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ABSTRACT. Microplastic pollution and its environmental impacts are under investigation in marine and
coastal environments. However, in Cear4 state, Brazil, the impacts of microplastic pollution in coastal areas
have not been evaluated. This study assesses the quantity, composition, and physical forms of microplas-
tics in sediment at Praia do Futuro and determines the sand’s geotechnical characteristics. Three study
zones were defined, with 21 samples collected. Normality tests were conducted for statistical analyses,
comparing results using ANOVA and Kruskal-Wallis tests. No significant differences were found between
locations with and without tourist activity. The concentration of microplastics exceeded levels observed in
other Brazilian studies, but it was lower than that typically registered in international studies. Additionally,
geotechnical characteristics of Praia do Futuro’s sand indicated grain size with diameters under 600 um and
void ratios aligned with literature expectations. The porosity varied along the coast, as is typical of natural

sandy soils.

Keywords: soil characterization, beach sand, microplastic pollution.

1 INTRODUCTION

In geotechnics, the characterization of different soil types is essential to understand environ-
mental dynamics and to plan appropriate strategies for the sustainable use of natural resources.
According to Oliveira Neto (2016), knowledge of the physical characteristics of a given loca-
tion helps mitigate significant environmental impacts, such as soil and water degradation. In this
context, understanding soil behavior becomes increasingly relevant, particularly as a foundation
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2 CHARACTERISTICS OF THE SAND AT PRAIA DO FUTURO, CEARA, BRAZIL

for studies aimed at minimizing impacts and promoting the sustainable management of natural
resources (Goldbach, 2016).

Several studies worldwide have sought to characterize and determine the physical and hydraulic
properties of different soils. Guia (2018), for example, analyzed the behavior of Coimbra sand
in Portugal, comparing it with reference sands from other locations, such as Leighton Buzzard
(England), Toyoura (Japan), Nevada (USA), and Hostun (France). In Brazil, similar research has
been conducted, including Goldbach (2016), who characterized the sand of Copacabana Beach;
Nunes (2014), who studied the sand of Itaipuagu Beach; and Simdes (2015), Costa (2020), and
Soares (2021), who analyzed and compared the properties of the sand from Ipanema Beach, in
the state of Rio de Janeiro.

A number of studies have addressed environmental problems related to soils and sediments.
Sherman and Hotta (1990) and Wiggs, Baird, and Atherton (2004) investigated the influence of
soil properties on sediment transport. Tuijnman et al. (2020) analyzed variables associated with
coastal erosion, while Sassa et al. (2014) identified conditions influencing the development of
species in coastal environments.

Other research has examined coastal sediments and their relationship with contaminants. Thomp-
son et al. (2004), Hidalgo-Ruz et al. (2012), Stolte et al. (2015), Yu et al. (2016), and Besley et
al. (2017) investigated the occurrence of microplastics in beach sands. Oliveira (2016) evaluated
variations in oil permeability in sandy beaches, based on the Specifications and Technical Stan-
dards for the Preparation of Environmental Sensitivity Index Maps for Oil Spills (Brasil, 2007).
Cémara et al. (2021), Campelo et al. (2021), and Nunes et al. (2023) examined the impacts of the
oil spill that occurred along the Brazilian coast in 2020, which caused socioeconomic and envi-
ronmental damage, affecting communities dependent on marine resources and disrupting coastal
food webs. Despite the relevance of these works, many considered few, if any, parameters re-
lated to the physical properties of soils, which may limit a comprehensive understanding of the
associated environmental impacts.

Studies on coastal sediments emphasize the importance of understanding their physical, chemi-
cal, and mineralogical properties in order to evaluate processes such as erosion, sediment trans-
port, and microplastic contamination. Considering this relevance, this paper aims, through field
and laboratory testing, to identify the form and quantity of microplastics, as well as to charac-
terize the sand of Praia do Futuro, in Fortaleza (CE), with respect to its physical, mineralogical,
and chemical properties.

2 LITERATURE REVIEW

2.1 Microplastics

According to Moore (2008), the durability of plastics, although industrially advantageous, con-
tributes to their accumulation in the environment when improperly discarded, fragmenting into
microplastics (MPs) through oxidation caused by UVB radiation, saline water, and abrasion by
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sand. It is estimated that since the 1970s, global plastic consumption has increased from 62 to
300 million tons, of which eight million tons reach the environment annually (Besley et al., 2017;
JRC, 2017).

