model of a full-scale real patrol vessel subjected to 
far-field non-contact UNDEX loading. The model includes detailed 
structural features and has been validated by comparing its vibra
tional modes with experimental measurements (through Operational 
Modal Analysis, OMA), ensuring accurate dynamic response 
representation.

• Evaluation of the effectiveness of the currently adopted solution (i.e., 
Vulkan resilient mountings) on vessels for equipment decoupling and 
protection by UNDEX loading. This is achieved through a high- 
fidelity modeling of a representative foundation–resilient–mass 
subsystem, analyzed in three different installation locations within 
the vessel and evaluating the frequency response of onboard equip
ment and their foundations.

• Design of an ABH-based passive control system aimed at attenuating 
vibrations induced by UNDEX loading, introduced to enhance the 
damping performances of the traditional mountings. A comparative 
analysis is carried out between the baseline configuration and the 
proposed one. To the best of the authors’ knowledge, this represents 

the first application of an ABH concept within a naval context to 
mitigate the vibrational effects of UNDEX on onboard equipment.

The insights and methodologies developed in this study contribute to 
safer and more efficient vibration protection strategies for onboard 
equipment in naval and offshore structures. By enhancing the damping 
performance of traditional resilient systems through the integration of 
ABH-based metamaterials, the proposed approach supports the devel
opment of more robust and cost-effective solutions against UNDEX- 
induced excitations. Beyond its immediate application to naval ves
sels, this methodology has broader implications for vibration mitigation 
in critical engineering systems where reliability and structural integrity 
are paramount, including offshore platforms, underwater vehicles, and 
marine energy infrastructures.

To effectively evaluate the impact of ABH-based solutions under 
realistic UNDEX loading conditions, a robust and versatile numerical 
simulation framework is required, especially in the case of full-scale 
marine structure [30]. Among the available numerical approaches, the 
explicit finite element method has been widely adopted to capture the 
transient, nonlinear structural response to blast loading in various 
contexts, including civil infrastructures and naval applications [31–36]. 
Various studies in literature used commercial FEM software such as 
LS-DYNA, ABAQUS, ANSYS, and MSC Dytran to accurately predict 
transient loading and the structural responses of marine structures 
subjected to different UNDEX scenarios [37,38]. Among the various 
available approaches, coupled numerical methods are most employed to 
study transient Fluid-Structure Interaction (FSI) during UNDEX, thanks 
to their reliable results [15,39]. In this context, a widely used approach 
is the CASA method developed in ABAQUS CAE commercial suite. This 
approach has become increasingly popular in recent years due to its 
reduced computational cost compared to other coupled strategies 
[40–44]. Indeed, the simulation does not model the explosion and the 
pressure wave propagation in the far field but uses an acoustic field 
initialization [45]. This initialization is performed by setting a time trace 
of the pressure wave propagation, which can either be recorded in real 
time [46] or calculated using analytical methods [9,47]. Since the CASA 
approach has already demonstrated its accuracy against experimental 
conditions [40,48,49], and the structural model of the vessel has been 
validated with respect to its experimentally identified vibration modes, 
the reliability of the comparative analysis aimed at evaluating the 
effectiveness of the ABH-based solution in enhancing the vibration 
mitigation performance of the traditional mounting system is ensured.

The paper is structured as follows. The fundamental background 
theory for the simulations performed in ABAQUS CAE commercial suite 
is presented in Section 2. Section 3 describes the target ship used as a 
case study and the experimental tests conducted to evaluate its natural 
modes. The numerical model for UNDEX simulation is introduced in 
Section 4, while the use of the ABH for vibration control is explained in 
Section 5. Finally, the results are discussed in Section 6, and the con
clusions of the present research are summarized in Section 7.

2. The coupled acoustic-structural approach in abaqus CAE

The coupled acoustic-structural method for the ABAQUS/Explicit 
solver is extensively covered in the literature and is detailed in the 
Abaqus Analysis User’s Guide, as mentioned in the introductory section. 
Thus, only some of the most important theories and settings are outlined 
in the present work. For further details regarding the mathematical 
formulation of this approach, refer to [45].

The equilibrium equation for small movements of a compressible, 
adiabatic fluid with velocity-dependent momentum losses is expressed 
in Eq. (1): 

∂p
∂x

+ γ(x, θi)u̇
f
+ ρf (x, θi)ü

f̈
= 0 (1) 
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where p is the excess pressure in the fluid (i.e., the pressure in excess of 
any static pressure), x is the spatial position of the fluid particle, u̇f is the 
fluid particle velocity, ü f̈ is the fluid particle acceleration, ρf is the 
density of the fluid, γ is the “volumetric drag” (i.e., force per unit volume 
per velocity), and θi are i-independent field variables such as tempera
ture, humidity of air, or salinity of water on which ρf and γ may depend. 
The d’Alembert term is written without convection consistently with the 
assumption that there is no steady flow of the fluid. This is usually 
considered sufficiently accurate for steady fluid velocities up to Mach 
0.1.

The constitute response of the fluid is assumed to be inviscid, linear, 
and compressible, so the excess pressure in the fluid can be written as Eq. 
(2): 

p = − Kf (x, θi)
∂

∂x
⋅uf (2) 

where Kf is the bulk modulus of the fluid and uf is the fluid particle 
displacement, while the quantity x and θi have been already defined.

The constitutive behavior for an acoustic medium that can undergo 
cavitation can be described as follows: the absolute pressure (i.e., the 
sum of static and excess dynamic pressures) is restricted from falling 
below a defined cavitation threshold. When the absolute pressure rea
ches this threshold, the medium is considered to enter a state of free 
expansion, wherein dynamic pressure does not further decrease. As this 
free expansion is reversed and volumetric strain reduces to the level 
associated with the cavitation threshold, the pressure within the me
dium starts to rebuild. This is expressed through the following relation: 

p = max{pv, pc − p0} (3) 

where a pseudo-pressure pv, a measure of the volumetric strain, is 
calculated through Eq. (2), pc is the fluid cavitation limit and p0 is the 
initial acoustic static pressure. A total wave formulation is employed for 
a nonlinear acoustic medium experiencing cavitation. It is important to 
note that this total wave approach closely resembles the scattered wave 
formulation, except that the pseudo-pressure (defined as the product of 
the bulk modulus and the compressive volumetric strain) serves as the 
material state variable in place of the acoustic excess pressure. The 
acoustic excess pressure can be directly derived from this pseudo- 
pressure under the cavitation condition.

