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Abstract We present an initial study on the use
of contaminated soils, effectively treated through a
solidification and stabilization (S/S) process that ren-
ders them inert, as encapsulated aggregates in the
creation of novel metaconcretes. Several mix designs
of solidified and stabilized soils are carefully exam-
ined, and their physical and mechanical properties are
characterized experimentally. These properties are
crucial for determining how these treated soils can be
effectively incorporated into metaconcretes, a class of

Antonella Petrillo and Giuseppina Di Chiara have
contributred equally to this work.

A. Petrillo - A. Acampora - I. Farina

Department of Engineering, University of Naples
“Parthenope”, Naples, Italy

e-mail: antonella.petrillo@uniparthenope.it

A. Acampora
e-mail: annamaria.acampora0O1 @studenti.uniparthenope.
it

I. Farina
e-mail: ilenia.farina@uniparthenope.it

G. Di Chiara - F. Fraternali (D<)

Department of Civil Engineering, University of Salerno,
Fisciano, Italy

e-mail: f.fraternali @unisa.it

G. Di Chiara
e-mail: gdichiara@unisa.it

G. Di Chiara
Department of Civil Engineering and Architecture,
University of Catania, Catania, Italy

Published online: 28 May 2025

materials known for their unique ability to attenuate
mechanical waves through resonant structures. The
frequency bandgap response of metaconcretes incor-
porating rubber-coated aggregates made from solidi-
fied soils is studied using analytical formulations. The
results indicate that the proposed reutilization tech-
nique for contaminated soils not only ensures their
safety but also offers significant potential for applica-
tions in the construction of blast-protective structures
and seismic-shielding metamaterials.

Keywords Stabilization - Solidification -
Contaminated soils - Metaconcrete

1 Introduction

Numerous studies in the literature have demon-
strated that the stabilization and solidification (S/S)
process is highly effective in remediating contami-
nated soils (see, for example, [1] and references
therein). Stabilization, also known as the immo-
bilization phase of contaminants, combined with
solidification, which encapsulates contaminants
within a solid matrix, significantly reduces environ-
mental and human health risks. In the early appli-
cations of this technique, Portland cement was the
primary binding agent used as the solid matrix [2].
However, advancements in the stabilization process
have led to the incorporation of alternative materi-
als, such as pozzolanic compounds, fly ash [3], rice
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husk ash [4], ground granulated blast furnace slag
(GGBS) [5], and bentonite [6]. These additions
have enhanced the efficiency and versatility of the
process, allowing it to be applied to a broader range
of contaminated sites. The partial substitution of
Portland cement with alternative materials that have
lower energy content and carbon footprints sig-
nificantly reduces the material’s embedded carbon.
These materials, often by-products of industrial
processes like fly ash (FA) and ground granulated
blast furnace slag (GGBFS), offer an eco-friendly
alternative. Their use in contaminated soil stabiliza-
tion minimizes reliance on Portland cement while
efficiently managing industrial waste, improving
sustainability [7].

FA, a coal combustion by-product, enhances
mechanical strength and reduces porosity due to
its pozzolanic properties, forming calcium silicate
hydrates when reacting with calcium hydroxide [8]. It
also binds with contaminants, reducing their mobil-
ity and preventing environmental spread. GGBFS,
with its hydraulic properties, improves resistance to
expansion, contraction, and sulfate-induced corro-
sion critical in hazardous soil stabilization [9-13].
The combined use of FA and GGBFS lowers cement
demand, cutting CO, emissions and enhancing eco-
logical sustainability [14]. This approach not only
strengthens mechanical properties and durability but
also promotes sustainable stabilization techniques,
repurposing industrial by-products for environmental
remediation and engineering applications [15]. A crit-
ical aspect of S/S treatment is the proper characteri-
zation of contaminated soil, which includes analyzing
contaminant type, concentration, pH, and leaching
behavior. The S/S technique has demonstrated
remarkable effectiveness in treating a wide variety of
hazardous waste, including inorganic, organic, and
mixed contaminants [16]. It has also been success-
fully applied to the remediation of marine sediments
[17, 18], which pose additional environmental chal-
lenges due to their complex composition and poten-
tial for contaminant migration. Long-term studies
further confirm the reliability of this approach. For
instance, findings by [19] indicate that even 17 years
after treatment, stabilized soil continues to meet
performance criteria, underscoring S/S as a robust
and durable remediation strategy. At the conclusion
of the process, the treated soil is structurally stable,
non-hazardous, and environmentally safe, as the
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encapsulation mechanism effectively prevents pollut-
ant release into the surrounding environment.