Microplastics are fragments smaller than 5 mm (Wright; Thompson; Galloway, 2013; Masura et
al., 2015), which may be classified as primary, when produced in this dimension (e.g., pellets
and microbeads used in cosmetics and personal care products), or secondary, resulting from the
degradation of larger plastics. Their sources may be terrestrial, such as urban waste, industrial
discharges, sewage, and stormwater, or oceanic, such as accidental or intentional releases and
discarded fishing gear (Vegter et al., 2014).

Due to their size, MPs present a high risk, as they are ingested by organisms at lower trophic
levels and bioaccumulate at higher levels (Eriksson; Burton, 2003; Carvalho; Baptista Neto,
2016).

MPs are composed of different types of polymers, with distinct densities and applications. Table
1 summarizes these polymers, their densities, and their applications.

Table 1 — Polymers, densities, and applications (Driedger, 2015).

Polymer Abbrev. Density Application
(g/cm?)
Expanded EPS 0.01 - 0.04 Cups, plates, foam trays.
Polystyrene
Polypropylene PP 0.85-0.92 Auto parts, food containers, bottle caps,
straws.
Low-Density LDPE 0.89 -0.93 Container caps, packaging supports, bottles,
Polyethylene pipes, diapers.
High-Density HDPE 0.94 - 0.98 Cleaning product bottles, dairy containers,
Polyethylene supermarket bags, trash bins, playground
equipment, buoys.
Acrylonitrile ABS 1.04 - 1.08 Electronic equipment housings, pipes.
Butadiene Styrene
Polystyrene PS 1.04 — 1.08 Plates, cutlery, optical disc cases, toys.
Polyamide (Nylon) PA 1.13-1.16 Toothbrush bristles, fishing lines and nets.
Polymethyl PMMA 1.16 - 1.20 Optical lenses, paints, residential finishing
Methacrylate materials.
(Acrylic)
Polycarbonate PC 1.20-1.22 Optical discs.

MPs represent a global threat, with negative impacts on marine ecosystems, human health, and
biodiversity. In the Brazilian context, it is necessary to expand beach quality indicators to in-
clude the presence of these contaminants through regular monitoring programs in water and
sand, creating databases to support preventive measures. This approach should encompass eco-
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logical, environmental, and socio-economic aspects beyond bathing certification (Nunes; Soares;
Mont’alverne, 2021).

The literature review on microplastic studies used the Methodi Ordinatio (Pagani; Kovaleski;
Resende, 2015), considering studied locations, extraction and identification techniques, and the
quantities found, presented in descending order of InOrdinatio for the 15 main studies.

Studies in ports and beaches of Belgium analyzed microplastic (MP) accumulation between 1993
and 2008, using Van Veen grab sampling, separation by saline solution (NaCl), and 38 um siev-
ing, with identification via binocular microscopy and FTIR. Concentrations reached 166.7 parti-
cles/kg, with a predominance of fibers (59%) and the presence of fragments, films, and spheres
(Claessens et al., 2011).

In the Beijiang River (China), MPs and heavy metals were evaluated at eight sites, with surface
collection (2 cm), flotation in NaCl, and vacuum filtration, followed by digital microscopy, FTIR,
and SEM characterization. MPs were detected in all samples, totaling 544 items/kg, indicating
potential for heavy metal accumulation on MP particles (Wang et al., 2017).

On Norderney Island (Germany), 36 surface sediment samples were processed by flotation in
NaCl and sodium iodide (Nal), identified via visual inspection and pyrolysis-gas chromatography
with thermal desorption. MPs (<1 mm) were found in 26 samples, with up to 213 fibers/kg,
primarily composed of PP, PE, PS, PA, PET, and PVC (Dekiff et al., 2014).

Sediments from Mallorca and Cabrera (Mediterranean) were density-separated and analyzed mi-
croscopically, revealing 897.35 items/kg in protected areas and 163.68 items/kg in zones with
anthropogenic influence. MPs were predominantly fibers in anthropogenic areas and fragments
in protected areas, with blue and black colors (Alomar; Estarellas; Deudero, 2016).