For what concerns the control equation of the structure embedded in 
the fluid domain, Eq. (4) is employed [50,51]: 

[Ms]{ü¨} + [Cs]{u̇} + [Ks]{u} = {fout} (4) 

where [Ms] is the mass matrix, [Cs] is the damping matrix, [Ks] is the 
stiffness matrix, {u} is the displacement vector, {u̇} is the velocity 
vector, {ü¨} is the acceleration vector and finally 

{
fout

}
is the external 

force vector acting on the structure. 
{
fout

}
can be written as follows: 

{fout} = − [G]
[
Af

]
({Pr}+{Ps}+{Pst}) (5) 

where {Pr} is the incident wave pressure, {Ps} is the scattered wave 
pressure, {Pst} is the initial pressure (i.e., hydrostatic one), [G] is the 
transformation matrix related to surface forces of structure and fluid 
nodes and finally 

[
Af

]
is the diagonal area matrix related to an element 

in the fluid mesh.
At the interface, acoustic and structural surfaces are coupled, and the 

coupling force is calculated using the penalty method [45].
In this approach, a significant choice that should be made is related 

to the type of acoustic wave formulation used in the analysis. Both 
scattered [41,42] and total [43,44] wave formulations have been 
extensively applied in UNDEX studies.

In the total wave formulation, a time-varying load is applied at the 
outer boundary of the acoustic medium, generating a response within it 
and inducing shock loading on the structure. This load is typically based 
on a calculated pressure-time history using empirical formulas or field/ 
laboratory UNDEX tests [9,47]. In contrast, the scattered wave formu
lation applies loading to both the acoustic and structural interface sur
faces. The acoustic pressure degree of freedom in this case represents 
only the scattered portion of the total pressure, excluding the incident 
wave contribution. Therefore, a free-field pressure history, as predicted 
by empirical formulas or tests, is not entirely applicable for scattered 
loading input, since the reflected wave at the acoustic-structural inter
face does not perfectly replicate the incident wave. Additionally, in the 
scattered wave algorithm, the standoff point for defining the UNDEX 
loading history is typically placed on or near the structural surface, 
whereas in the total wave algorithm, it is placed on the outer acoustic 
surface closest to the source. The total wave algorithm is necessary when 
the acoustic medium becomes nonlinear due to fluid cavitation, which 
occurs when the pressure in the flow field drops below the saturation 
vapor pressure (approximately 30.4 kPa). Choosing the appropriate 
wave algorithm is critical for numerical accuracy, and the results from 
both formulations should be compared to determine the most suitable 
approach for a given scenario [45].

3. The target ship and the experimental tests

A demonstrative geometry of the Swedish patrol vessel KBV 202 
(Fig. 1), part of the KBV 201 class, is employed for calculations in the 
presented work. Built at the Kockums shipyard and delivered in 2002, 
KBV 202 is primarily used for patrolling and environmental cleanup 
operations, including oil spill sanitation. The vessel has a displacement 
of 4670 kN and measures 52 m in length with a breadth of 8.6 m. The 
design draft is approximately 3.2 m, and the maximum speed is around 
21 knots.

The vessel presents a mixed reinforcement structure, incorporating 
longitudinal and transverse girders. Details such as the thickness of the 
structural elements are not reported in the paper due to confidentiality 
restrictions.

Saab and SVIBS companies performed an OMA on this vessel in late 
October and the first week of November 2023. The tests took place in the 
Gulf of Bothnia, on the east coast of Sweden.

The measurement setup is dictated by the need to perform mea
surements during the vessel’s normal operations. Fig. 2(a) reports the 
sensors positioning. The sensors 3–5 and 8–10 were mounted on the 
main deck, close to the toerail, while sensors 1,2,6 and 7 were mounted 
on the lower deck. A Dewesoft IOLITE mems triaxial accelerometer 
(Fig. 2(b)) was mounted at each location with four magnets. The Dew
esoftX data acquisition system was used to register the data.

The OMA was made using ARTeMIS Modal Pro suite. Three different 
methods were applied to calculate the vibrational modes of the vessel 
[52,53]: the Enhanced Frequency Domain Decomposition (EFDD), the 
Curve-fit Frequency Domain Decomposition (CFDD) and finally the 
Stochastic Subspace Identification - Extended Unweighted Principal 

Fig. 1. Picture of the Swedish patrol vessel KBV 202, from which the numerical 
model of the present research takes inspiration.
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Component (SSI-UPCX).
The combined use of EFDD, CFDD, and SSI-UPCX allows for a more 

robust and accurate characterization of the ship’s vibration modes by 
leveraging the strengths of each method. EFDD and CFDD operate in the 
frequency domain, identifying natural frequencies and mode shapes 
from the power spectral density, while SSI-UPCX works in the time 
domain, making it particularly effective in distinguishing closely spaced 
modes and reducing the influence of noise. The choice to apply multiple 
techniques ensures consistency and helps mitigate uncertainties arising 
from the ship’s real operational conditions, ultimately improving the 
reliability of the modal analysis.

The first three experimental hull modes are listed in Table 1–3. Each 

Fig. 2. (a) Sensor positions and (b) Dewesoft IOLITE mems triaxial accelerometer.

Table 1 
1◦ hull mode (vertical bending) obtained through EFDD, CFDD and SSI-UPCX 
methods.