Over the past decade, metaconcretes have emerged
as a new class of concrete materials incorporating
engineered aggregates with metamaterial properties
[20, 21]. A research group led by Anna Pandolfi and
Michael Ortiz first explored combining local resonant
metamaterials (LRM) with cement to create materi-
als resilient to extreme loads like explosions [20].
This led to the development of metaconcrete, which
is characterized by an external soft coating encapsu-
lating a heavy spherical core (the resonator) instead
of conventional gravel. Internal resonators dissipate
energy when the dynamic load frequency matches
that of the aggregates, creating frequency bandgaps
where mechanical waves cannot propagate due to a
negative mass effect [21]. Mitchell et al. later quan-
tified resonant behavior within aggregates using the
transmission coefficient to measure wave energy
absorption [22]. Since 2017, experiments on meta-
concrete’s ability to mitigate explosive loading have
yielded promising results. Non-destructive dynamic
tests have shown a significant reduction in transmitted
signal amplitude compared to conventional concrete,
depending on the type of inclusions and material
properties [23, 26]. Building on this research, Chen
et al. [27] developed an analytical predictive formula
for local resonant bandgap generation, linking band-
gap initiation to the resonator’s translational vibration
mode and the cutoff frequency to the resonator-matrix
coupling strength. Xu et al. [28] expanded this study
using finite element simulations to analyze bandgap
regions, demonstrating how core size, coating thick-
ness, and core density influence attenuation perfor-
mance. They also proposed a flowchart for designing
metaconcretes with multiple resonance frequencies.
A 2024 study introduced rubber aggregates with
shielding functionality to enhance metaconcrete’s
resistance, analyzing mesoscale wave attenuation and
performance regulation [29]. The effects of aggre-
gate shape on the bandgap properties of metacon-
cretes have been studied in [30]. Different mechanical
nacre-like metamaterials, featuring a brick-and-mor-
tar architecture and potential applications in civil
engineering, have been proposed in in [31, 32].

This study explores the potential use of contami-
nated soils, which are effectively treated through a sta-
bilization/solidification (S/S) process, as encapsulated
aggregates in the creation of novel metaconcretes.
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The S/S process involves treating contaminated soils
to render them inert and stable, effectively eliminat-
ing the environmental hazards they may present. The
final product of this process is a safe material that
no longer poses a risk to human health or the envi-
ronment. By encapsulating this stabilized material
within a soft coating, which is then surrounded by a
cementitious matrix, the contaminated soil can be
safely integrated into a composite material without
direct exposure to the surrounding environment. This
encapsulation approach could lead to the development
of a new type of metaconcrete, a material that com-
bines the advantages of waste reuse with advanced
engineering properties. This novel material, which we
will refer to as StabSoil MetaConcrete (SSMC), rep-
resents an innovative way to repurpose contaminated
soils, turning them into functional components of
construction materials. The resulting SSMC material
offers the potential to enhance the performance of tra-
ditional concrete, particularly in applications requir-
ing improved wave attenuation, such as, e.g., in blast
protection structures and meta-foundations of earth-
quake proof buildings [20]. We begin by investigating
the physical and mechanical properties of various mix
designs of contaminated soils that have been treated
through the stabilization/solidification (S/S) process
(Sect. 2). This section lays the foundation for under-
standing how different soil treatments affect the over-
all material properties, which are crucial for determin-
ing their suitability as components of metaconcrete.
Sect. 3 provides a brief overview of the analytical
formulation used to predict the bandgap response of
metaconcretes, as presented in [27]. This formulation
serves as the basis for the parametric study conducted
in Sect. 4, where we analyze the bandgap response
of different StabSoil MetaConcrete (SSMC) configu-
rations. Finally, Sect. 5 offers concluding remarks
and outlines potential directions for future research,
emphasizing opportunities for further optimizing and
applying SSMC in various engineering applications.