On the German Baltic coast, beach sediments were analyzed after density separation and stereo-
scopic microscopy. MPs (55 pm-1 mm) ranged from O to 7 particles/kg and 2 to 11 fibers/kg,
with sources linked to urban discharge, industry, fishing, and tourism (Stolte et al., 2015).

In South Korea, the fluorescent dye Nile Red (NR) was tested for MP identification in com-
parison with FTIR. Mean recovery was 98% for NR and 96% for FTIR, with the advantage of
faster processing using NR. Water samples from three sites showed concentrations of up to 3.72
particles/m3 (Shim et al., 2016).

A European survey of 23 locations (13 countries) separated samples by density and chemically
analyzed them, with concentrations of up to 1512 items/kg (Lido di Dante, Italy). MPs were
mainly fibers (98.7%), composed of PES, PE, and PP (Lots et al., 2017).

In the Bohai Sea (China), sand samples were processed via NaCl flotation and filtration, analyzed
by digital microscopy and FTIR. Concentrations ranged from 102.9 to 163.3 items/kg, predomi-
nantly fragments and films, with polymers including PE, PP, PET, PS, LDPE, HDPE, and PEVA
(Yu et al., 2016).
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In the North Yellow Sea (China), MPs were density-separated and sieved, identified using opti-
cal microscopy and FTIR. Concentrations reached 545 items/m> in water and 37.1 items/kg in
sediments, with 70% of particles smaller than 1 mm, mainly PE and PP (Zhu et al., 2018).

In Shenzhen and Hong Kong, plankton net and Ekman grab samples were processed by filtration
and density separation, analyzed by stereomicroscopy and FTIR. Concentrations reached 458
items/kg in sediments and 35,642 items/100 m? in water, predominantly pellets (96.8% in water)
and fragments (63.6% in sediments) of PP, HDPE, and LDPE (Tsang et al., 2017).

In the South Yellow Sea, MPs were density-separated in sediments and acid-digested in benthic
organisms (BO). Concentrations ranged from 560 to 4205 items/kg in sediments and 1.7 to 47
particles/g in BO, correlated with depth, mainly PP, PE, PA, and PET (Wang et al., 2019).

In the Nakdong River (South Korea), MPs were extracted via lithium metatungstate separation
and 5 um filtration, identified using FTIR. Concentrations reached 4760 items/m? in water and
1971 items/kg in sediments, principally PP, PES, and PE, with an estimated annual load of 17
trillion particles (EO et al., 2019).

In Mobile Bay (USA), MPs were separated by sieving and density with a recovery device
(97.25%), identified via FTIR. Average concentrations were 50.6 items/m? in marine areas and
13.2 items/m? in freshwater areas, predominantly PE and PP (Wessel et al., 2016).

On the coast of Tamil Nadu (India), MPs were extracted by density separation and sieving, char-
acterized via FTIR. Concentrations reached 178 items/m?, predominantly fragments (48%) and
fibers (24%), with MPs found in 10.1% of analyzed fish (Karthik et al., 2018).

In Gdansk Bay (Poland), extraction followed a modified NOAA protocol, including wet oxi-
dation with peroxide, calcite digestion, and density separation. MPs were identified by stere-
omicroscopy, totaling 34-48.4 items/kg, with a predominance of fibers (Zobkov; Esiukova,
2017).

The reviewed studies demonstrate widespread occurrence and accumulation of MPs in marine
and freshwater environments, highlighting the presence of heavy metals associated with MPs in
Beijiang River sediments (Wang et al., 2017) and the Bohai Sea (Yu et al., 2016). The highest
concentrations recorded were 35,642 items/100 m® in water from Shenzhen and Hong Kong
(Tsang et al., 2017), 4760 items/m?® in N akdong River water (EO et al., 2019), and 4205 items/kg
in sediments of the South Yellow Sea (Wang et al., 2019). The most common MP type was
fiber, and the predominant polymers were polyethylene (PE) and polypropylene (PP). The most
frequently employed extraction method was density separation, typically associated with saline
solutions (NaCl, Nal, or lithium metatungstate) and characterization via FTIR and microscopy.
Table 2 summarizes the data obtained from this review.
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Table 2 — Summary of Studies on Microplastics.