Method Frequency [Hz] Damping ratio [ %] Complexity [ %]

EFDD 4.028 1.8 0.1
CFDD 4.025 1.4 0.1
SSI-UPCX 4.025 2.1 0.9

Table 2 
2◦ hull mode (horizontal bending) obtained through EFDD, CFDD and SSI-UPCX 
methods.

Method Frequency [Hz] Damping ratio [ %] Complexity [ %]

EFDD 7.400 0.04 32
CFDD 7.398 0.08 32
SSI-UPCX 7.398 0.10 31

Table 3 
3◦ hull mode (torsional) obtained through EFDD, CFDD and SSI-UPCX methods.

Method Frequency [Hz] Damping ratio [ %] Complexity [ %]

EFDD 7.869 1.33 4.9
CFDD 7.882 1.08 4.9
SSI-UPCX 7.947 2.10 9.0
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table presents the frequency of the mode, the damping ratio, and the 
mode shape complexities obtained with the three estimation methods. 
The obtained results in terms of estimated natural frequencies are 
consistent between the adopted methods, thus proving the reliability of 
the modal identification process and confirming the robustness of the 
applied techniques in capturing the structural dynamics of the vessel.

4. Numerical modelling set-up

The following sections provide a detailed overview of the numerical 
model used for the analysis. First, the procedure for creating a simplified 

Fig. 3. CAD geometry of the vessel created in Rhinoceros suite.

Fig. 4. (a) Numerical model of the ship structure, (b) internal structural arrangement, (c) global FEM model of the ship portion surrounded by the external fluid and 
(d) vertical section of the whole model with the identification of the domains.
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model approximating real ship behavior is outlined. Then, the numerical 
model is described, including the fluid domain and meshing strategy, 
material parameters, boundary conditions, loading conditions, and 
equipment modeling. The same model, developed using the Acoustic- 
Structural approach in ABAQUS CAE, is used to evaluate both the dy
namic response of the ship subjected to UNDEX load and ship’s wetted 
mode shape with their related frequency, which are compared with 
experimental data.

4.1. Procedure for developing a numerical model reflecting real ship 
behavior

The procedure illustrated in this paragraph is conceived to develop a 
numerical model that accurately represents the actual conditions of the 
patrol vessel. The CAD model of the ship, created in Rhinoceros 8 suite, 
is depicted in Fig. 3.

Since precise data on the weights of the ship’s internal components 
are unavailable, and structural details as stiffeners are not modelled, a 
simplified but reliable numerical model is developed using a strategy 
inspired by Smith’s method for ship hull strength assessment and the 
Maestro software [54,55]. The approach is based on modeling only the 
plating, and assigning a uniform thickness (tadjusted) to all surfaces of the 
model in Fig. 3 to consider the contribution of all the omitted detail (e.g., 
stiffeners). Additionally, it is necessary to adjust the elastic modulus and 
density of the materials to restore the correct axial stiffness of the panels 
and the total mass of the ship, respectively.

Considering a structural mass ratio of approximately 0.3 and a total 
ship mass (mtotal) of 4670 kN, the portion of the total mass attributed to 
the structure (mstructural) is approximately 1400.39 kN. Based on that, the 
uniform thickness value tstructural is obtained from Eq. (6). 

tstructural =
mstructural

Astructural⋅ρnom
(6) 

where Astructural is the total area of the surfaces of the CAD model (equal 
to 3167 m2), while ρnom is the actual density of the steel of the vessel 
(equal to 7750 kg/m3).

The Young’s modulus must be adjusted to match the normalized 
axial rigidity of the plates. This adjustment is applied irrespective of the 
plate’s orientation in the ship’s hull (longitudinal or transverse) and its 
contribution to the hull girder’s overall structural response under 
loading. The formulation to calculate Eadjusted is the following: 

Eadjusted =
Enom⋅tstructural

tadjusted
(7) 

where Enom is the actual Young’s modulus of the steel (210,000 MPa), 
and tadjusted is the unknown quantity to be defined.

Finally, the density must be adjusted to ensure that the model ach
ieves the target total mass, which includes both the structural mass and 
other associated masses. 

ρadjusted =
mtotal

Astructural⋅tadjusted
(8) 

where tadjusted is iteratively found through simulations (i.e., modal anal
ysis), and in the presented case study the value that ensures a numerical 
model capable of capturing the experimental natural frequencies is 0.04 
m, while Astructural and mtotal have already been defined. With this value, 
Eadjusted and ρadjusted are equal to 3805 kg/m3 and 30,900 MPa, respec
tively. The modal analysis is performed using the acoustic-structural 

Table 4 
Material parameter used in the numerical simulation.

A [MPa] B [MPa] α [-] C [-] ε̇0 [s-1] m [-] TROOM [K] TM [K] Ref.

490 600 0.210 0.015 1.0 0.60 293 1800 [59]

Fig. 5. Schematization of the subsystem composed of the foundation, resilient 
elements, and equipment.

Fig. 6. Actual geometry of the elastic supports modelled as spring elements and 
inspired by the Vulkan Group’s MG Series [61].

Fig. 7. Installation of the three foundation-resilient-equipment subsystems in
side the patrol vessel.

Fig. 8. Scheme of an ABH geometry.
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approach [56] in ABAQUS CAE by considering the water domain and, 
thus, calculating the wetted modes as in the real case scenario. The 
water domain characteristics and the mesh size, both structural and 
fluid, are the same as in the dynamic analysis described in the following 

sections.
Further details regarding the modal analysis are not provided, as the 

acoustic-structural approach used to account for the wet vibration 
modes of the structure is well-established in the literature [57].

The dynamic simulations are performed with ABAQUS/Explicit 
version 6.23, using the simplified model above described for ship 

Fig. 9. (a) Geometry of the designed ABH (same color means same material); (b) positioning of the ABH-based metamaterial on the foundation.

Table 5 
Geometrical parameters of the ABH.

W [mm] L [mm] T[mm] LABH [mm] h1 [mm] Lv [mm]

70 880 10 850 1 440

Table 6 
Mechanical characteristics of ABH materials.