2 Physical properties of stabilized contaminated
soils used
2.1 Material selection

Contaminated soils from industrial sites in the prov-
ince of Naples were collected using excavators and

analyzed in this study. The samples exhibit character-
istics indicative of significant contamination by heavy
metals and organic chemical compounds. This soil,
subjected to various chemical and leaching analyses,
shows values that, in some cases, exceed regulatory
limits, highlighting the need for continuous monitor-
ing and potential remediation measures. Chemically,
the soil sample contains significant concentrations of
heavy metals, particularly arsenic (72.0 mg/kg), cad-
mium (2.4 mg/kg), lead (37.3 mg/kg), and mercury
(2.2 mg/kg). These metals are key indicators of pol-
lution, often stemming from industrial activities, and
can severely impact soil quality and ecosystem health.
Additionally, the presence of nickel (28.9 mg/kg) and
cobalt (6.0 mg/kg) further confirms heavy metal con-
tamination, while zinc (25.4 mg/kg) is also relevant
concerning legal thresholds. Of particular concern is
the contamination from hexavalent chromium (28.9
mg/kg), a highly toxic and carcinogenic compound.
Aromatic organic compounds, including benzene,
ethylbenzene, toluene, and xylene, are present at lev-
els below legal limits but still warrant attention. Chlo-
rinated aliphatic compounds and non-carcinogenic
chlorinated compounds are also detected. Although
their concentrations comply with established limits,
they should not be disregarded in an environmental
monitoring context. Leaching tests were conducted
following the UNI EN 12457-2 method. The soil
sample exhibited concerning values for several chem-
ical substances, as detailed in Table 1.

The results indicate that the soil sample exhibits
significant contaminant mobility, with substances
such as arsenic (0.12 mg/L), cadmium (0.02 mg/L),
and lead (0.6 mg/L) capable of easily percolating into
the subsurface and groundwater, increasing the risk
of local water resource contamination. The presence
of fluoride (1.05 mg/L) and sulfate (210 mg/L) in the
leaching tests suggests a potential impact on water
quality, while elevated chloride levels (420 mg/L)
may indicate contamination from soluble salts asso-
ciated with industrial activities. The zinc concentra-
tion (4.0 mg/L) is also notable, exceeding regulatory
limits in some cases. Overall, the data suggests that
proper soil management is necessary, with continu-
ous monitoring of both soil and groundwater qual-
ity. Remediation measures should be prioritized,
particularly for the most hazardous substances, such
as arsenic, cadmium, and mercury (0.03 mg/L).

@ Springer
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Table 1 Leaching test

. . Contaminant Result UM Limits (Ref.1) Limits (Ref.2) Limits (Ref.3)

results: key contaminants in
the examined soil Arsenic 0.12 mg/L 02 25 0.05

Cadmium 0.02 mg/L 0.1 0.5 0.005

Lead 0.6 mg/L 1 5 0.05

Total chromium 0.8 mg/L 1 7 0.05

Mercury 0.03 mg/L 0.02 0.2 0.001

Zinc 4 mg/L 5 20 3

Fluorides 1.05 mg/L 15 50 1.5

Sulfates 210 mg/L 5000 5000 250

Additionally, the long-term effectiveness of imple-
mented solutions should be regularly assessed.

In this context, stabilization techniques were inves-
tigated to mitigate the mobility of contaminants. The
stabilization materials used in this study included
fly ash (FA), ground granulated blast furnace slag
(GGBFS), and Portland cement (Table 2).

Specifically, fly ash from municipal solid waste
incineration (MSWI-FA) was considered. Prior to use,
the MSWI-FA underwent a washing treatment (W-FA)
to reduce its chloride and sulfate content. For this pro-
cess, 5 kg of MSWI-FA was washed with deionized
water in a continuous stirred tank reactor (CSTR).
The pretreatment was conducted with a liquid-to-solid
(L/S) ratio of 2.5 and a retention time of 3 h per phase.
After pretreatment, the W-FA was collected by filtra-
tion and dried at 45 °C. All stabilization materials were
subjected to detailed chemical and physical characteri-
zation using various advanced analytical techniques.