Location Country Extraction Mesh/Size Microscopy Analytical Concentration Unit Reference
Method Technique
Ports of Belgium NaCl flotation 38 um Binocular microscope FTIR 167 Items/kg Claessens et al. (2011)
Zeebrugge,
Oostende, and
Nieuwpoort
Beijiang River China NacCl flotation 1 um Portable digital SEM 544 Items/kg Wang et al. (2017)
microscope
Norderney Island Germany NaCl flotation 0.45 ym Leica Wild M3Z Pyrolysis-GC 213 Items/kg Dekiff et al. (2014)
stereomicroscope
Mallorca and Mediterranean  NaCl flotation - Stereomicroscope - 897 Items/kg Alomar, Estarellas;
Cabrera Islands Sea Deudero (2016)
Riigen Island Germany CaCl, flotation 55 um Dissecting stereo - 11 Items/kg Stolte et al. (2015)
microscope
Deukryang, South Korea NaCl flotation 63 um Fluorescence Nile Red/FTIR 4 Items/m? Shim et al. (2016)
Gwangyang, and microscope
Busan
Lido di Dante Italy NaCl flotation 0.45 um Stereomicroscope Raman 1512 Items/kg Lots et al. (2017)
spectroscopy
Bohai Sea China NaCl flotation 1 um Digital microscope FTIR 164 Items/kg Yu et al. (2016)
North Yellow Sea China NaCl flotation 30 um Optical microscope FTIR 545 Items/m> Zhu et al. (2018)
Shenzhen and China NaCl flotation 0.7 um Stereomicroscope FTIR 458 Items/kg Tsang et al. (2017)
Hong Kong
South Yellow Sea China Nal flotation 50 um Stereomicroscope FTIR 4205 Items/kg Wang et al. (2019)
Nakdong River South Korea Lithium 5 um FTIR microscope FTIR 4760 Items/m? EOetal. (2019)
metatungstate
flotation
Mobile Bay, USA - 50 um - FTIR 50.6 Items/m?> Wessel et al. (2016)
Alabama
Tamil Nadu India NacCl flotation 0.45 um Stereomicroscope FTIR 178 Items/m?> Karthik et al. (2018)
Gdansk Bay Poland ZnCl, flotation 174 ym Stereomicroscope - 48.4 Items/kg Zobkov; Esiukova

(2017)
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2.2 Sands

Beach sediments are fragments of geological formations that resist weathering and are trans-
ported by wind, rivers, and glaciers to the coast, and deposit them (Anjos et al., 2006), To address
environmental issues related to the erosion of dunes, slopes, and sandy beaches, Almajed et al.
(2020), Liu et al. (2020), and Miftah et al. (2022) conducted studies to identify sediment charac-
teristics and evaluated treatments aimed at reducing erosion rates. Miftah et al. (2022) analyzed
the use of enzyme-induced carbonate precipitation (EICP) to improve erodibility, mitigate ero-
sion, and reduce water infiltration rates in poorly graded sand (SP) from Famagusta Bay Beach,
Cyprus, composed of quartz and calcite. After treatment cycles, sand cohesion increased from
zero to 62 kPa, infiltration decreased from 1.3 x 102 cm/s to 9.4 x 10 cm/s, and erosion rates
dropped from 31.66 mm/s to 1.14 mm/s.

Liu et al. (2020) studied calcareous sand from the Hawaiian coastal zone, classified as well-
graded sand (SW), and found that both EICP and microbially induced carbonate precipitation
(MICP) treatments were effective in mitigating erosion, though their efficiency decreased under
higher slope and wave intensity conditions. Almajed et al. (2020) applied EICP and sodium
alginate biopolymer to poorly graded sand (SP) from the Nafud Desert, Saudi Arabia, composed
of quartz, achieving complete elimination of erosion in wind tunnel tests and increasing the
unconfined surface strength to 300 kPa with calcite crystal formation.

Visconti et al. (2022) analyzed a volcanic beach on Linosa Island, Italy, evaluating granulometry,
mineralogy, and moisture (ranging from 8.5% at the surface to 34.43% at 60 cm depth) on the
hatching of loggerhead turtle eggs (Caretta caretta). Hatching rates were approximately 30%,
influenced by factors such as temperature, mineralogy (plagioclase, clinopyroxene, and olivine),
and sediment moisture content.