Material E [MPa] ν [mm] ρ [kg/m3] η [-]

Steel 210,000 0.3 7800 0.005
Viscoelastic 5000 0.4 950 0.3

Table 7 
Numerical vs experimental natural frequencies of the vessel.

Global mode 
type

Experimental 
frequency [Hz]

Numerical 
frequency [Hz]

Discrepancy [ 
%]

1◦ Vertical 
bending

4.03 4.12 2.23

1◦ Horizontal 
bending

7.40 7.63 3.11

1◦ Torsional 7.87 8.43 7.12
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structures modelling.

4.2. Determination of fluid domain and meshing

The structural mesh base size is chosen considering 10 linear ele
ments per bending wavelength, which can be calculated following Eq. 
(9) [27,58]: 

λbend =
cbend

fmax
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2⋅π⋅h
fmax

⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
E

12⋅ρ⋅(1 − ν2)

√√
√
√
√ (9) 

where cbend is the speed of bending waves in the solid medium, fmax is the 
maximum considered frequency (chosen equal to 150 Hz), and h, E, ρ 
and ν are the solid characteristics, respectively thickness (equal to 
tadjusted), Young’s modulus (equal to Eadjusted), density (equal to ρadjusted) 
and Poisson’s ratio (equal to 0.3 for steel). Thus, in the presented case 
study the mesh base size is equal to 0.1 m, featuring in 318,616 quad
rilateral shell elements and 6072 triangular shell elements.

Fig. 4(a) and Fig. 4(b) report the employed ship meshed, including 
the overall geometry and the internal arrangement.

The water domain is represented in Fig. 4(c), which is discretized by 
1374,293 brick elements. The size of the acoustic elements is chosen 
based on the smallest wavelength considered, in which ten or more 
linear elements must be implemented to ensure the accuracy of the re
sults [40,45]. The fluid element length can be estimated by Eq. (10): 

Lmax <
c

nmin⋅fmax
(10) 

where Lmax represents the mesh base size, nmin the number of linear el
ements per smallest acoustic wavelength, fmax the maximum frequency 
of interest, and c the sound velocity in the acoustic medium.

In the present work, a maximum frequency of 300 Hz is considered 
for the UNDEX load [30] with nmin equal to 12 and c equal to 1500 m/s. 
Hence, Lmax should be lower than 0.96 m. To ensure sufficient solution 
accuracy for the acoustic pressure field near the ship and the resulting 
shock loading on the acoustic-structural interface, a mesh refinement is 

applied around the vessel. Specifically, the base size of the acoustic mesh 
is set around 0.8 m and a refinement of about 50 % is set near the 
interface between the ship and the water domain.

As regards the dimensions of the fluid domain, the standoff thickness 
can be considered in ABAQUS (Fig. 4(d)). The approximate radiation 
conditions converge to the exact condition with an infinite standoff 
when the thickness of the fluid domain is increased. To esteem the 
standoff thickness r the following equation can be calculated [30]: 

r >
c⋅mmin

fmin
(11) 

where mmin is a coefficient, while fmin is the minimum considered fre
quency. Let assume mmin equal to 0.33 [40,45] and fmin equal to 35 Hz. 
Thus, the fluid domain thickness should be larger than 14.29 m and in 
the presented numerical model is set equal to 15 m. The outer bound
aries of the external fluid are represented by semi-cylindrical surfaces 
and spherical ends. It should be noted that the values provided by the 
previous Eqs. (10) and (11) are recommended for analysis, although 
they may vary depending on other computational requirements.

4.3. Adopted model and boundary conditions

To evaluate the effects of UNDEX load on ship equipment, a transient 
analysis of the duration of 1 s is performed in ABAQUS using the 
acoustic-structural approach. The decision at this time is due to the 
intention of capturing the effects not only of the primary shock wave but 
also of the gas bubble, according to the indications provided later in this 
paragraph.

The mechanical characteristics for the ship structures are set as 
specified in Section 4.1. For water, the bulk modulus (ρf ⋅c2) is equal to 
2.03 GPa, and the density (ρf ) is 1024 kg/m3.

The plastic behavior of the ship structures is modelled using the 
Johnson-Cook law, with the parameters shown in Table 4, where A 
represents the yield stress, B is the strain hardening coefficient, α rep
resents the hardening index, C is the rate hardening coefficient, m is the 
temperature softening coefficient, ε̇0 is the reference strain rate, TROOM is 
the room temperature and finally TM is the melting temperature.

For the purposes of this paper, a material damage model for the 
structural steel of the ship is not implemented as the deformations are 
expected to remain in the elastic-plastic regime.

Because of cavitation effects (including local and bulk cavitation), 
the total wave formulation is employed in the transient response anal
ysis, with the features mentioned in Section 2.

Proper non-reflecting boundary conditions are set on the boundaries 
of the water domain, except at the free, where a zero-relative pressure 
boundary condition is imposed.

The fluid-structure interaction between the water and the structure is 
defined at their common wet interface with a surface-based tie 
constraint.

4.4. Loading conditions

The response of the patrol vessel to the effects of a far-field UNDEX is 
investigated, considering both the primary shock effects and the sec
ondary effects due to the pulsation of the gas bubble. A TNT charge 
having a weight W equal to 516 kg is detonated 31.6 m below the water 
surface (H parameter) with a stand-off distance R (i.e., the distance be
tween the source point and the ship hull highlighted in Fig. 4(d)) equal 
to 28.4 m, to mimic a real torpedo attack. The explosive charge is 
detonated in the source point, while the UNDEX loading history is 
transmitted to the acoustic medium on the external boundary of the 
domain by specifying a reference point, as shown in Fig. 4(d). This 
approach is consistent with the total wave formulation algorithm, in 
which the incident wave loading is applied only to the outer fluid surface 
that separates the modeled region from the surrounding infinite acoustic 

Fig. 10. Numerical mode shapes of the patrol vessel under investigations: (a) 
1◦ vertical bending, (b) 1◦ horizontal bending and (c) 1◦ torsional. Acoustic 
domain removed for better clarity.
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medium. No incident wave is applied directly to the structure [43]. With 
this method, the loading history at the reference point is determined by 
the source-to-reference distance in the simulation, using the classical 
formulations found in the literature [9,47]. Furthermore, the effects of 
the gas bubble are introduced using the built-in Geers and Hunter bubble 
model in ABAQUS [25,42].