Energy dispersive spectroscopy (EDS), X-ray dif-
fraction (XRD), scanning electron microscopy (SEM),
thermogravimetric analysis (TGA), and particle size
distribution analysis were performed. The results,
presented in Table 2, indicate that MSWI-FA pre-
dominantly consists of calcium oxides (CaQO), sodium
chloride (NaCl), and calcium sulfate (CaSO,), impart-
ing properties suitable for pozzolanic reactivity. EDS
analysis revealed significant amounts of iron oxides,
silica, and alumina in MSWI-FA, which, together
with calcium, facilitated the formation of cementi-
tious bonds during the solidification process. Regard-
ing GGBFS, it was primarily composed of silicon, cal-
cium, iron, and magnesium oxides, with an amorphous
structure that enhanced long-term mechanical strength.
Finally, the cement provided initial structural support,
activated other components, and stimulated the hydra-
tion reaction, contributing to the formation of a solid
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Table 2 Chemical composition of MSWI-FA, W-FA and
GGBFS. Weight percentage of the main elements identified

Compositions MSWI-FA W-FA GGBFS
Ca 24.31 26.18 32.58
Si 5.83 5.45 30.12
Al 3.32 3.17 12.74
Mg 2.71 2.68 7.92
Fe 2.58 2.51 11.63
Na 1.66 1.23 4.81
Cl 21.20 8.77 -
C 16.35 15.42 -

S 8.57 7.94 -
CaCO;, 17.1 16.5 -
Ca(OH), 13.2 15.5 -
CaS0,-2H,0 6.8 7.1 -
NaCl 3.1 29 -
KCl1 4.0 32 -
Sio, 9.4 10.3 473
CsS - - 11.7
Fe,0; - - 5.8
MgO - - 4.1
CaAl,0, - - 3.6

binder. Chemical analysis confirmed that the combina-
tion of MSWI-FA, GGBFS, and cement was an opti-
mal choice for stabilizing contaminated industrial soils.
This was due to the reactive properties of W-FA, the
ability of GGBEFS to function as a hydraulic binder,
and the immediate strength provided by cement.

2.2 Mix design characterization

In the S/S process, selecting the appropriate quantities
of each substance is crucial for soil inertization and
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Table 3 Percentage proportions of the StabSoil mixes consid-
ered

Mix1 Mix2 Mix3
Cement 10 10 10
MSWI-FA 15 10 5
GGBFS 25 20 15
Soil 50 60 70

Table 4 Values of mixes in grams

Mix1 Mix2 Mix3 Units
Cement 20 20 20 g
MSWI-FA 30 20 10 g
GGBFS 50 40 30 g
Soil 100 120 140 g

ensuring environmental safety. This study analyzes
three different mixtures of contaminated soil and sta-
bilizing materials, with proportions determined based
on soil characteristics, the pollutants present, and the
individual properties of the stabilization materials used.
The objective was to partially replace traditional cement
with substances capable of immobilizing contaminants
and enhancing durability in a sustainable manner. The
proportions used in the mixture were determined after
a series of trial mixes, and Table 3 shows the various
proportions used in the different mixes and the Table 4
shows the amount in grams. Mix 1 contains the least
amount of soil and, therefore, has a higher proportion
of GGBFS (partially replacing cement) to enhance
the final product’s strength. In Mix 2, the soil content
increases to 60%, while GGBFS is reduced to 20%.
Finally, Mix 3 consists of 70% soil, resulting in the
highest density among the three. For the parametric
analysis, the specific weight of each sample was deter-
mined. Each sample has a mass of 200 g, and after
calculating the volume of each mix, the corresponding
specific weights were determined and are reported in
Table 5. Figure 1 shows three different designs.

3 An analytic study of the bandgap response
of metaconcretes

Figure 2 shows the cross-section of a rubber-coated
spherical particle of stabilized and solidified soil,

Table 5 Volume and specific weights of mixes analyzed

Mix1 Mix2 Mix3 Units

Volume 160 150 145 cm’
Specific weight 1250 1330 1380 kg/m?

150 cm?® 145 em?®

MIX 2 MIX 3

a) b) c)

Fig. 1 Photo of the mix design inside the graduated cylinder.
a Mix 1; b Mix 2; ¢ Mix 3

mortar matrix coating

a a

StabSoil core

Fig. 2 Illustration of the elements of the SSMC unit cell

forming the aggregate element of a cubic unit cell
with edge length a in an SSMC. The core of the
aggregate, which acts as an internal resonator, con-
sists of a spherical particle of a stabilized soil (Stab-
Soil) with radius r|, or alternatively, a sphere of
equivalent mass made from the same material but
exhibiting a different shape [30]. The soft coating is
made of a natural rubber with density p,, of 900 kg/
m’, Young modulus E, =0.01 GPa and Poisson’s
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ratio v,, = 0.49 [28, 29]. The coating exhibits external
radius r, and thickness Ar = r, — r; (Fig. 2).

The theory presented in [27] studies the frequency
bandgap response of a strip of metaconcrete unit cells
forming a rod element (Fig. 3), using a simplified
homogenization theory. It predicts that mechanical
waves impacting the rod with a frequency f within
the bandgap interval [f}, f,] cannot propagate through
the system. The lower frequency f; corresponds to
the activation of a pure translational vibration motion
of the resonator, with the matrix remaining (theo-
retically) at rest. In contrast, the cutoff frequency f,
marks the activation of a relative vibration motion
between the matrix and the resonator.

According to the theory presented in [27], the
bandgap limiting frequencies can be computed using
the following equations:

fi=5-4)— )

2 my

f=L k(my +my) )

2n mym,

Here, m; and m, represent the equivalent (homoge-
nized) masses of the resonator and the matrix, respec-
tively, while k is the equivalent stiffness coefficient of
the soft coating, computed as follows

2
87 ](r1+r2) 3)

3z
k= [ (ﬂ +2 ) ,l/lw m

4

A, and p,, being the Lamé constants of the material
forming the soft coating. These constants are given by

v, E, _ E
(Tt vy)(1=2v,) "7

w

2(1+v,)

“

w =

Fig. 3 One-dimensional
rod element made of a
SSMC

input signal = f TNk
W \)
Q

=4
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In Eq. (4), E,, and v,, denote the Young modu-
lus and Poisson’s ratio of the soft coating material,
respectively. Equation (3) assumes that the coating
material is subdivided into multiple elements distrib-
uted around the resonator, with their stiffness proper-
ties suitably combined to determine the overall stiff-
ness constant k (see [27] for more details). Regarding
the equivalent masses, the model presented in [27]
divides the coating into regions (A) and (B), as shown
in Fig. 2. It assumes that region (B) vibrates with
the resonator, carrying its mass m,z. The mass m,,
of region (A) is instead partially attributed to m, and
partially to m,, in such a way that it results in

(4
my=m, + AT+ o 6]

m, =m, + m,,p + mWAl-F_(Z (6)

Here, m, and m, denote the mass of the StabSoil
resonator and the mass of the matrix in the SSMC
unit cell, respectively, while a denotes the coefficient

defined through

my4 + m,p + m.

)

m,.+m,

The following expressions for the individual
masses appearing in Eqns. (5)—(6) are easily obtained.

m, = L—lmf3 8
a — pa3 ( )
me=p(@ = 2a3) ©)
v = P37 (=) (10)
output signal
ANy =
pae I A
N\ C‘Q\J/ N
ANEVAS 7
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4
m,,4 =pw§7r(r;_r?)_mw3 (11)

pas P and p,, respectively denoting the mass densities
of the resonator, the matrix, and the soft coating.

4 Parametric study of the bandgap frequencies

We conducted a parametric study on the frequency
bandgap response of various rod elements made of
SSMC, utilizing the analytical formulation presented
in the previous section. We considered the three mix
designs illustrated in Sect. 2, along with different
geometries of the SSMC unit cell. Our analysis cov-
ers four scenarios, each corresponding to a different
unit cell design, with every design examined for each
mix design analyzed.

e Scenario 1 (hereafter labeled “CS”) examines how
the bandgap limiting frequencies vary with an
increasing core size of the SSMC.

e Scenario 2 (“CT”) investigates the influence of
variations in soft coating thickness on these fre-
quencies.

e Scenario 3 (“CB”) analyzes the combined effect
of both parameters.

e Scenario 4 (“a”) explores the influence of cell
length a on the bandgap response.