The pressure history of the simulated far-field UNDEX event can be 
approximated through Cole’s empirical formulas. Eq. (8) describes the 
primary shock pressure with a peak pmax and an exponential time decay, 
θ. 

p(t) = pmax⋅e−
t
θ (8a) 

For a TNT explosive, pmax and θ are given by the following equations 
[60]: 

pmax = 52.12⋅
(

W1/3

R

)1.18

(9a) 

θ = 0.0895⋅W1/3⋅
(

W1/3

R

)− 0.185

(10a) 

where W is expressed in kg of the TNT explosive and R is the stand-off 
distance in meters (516 kg and 28.4 m, respectively).

The calculated pmax and θ at the stand-off distance of 28.4 m are 
11.72 MPa and 0.9 ms, respectively.

As mentioned, the simulation time t is set to 1 s to also capture the 
effects of the gas bubble. The arrival time of the secondary shock ta is 
estimated to be 0.771 s from the following expression: 

Fig. 11. Dynamic acoustic pressure (POR) field (in Pa) at several instants: (a) t = 0.002 s, (b) t = 0.007 s, (c) t = 0.010 s (longitudinal section) and (d) t = 0.007 s 
(transversal section). Legend scale adjusted for better shock front visualization.
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ta =
R
c
+ Tbubble (11a) 

where T is the pulsation period of the gas bubble. The latter is calculated 
using the empirical formulation in Eq. (12), with H being the depth of 
the explosive charge [60]. 

Tbubble = 2.11⋅
W1/3

(H + 10.34)5/6 (12) 

which yields a value of Tbubble equal to 0.752 s.

4.5. The equipment modelling

To study the response of the equipment to the UNDEX load, a 
representative subsystem consisting of three elements is considered, as 
shown in Fig. 5. This sub-assembly is composed of: (i) the foundation, 
whose geometry is explicitly modelled, (ii) a resilient support corre
sponding to the resilient element, not explicitly modelled but repre
sented by a spring-type connector, and (iii) the equipment, for which a 
representative cylindrical geometry is assumed and modelled as a point 
mass. This geometry was selected as representative of onboard equip
ment due to its comparable size, mass, and boundary conditions, which 
reflect typical constraints and configurations encountered in naval in
stallations. Its simplified shape also enables efficient analysis of the main 
dynamic effects induced by underwater explosions.

The foundation’s geometry represents a generic shipboard compo
nent foundation. It features a rectangular base measuring 1.6 m × 1.4 m, 
including triangular brackets, with a height of 0.3 m and a thickness of 
0.01 m. The four resilient mountings are modelled as a system of four 
parallel springs (Fig. 5). Their dimensions and elastic properties are 
derived from the Vulkan group’s catalogue, specifically the MG series 
[61]. This series is chosen for its compact size, which fits within the 
foundation’s dimensions, and for its low cut-off frequency, making it 
suitable for supporting various types of machinery and equipment where 
effective noise and vibration reduction is required.

Fig. 6 illustrates the actual geometry of the support, highlighting its 
spatial dimensions and the undeformed spring length, which is assumed 
to correspond to the total height of the support. Each spring has an axial 
stiffness constant of 1.5 × 105 N/m, as specified in the catalogue.

The equipment is sized according to the nominal conditions of 

resilient support, resulting in a cylindrical component with a mass of 
270 kg. The inertial properties of the cylinder are calculated assuming it 
is made of steel and has a height of 0.8 m. This height is determined 
based on the spatial constraints of the compartments where the subas
sembly is installed.

To study the response of a generic component installed in different 
locations onboard the patrol vessel, the foundation-resilient-equipment 
subsystem is simultaneously installed at three different positions on the 
ship, as shown in Fig. 7. Following the identification of the subsystems: 

• Subsystem 1 - above the double bottom at the stern of the ship;
• Subsystem 2 - on the lower deck near the arrival point of the shock 

load;
• Subsystem 3 - on the upper deck towards the bow.

From a numerical perspective, the foundation is modelled using shell 
elements with the same base size as those used for the vessel’s structures. 
The connection between the foundation and the decks is implemented 
through a node-to-surface tie constraint, binding the nodes at the lower 
edges of the foundation to the surface of the three decks. The upper ends 
of the four springs are connected to the concentrated mass using kine
matic coupling constraints. Additionally, since resilient supports real
istically provide an elastic response only in the vertical direction, it was 
necessary to constrain the in-plane motion of the upper nodes of the 
springs. This necessity arises from the fact that spring elements in 
Abaqus’ explicit solver cannot act in a single direction.

5. The acoustic black holes as a solution to vibration control

The ABH is a technique for passive vibration control that was 
recently developed within the structural dynamics and vibroacoustic 
communities. From a general perspective, the ABH effect is achieved by 
embedding a local thickness reduction in a thin-walled structure, typi
cally a beam or a plate, like the one shown in Fig. 8. This thickness 
reduction is generated in accordance with the power law profile 
following reported [24,26]: 

h(x) =
T − h1

LABH
m ⋅xm + h1 (13) 

where T is the uniform thickness outside the ABH region, LABH is the 

Fig. 12. Whipping motion of the patrol vessel and visualization of the UNDEX pressure history at the stan-off point. The displacements are magnified by a factor of 
25 to enhance the visualization of global motion.
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length of the ABH, x is the generic coordinate of the variable thickness 
profile, m is the power index (usually set as 2) and h1 is the minimum 
thickness at the tip of the ABH.