The parametric analysis utilizes the material prop-
erties presented in Tables 5 and 6 for the employed
mix designs and soft coating, respectively. A light-
weight mortar matrix with mass density of 1130 kg/
m?3 was employed [28]. The analyzed unit cell geom-
etries correspond to the designs illustrated in Table 7,
labeled in the format “SSMC-Scenario Label-Design
Number ID”.

The first three scenarios use a cell size of a = 35
mm and assume various values for the radius of the
StabSoil core particle (r;) and the external radius
of the soft coating (r,). In particular, the SSMC-CS

Table 6 Physical and mechanical properties of the soft coat-
ing

Mass density Elastic modulus Poisson’s ratio

900 kg/m’ 0.01 x 10° N/m? 0.49

cases assume r; varies between 10 and 13 mm in
increments of 0.5 mm, while r, varies between 12
and 15 mm, maintaining a constant coating thickness
Ar=ry,—r; =2 mm. The SSMC-CT cases keep 7,
constant at 9 mm, while allowing the coating thick-
ness to vary between 0.5 and 5.0 mm. In contrast, the
SSMC-CB cases keep r, constant at 12 mm, while r,
varies between 7 and 11.5 mm, thereby altering both
the core radius and the soft coating thickness (com-
bined effect). Similar scenarios were examined in
[27-29] for different types of metaconcrete. Finally,
the SSMC- a cases allow the cell size a to vary
between 35 and 45 mm, while keeping the core radius

Table 7 Geometries of the analyzed SSMC unit cells

a [mm] r[mm] rp[mm]
Scenario 1 SSMC-CS1 35 10 12
SSMC-CS2 35 10.5 12.5
SSMC-CS3 35 11 13
SSMC-CS4 35 11.5 13.5
SSMC-CS5 35 12 14
SSMC-CS6 35 12.5 14.5
SSMC-CS7 35 13 15
Scenario 2 SSMC-CT1 35 9 9.5
SSMC-CT2 35 9 10
SSMC-CT3 35 9 11
SSMC-CT4 35 9 12
SSMC-CT5 35 9 13
SSMC-CT6 35 9 14
Scenario 3 SSMC-CB1 35 11.5 12
SSMC-CB2 35 11 12
SSMC-CB3 35 10 12
SSMC-CB4 35 9 12
SSMC-CB5 35 8 12
SSMC-CB6 35 7 12
Scenario 4 SSMC-al 35 12 10
SSMC-a2 36 12 10
SSMC-a3 37 12 10
SSMC-a4 38 12 10
SSMC-a5 39 12 10
SSMC-a6 40 12 10
SSMC-a7 41 12 10
SSMC-a8 42 12 10
SSMC-a9 43 12 10
SSMC-al0 44 12 10
SSMC-all 45 12 10
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f [kHz]

»rH
ri
L L.
L.L

£ mix 1
fi mix 1
£ mix 2
fi mix 2
fr mix 3
fy mix 3

¢t e et

L L L L L L ry[mm]
10.5 11.0 115 12.0 125 13.0

Fig. 4 Scenario 1: Influence of core size on the limiting band-
gap frequencies f; and f,

f [kHz]

f, mix 1
fi mix 1
f, mix 2
fy mix 2
f, mix 3
fy mix 3

25F

TRTRY

20F

ro=T1[mm]

Fig. S Scenario 2: Influence of coating thickness on f; and f,

fixed at 10 mm and the soft coating thickness fixed at
2 mm.

The results shown in Figs. 4, 5 and 6 align with
similar findings reported in references [27-29] for
different types of metaconcretes. Figure 4 illus-
trates that the bandgap-limiting frequencies range
between 10.8 and 13.5 kHz, with f, nearly constant
and f; slightly decreasing as the size of the SSMC
aggregates increases within the analyzed range of r,,
while the thickness of the soft coating remains fixed
(Scenario 1). Additionally, the difference f, —f,
which represents the bandgap width, increases as r,
increases under the same SSMC design scenario. An
increase in the soft coating thickness, as studied in
Scenario 2, as well as the combined change in core
radius and soft coating thickness analyzed in Scenario
3, results in a noticeable decrease in the values of
both f, and f; with increasing Ar = r, — r; and r| Ar,