Thanks to such power law profile, the bending waves propagating 
inside the structure are channeled into the ABH region where their speed 
experiences a smooth and continuous decrease. In the ideal case, that is 

Fig. 13. Vertical acceleration vs. time plots of the three masses under study and their respective foundations accelerations: (a) mass 1, (b) mass 2 and (c) mass 3.
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when the wall thickness vanishes at the ABH center, the wave speed 
decreases to zero. In the non-ideal case, that is when the ABH has a non- 
zero residual thickness at its center the wave speed still decreases but it 
never vanishes, and reflection occurs at the tip. In this latter case, which 
is of great importance for practical applications, a damping material (e. 
g., viscoelastic layer) is applied to the ABH region to enhance wave 
energy dissipation (orange layer in Fig. 8). Thus, the ABH behaves as a 
wave trap that extracts vibrational energy from the host structure 
leading to a significant reduction in terms of both vibration and acoustic 
radiation [24].

Traditional embedded ABH structures, such as those described in 
[28,29], typically feature a very thin ABH center, making them unsuit
able for load-bearing applications. To overcome this limitation, the ABH 
can be implemented as an external component attached to the base 
structure, as proposed in [62]. In this configuration, the ABH functions 
as a waveguide absorber (WGA) [63], directing vibrational energy away 
from the primary system. With appropriate damping treatment and a 
sufficiently long propagation path, energy reflections back into the main 
structure can be minimized, effectively reducing overall vibration.

The ABH is characterized by a theoretical cut-on frequency, above 
which its trapping effect starts. In the design stage, such frequency can 
be calculated with the following equation [64]: 

fcut− on =
T

2⋅π⋅LABH
2⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
E⋅(40 − 24⋅ν)
12⋅ρ⋅(1 − ν2)

√

(14) 

where E, ν and ρ are respectively the Young’s modulus, the Poisson’s 
coefficient and the density of the variable-thickness portion of the ABH’s 
material. Also, T is the uniform thickness outside the ABH region and 
finally LABH is the length of the ABH. If the vibrational waves occur at a 
frequency lower than such characteristic frequency of the designed ABH, 
they cannot be trapped into the ABH as the wavelength is bigger than the 
ABH length.

In this study, custom-designed ABHs are integrated into the foun
dation of onboard equipment using a metamaterial-inspired configura
tion. This approach ensures that the foundation meets structural load- 
bearing requirements, while the added ABHs function as vibration ab
sorbers, mitigating the transmission of vibrations to the equipment 
during and after the UNDEX event. The basic ABH unit, which consti
tutes the unit cell of the ABH-based metamaterial, is illustrated in Fig. 9
(a). The ABH is embedded in a steel plate (Item 1) featuring a peripheral 
frame that allows it to be welded to the host structure (i.e., the equip
ment foundation). To enhance damping performance and promote 

vibrational energy dissipation, a constrained viscoelastic layer (2 mm, 
Item 2) is applied in the ABH region, topped with a 1 mm counter plate 
(Item 3).

The ABH-based metamaterial is composed of 16 ABHs, arranged in 
pairs and mounted on the four side walls of the equipment foundation. 
Within each pair, one ABH is oriented clockwise and the other coun
terclockwise, meaning they have opposite variable-thickness profiles. 
Specifically, a “clockwise” orientation refers to a thickness that de
creases in a clockwise direction when viewed from above, relative to the 
global Z-axis of the structure; conversely, a “counterclockwise” orien
tation exhibits the opposite trend (Fig. 9(b)).

Compared to conventional ABH absorbers proposed in [62,65], 
which interface with the host structure through only one or a few 
coupling points, the additive ABHs presented in this study are connected 
along their entire perimeter, resulting in multiple coupling interfaces. 
This configuration significantly improves the efficiency of energy 
transfer from the base structure to the ABHs. A critical factor in the 
effective performance of ABHs lies in their placement, which should 
coincide with regions of high vibrational energy concentration [20,22]. 
In general, ABHs must be positioned where vibrational energy is most 
intense [66], a requirement that is difficult to satisfy with traditional 
added-ABH configurations [62], due to their limited interface with the 
host structure. By contrast, the proposed ABHs with continuous perim
eter coupling overcome this limitation, enabling vibrational energy to be 
efficiently channeled into the ABH from all directions.

The choice to place the ABHs along the side walls of the foundation is 
based on the analysis of energy transmission pathways from the hull to 
the onboard equipment. Following the impact of the primary shock 
wave, vibrational energy spreads through the structural components of 
the ship, with the foundation side walls acting as critical transfer ele
ments. The ABHs are mounted horizontally to the host structure, a 
configuration that not only conserves space but also maximizes the 
available ABH length—an important parameter influencing the cut-on 
frequency.

The number of ABH absorbers is dictated by the available space. It 
was observed that the thinner the ABH, the greater their effectiveness. 
Therefore, 4 ABH per side represents the optimal compromise between 
high effectiveness of the ABH-based metamaterial and the constructive 
limitations imposed by their manufacturing processes. Regarding their 
orientation, the alternation between clockwise and counterclockwise 
ABH is chosen with the aims to optimize the absorption of vibrational 
energy. If all ABH are oriented in the same direction, a vertical channel 
would be created, allowing vibrational energy to pass through undis
turbed, thus reducing the system’s effectiveness. It’s important to note 
that the ABH are not in direct contact with the main structure at their 
tip.

The geometrical parameters of the proposed ABH are reported in 
Table 5, where W and L are respectively the width and length of the steel 
plate, Lv is the length of the constrained viscoelastic material and finally 
T, LABH and h1 have been already defined previously. As previously 
explained, the ABH length LABH is dictated by the available space, and 
the cut-on frequency of the single ABH is around 19.91 Hz. To notice is 
that in the available literature the ABHs are applied as solution to reduce 
vibration and noise in the medium-high frequency range, while they use 
at low frequency is challenging as lower is the cut-on frequency and 
higher are the ABH’s dimensions [67].

The mechanical characteristics of the materials are reported in 
Table 6, where η represents the loss factor, while the definition of the 
other parameters is well known.

6. Results and discussion

In the following sections, the comparison between the experimental 
and calculated wet modes of the ship is presented to assess the accuracy 
of the adopted numerical model. Then, the structural response of the 
whole ship is addressed, and finally the vibrations on both the 

Fig. 14. Identification of the points of interest of the founda
tion–resilient–mass subsystem.
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foundation and the connected mass are evaluated to show the effec
tiveness of the ABH-based metamaterial in reducing the vibration of the 
mounted equipment.

6.1. Numerical calculation of the wet modes of the vessel

Table 7 presents a comparison between the natural frequencies of the 
vessel numerically obtained and those experimentally measured. The 
experimental values used as reference for the comparison were derived 
using the EFDD method (see Section 3). The discrepancies between the 
obtained results are about 2.23 %, 3.11 %, and 7.12 % for the first 
vertical bending, horizontal bending, and torsional modes, respectively, 
highlighting a good correlation between the numerical and experi
mental results. The numerical predictions slightly overestimate the 
experimental values, especially for the torsional mode. However, these 
differences remain lower than 10 %, confirming the reliability of the 
adopted numerical model. Fig. 10 illustrates the mode shapes associated 
with the frequencies reported in Table 7.

6.2. Global dynamic response of the vessel

The simulations performed to evaluate the dynamic response of the 
vessel require approximately 72 h for a workstation with 128 GB of RAM 
and an Intel® CoreTM i9–14,900 K 3.20 GHz CPU.

Fig. 11 documents the progression of the primary shock front within 
the acoustic domain at three successive representative time instants, 
showing the dynamic acoustic pressure (POR) in both longitudinal and 
transversal sections.

The POR time history extracted at the stand-off point (depicted in 
Fig. 4(d)) is presented in Fig. 12. It is characterized by an initial pressure 
peak of 9.4 MPa caused by the primary shock, followed by an expo
nential decay. A second peak appears at approximately 0.75 s due to the 
gas bubble pulsation. This secondary pressure pulse has a lower 
magnitude but extends over a longer time window. The arrival time is 
close to the empirical estimate from Eq. (11) (0.771 s), with a 2.8 % 
difference attributable to the simplified nature of the empirical formula 
compared to the more detailed coupled simulation.

Fig. 15. FRF of the three masses and their respective foundations without ABH: (a) foundation 1, (b) mass 1, (c) foundation 2, (d) mass 2, (e) foundation 3 and (f) 
mass 3. Same range of values on the x-axis and y-axis.
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The global response of the patrol vessel in terms of displacement at 
key instants is detailed in Fig. 12. The development of the whipping 
motion can be highlighted, and the hogging and sagging deformation 
can be qualitatively appreciated.

6.3. Dynamic response of the equipment with traditional resilient 
mounting

The vertical accelerations calculated in time domain for the tradi
tional mounting (i.e., foundation, resilient mounting and equipment) are 
reported in Fig. 13. Specifically, a comparison between the accelerations 
recorded on the mass (in black) and at the central point of the upper 
surface of the foundation (in red) is made for each foundation. The 
control locations are highlighted in Fig. 14 for better comprehension. 
The dynamic response of the foundation-resilient-mass subsystems 
subjected to an UNDEX event is characterized by three distinct phases: 
an initial sharp peak corresponding to the arrival of the UNDEX primary 
shock, a subsequent phase of oscillations, and a third phase, which starts 

around 0.8 s, marked by the arrival of the first pulsation of the gas 
bubble.

A close examination of Fig. 13 highlights the differences in acceler
ations generated both in the foundation and in the overlying mass, 
depending on the system’s positioning onboard the ship. This variation 
is influenced not only by the global dynamics of the vessel but also by 
the propagation of vibrational energy through the structures. The in
tensity and speed of this energy transmission can be affected by factors 
such as structural thickness, the presence of damping materials, and 
preferential energy flow paths.

Additionally, a notable difference is observed between the acceler
ations of the foundation and those of the overlying mass. The former 
exhibits more pronounced peaks, while the latter experiences a 
smoother, damped response because of the resilient mount. This 
damping of acceleration amplitudes is crucial for protecting the 
component and ensuring its functionality. Furthermore, the presence of 
the resilient mount introduces a significant shift between the two 
responses.

Fig. 16. FRF of the three masses with and without the effects of the ABH-based metamaterial pattern: (a) mass1, (b) mass 1 - ABH, (c) mass 2, (d) mass 2 - ABH, (e) 
mass 3 and (f) mass 3 - ABH. Same range of values on the x-axis and y-axis.
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To evaluate the effectiveness of the equipment supports, it is also 
useful to evaluate the frequency contribution of the dynamic responses, 
to better design the damping solutions. As a matter of fact, they are 
usually characterized by a cut-off frequency. The higher frequencies are 
damped, while the lower ones are amplified.

To identify the frequency content of the signals presented in Fig. 13
and to understand the frequencies filtered out by the traditional solution 
(Vulkan supports), a Fast Fourier Transform (FFT) is performed on the 
different acceleration signals using the built-in function in MatLab. The 
FFT is carried out using a time step Δt of 0.0001 s and a sampling fre
quency fs of 10,000 Hz.

The results of the FFT are presented in Fig. 15, considering a fre
quency range from 0 to 150 Hz, consistent with the maximum frequency 
limits imposed by Eq. (9). The amplitude spectrums of the acceleration 
signals of Fig. 15 are computed considering a normalization factor of 2 
/N (with N number of samples of the signal) to preserve physical con
sistency, while the horizontal axis shows the frequency in Hz.