@ Springer
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- fimix 1
25 -« f, mix 2
- fymix 2
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Fig. 6 Scenario 3: Influence of combined geometric param-
eters on f; and f,

f [kHz]
13.5
-+ f, mix1
® fy mix1
13.0 = f, mix 2
- f; mix 2
= f,mix3
12.5 - f; mix3
12.0 —o—o—o—»
.—._.__k v b A d @ —o
hd hd A A A d *—e
1.5
34 36 38 0 42 2q almml

Fig. 7 Scenario 4: Influence of the SSMC cell size a on f; and
b

respectively, as observed in Figs. 5 and 6. These fre-
quencies decrease to approximately 7-8 kHz, starting
from a maximum value of 27-29 kHz (f,), depending
on the mix design of the core particles.

Lastly, increasing the overall SSMC cell size
while keeping the SSMC aggregate size unchanged
(Scenario 4) results in a slight reduction of the band-
gap-limiting frequencies, with a more pronounced
decrease in the cut-off frequency f, (Fig. 7). In all the
above design scenarios, we observed limited varia-
tions in the bandgap limiting frequencies when modi-
fying the mix design of the examined StabSoil par-
ticles. This is because their mass densities, a crucial
factor influencing the bandgap frequency, are highly
similar. However, we observe a slight decrease in
both f, and f; when transitioning from Mix 1 to Mix
3, due to an increase in the mass density of the Stab-
Soil core particles (cf. Table 5).
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5 Concluding remarks

We have introduced a novel type of metaconcrete,
labeled SSMC, which incorporates core particles of
stabilized and solidified soil to form concrete aggre-
gates encapsulated in a soft material coating (e.g.,
natural rubber). Various SSMC mix designs were
developed, and a detailed parametric analysis was
conducted to examine how the bandgap frequency of
SSMC varies with the physical and geometric proper-
ties of its components [27]. The results indicate that
while small variations in core density have a minimal
effect on bandgap width, changes in core radius have
a more significant influence. Additionally, the study
found that as coating thickness and unit cell size
increase, the limiting bandgap frequencies decrease.
These findings demonstrate that contaminated soils
can be safely repurposed for environmental protection
and serve as valuable components in civil engineering
applications, particularly in blast and seismic-resist-
ant structures [20]. Furthermore, the production of
SSMC offers notable environmental benefits, includ-
ing the remediation of large quantities of contami-
nated soil and the reuse of waste materials such as
municipal solid waste incineration ash.

Several aspects of this study open promising
avenues for further research. First, laboratory test-
ing of SSMC core particles is essential to accurately
assess their mechanical properties, such as stiffness,
strength, and failure mechanisms. These experimen-
tal results will be critical for informing and refining
numerical simulations of SSMC-based structural ele-
ments subjected to blast loading and wave propaga-
tion phenomena [27-29], thereby helping to validate
the analytical findings presented in this study. A bet-
ter understanding of the core particle behavior under
high strain-rate conditions will also improve the pre-
dictive capabilities of the simulation models. Sec-
ond, experimental testing of SSMC samples under
dynamic loading conditions [23-26] is needed to cor-
roborate the trends and sensitivities identified in the
parametric analysis. Dynamic experiments will help
capture complex material responses, such as strain-
rate effects and energy dissipation mechanisms, that
are difficult to fully characterize through analyti-
cal or numerical methods alone. Such experimental
validation will enhance the reliability of the pro-
posed models when applied to real-world scenarios.
Additionally, future research will aim to explore a

broader range of StabSoil mix designs with increas-
ingly diverse compositions [33], including variations
in particle types, cementitious binders, and additive
contents. This expanded experimental campaign will
not only help optimize material performance for spe-
cific applications but also support the development of
tailored SSMC formulations with enhanced mechani-
cal and dynamic properties. Overall, the experimen-
tal outcomes from these future studies will provide
a robust foundation for multiscale mechanical mod-
eling of SSMC cementitious materials, accounting for
crack-damage phenomena [34-36] and bridging the
gap between microscale particle behavior and macro-
scale structural performance. A promising direction
for future research also involves the use of stabilized
soils within seismic metamaterials composed of rub-
ber-coated aggregates. In particular, further investi-
gation is warranted into the seismic wave shielding
effects of suitably designed metamaterials incorporat-
ing rubber-coated StabSoil inclusions [37].
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