Fig. 15 highlights the differences in the frequency response function 
(FRF) of the foundations and the masses. Specifically, all the foundations 
exhibit a response with a broadband spectrum. The peaks with higher 
amplitudes up to 65 m/s2 are in the interval 10–50 Hz (Fig. 15(a), (c) 
and (e)). Regarding the masses, as shown in Fig. 15(b), (d) and (f), they 
show a significantly dampened response, especially above 35 Hz. 
Starting from this frequency (characteristic frequency), the resilient 
mountings effectively filter out higher-frequency excitations, leading to 
a marked reduction in amplitude, with peak values reduced to approx
imately 20 m/s². This behavior is in line with the information available 
inside the Vulkan datasheet correspondent to the MG series support 
[61], further supporting the accuracy and reliability of the obtained 
numerical results.

Despite that, peaks with amplitudes up to 70 m/s2 are evaluated in 
the intervals of 1–30 Hz, especially for the subsystem located on the 
upper deck towards the bow.

All these considerations highlight the effectiveness of the resilient 
mountings (e.g., Vulkan supports) in attenuating medium-high fre
quency vibrations. However, as expected, their contribution is less 
effective in the low-frequency range, where vibrational isolation be
comes more challenging due to the intrinsic dynamic behavior of such 
passive systems.

6.4. Dynamic response of the equipment with traditional mounting 
combined with the ABH-based metamaterial pattern

To evaluate the effectiveness of the designed ABH-based meta
material in enhancing the vibration reduction of the equipment, the FRF 
of the modelled mass is evaluated and compared with the one calculated 
for the traditional solution (Fig. 16).

The effect of the ABH-based metamaterial is clearly visible starting 
approximately from 20 Hz. The proposed solution reduces up to 20 m/s2 

the amplitude of the FRF in the range 10–30 Hz where the traditional 
solution is not effective. Furthermore, although there are still peaks in 
the lower frequencies, their amplitudes are reduced by about 5–10 m/s2.

The results obtained are not only in line with the analytical design of 
the system but highlight its potential in increasing vibration control. 
This opens the possibility of future studies that include the optimization 
of the ABH component itself, and the foundation. The aim of such a 
study should be the maximization of the available spaces, and the 
minimization of the overall dimensions of the ABH unit. This will allow 
the design of the ABH component with a lower cut-on frequency, 
extending the operating range through lower frequency. Moreover, the 
effectiveness of the ABH-based pattern could be further increased by 
optimizing the positioning of the unit cell and their number.

7. Conclusions

The dynamic response of marine structures subjected to underwater 

explosions (UNDEX) represents a critical challenge for ensuring opera
tional safety and structural integrity, particularly in non-contact sce
narios. The shock waves and bubble oscillations generated by UNDEX 
events induce vibrations that propagate through the hull, negatively 
affecting onboard equipment and compromising its performance. 
Traditional resilient mountings are commonly employed to mitigate 
these effects. However, their effectiveness is often limited by design 
constraints, including stiffness, target frequency range, and equipment 
mass. The frequency range of the induced vibrations and their coupling 
with the equipment are difficult to estimate, especially in the early 
design stage.

To address these limitations, a high-fidelity modeling approach is 
proposed to evaluate the dynamic behavior of representative onboard 
equipment. Specifically, the application of an acoustic black hole (ABH)- 
based metamaterial pattern is explored to enhance the vibration 
reduction achieved by traditional resilient mountings.

A patrol vessel is selected as the reference military ship for this 
investigation. The numerical model used for the UNDEX simulations is 
validated against experimental data, using the ship’s natural frequencies 
as a reference parameter. A subsystem, composed of a generic founda
tion, resilient mountings, and a mass representative of the onboard 
equipment, is placed in three different locations along the ship.

The first objective of this study is to evaluate the frequency response 
function (FRF) of both the foundation and the equipment mounted with 
traditional resilient mountings when the vessel is subjected to a non- 
contact UNDEX event. Subsequently, the effectiveness of an ABH- 
based metamaterial in enhancing vibration control performance is 
assessed.

The results demonstrate the feasibility of the designed ABH-based 
metamaterial, leading to a significant reduction in FRF amplitude (up 
to 20 m/s2). Specifically, the introduction of ABH results in an average 
peak amplitude reduction of approximately 61 %, when compared to 
traditional resilient mountings alone. This combined configuration 
significantly attenuates the dynamic response between the foundation 
and the mounted mass, providing an effective damping solution—well 
aligned with the vibration isolation targets commonly adopted in the 
naval sector (typically around 80 %).

These findings highlight the potential of ABH-based metamaterials to 
enhance the protection of onboard equipment in naval vessels subjected 
to UNDEX events. Future studies will further optimize both the ABH unit 
cell and the ABH-based metamaterial pattern and positioning to maxi
mize their effectiveness.

Beyond the immediate application to naval platforms, the long-term 
impact of this research lies in the advancement of passive vibration 
control strategies through geometry-based solutions that are light
weight, scalable, and compatible with existing manufacturing technol
ogies. The proposed methodology enhances survivability and mission 
readiness by improving the protection of critical equipment from high- 
intensity vibrational loads. Moreover, its applicability extends to other 
sectors where structural reliability under dynamic excitation is crucial, 
such as offshore platforms, subsea vehicles, and marine energy systems. 
Potential benefits also exist in aerospace and automotive fields, where 
compact and efficient damping solutions are increasingly needed. 
Finally, the development of a high-fidelity simulation framework based 
on a validated acoustic-structural approach supports a simulation- 
driven design workflow, which aligns with the growing trend toward 
digital engineering in the naval and structural design industries.

While the results are promising, some limitations should be 
acknowledged. First, the practical implementation of ABH-based com
ponents may be constrained by manufacturing challenges, as producing 
thin-walled structures with gradual thickness variation, especially down 
to very small residual values, can be both technically demanding and 
costly. Second, the present study relies exclusively on numerical simu
lations and experimental validation is still required to confirm the 
practical effectiveness of the proposed solution. Moreover, the ABH 
geometry and its integration within the mounting system were not 
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optimized, as the current configuration was designed based on general 
criteria and available space. Future work should address both experi
mental testing and geometry optimization under realistic manufacturing 
and installation constraints.
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