Characterization studies of coastal soils were also conducted by Dias and Alves (2009), Simdes
(2015), Costa (2020), and Polido et al. (2020). At Praia do Cassino (RS), Dias and Alves (2009)
found fine sediments (>70%) at depths of 8.2-9.4 m, with moisture up to 150% and low natural
density ("14 kN/m?®), contrasting with surface layers >90% sandy and specific weights of 18—
20 kN/m3. At Ipanema Beach sand (RJ), studies (Ratton and Sayao, 1994; Simdes, 2015; and
Costa, 2020) identified predominantly quartz, sub-rounded to rounded grains, specific gravity
~ 2.65, void ratios of 0.43-0.76, and permeability around 10 cm/s, indicating typical quartz
sand behavior.

Anjos et al. (2006) and Carvalho et al. (2011) studied sands from beaches in Sdo Paulo, Rio de
Janeiro, and Espirito Santo, analyzing composition, provenance, and transport. Heavy minerals
such as zircon, ilmenite, magnetite, garnet, monazite, and rutile, rich in thorium (Th) and ura-
nium (U), were identified, while lighter minerals like quartz and feldspar showed elevated potas-
sium (K) content. Darker sands with red or black hues exhibited high Th and U concentrations,
whereas lighter sands presented higher K content.

Anjos et al. (2006) and Carvalho et al. (2011) used gamma-ray spectrometry to evaluate Th, U,
and K concentrations and correlated Th/U and Th/K ratios to infer sediment origin and transport.
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Potassium was interpreted as an indicator of source rock, remaining high from the disintegra-
tion of quartz- and feldspar-rich rocks. Uranium, susceptible to oxidation when exposed to air,
indicated transport medium, showing lower concentrations with exposure. Thorium, being more
stable, served as a reference in the correlations. Th/U above 7 indicated aeolian transport; be-
tween 2 and 7, shallow fluvial transport; and below 2, deep marine transport under low oxygen
conditions. Low Th/K ratios indicated direct transport from rock to deposit, whereas high values
suggested multiple reworking processes.

These studies, together with research on permeability (Pereira and Calliari, 2005; Oliveira, 2016)
and anthropogenic impacts such as oils, greases, fecal coliforms, and microplastics (Torres-
Bejarano, 2018; Carvalho and Baptista Neto, 2016), reinforce the importance of detailed sand
characterization to understand environmental and geotechnical processes in coastal zones. Table
3 presents the geotechnical parameters verified by various researchers.
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6109629 :9202 ‘9F "I0A ‘0liduer 8p oY “1edQ Inbsad

Table 3 — Parameters reported in previous studies.

Author Miftah et Liu et al. Almajed et  Viscontiet  Simdes Costa Soares Lanzanoet  Suzuki; Azeiteiro
al. (2022) (2020) al. (2020) al. (2022) (2015) (2020) (2021) al. (2016) Yamada et al.
(2006) (2017)
Location Famagusta  Hawaii, Nafud Linosa Ipanema Ipanema Ipanema Leighton Toyoura, Hostun,
Bay, USA Desert, Island, Beach, Beach, Beach, Buzzard, Japan France
Cyprus Saudi Italy Brazil Brazil Brazil UK
Arabia
Moisture - 6-9 - 8.5 - - - - - -
(%)
D10 (mm) 0.14 0.15 0.15 - 0.22 0.27 0.28 - - -
D50 (mm) 0.75 0.70 0.24 - 0.38 0.38 0.41 0.14 0.17 0.33
Coefficient 1.60 0.60 0.90 - 0.97 0.90 0.92 - - -
of
Curvature
(CO
Uniformity 6.42 6.66 1.73 - 1.90 1.56 1.61 1.58 1.70 1.40
Coefficient
(CU)
Classification SP SW SP SP Sp SP Sp Uniform Uniform Uniform
Grain Shape - - - Sub- Sub- Sub- Sub- - Sub- Sub-
rounded angular to angular, rounded to angular angular to
rounded sub- rounded angular
rounded to
rounded
€min 0.562 0.85 0.45 - 0.462 0.435 0.433 0.613 0.618 0.66
€max 0.88 1.74 0.66 - 0.732 0.76 0.698 1.014 0.963 1
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Table 3 — Parameters reported in previous studies.

Author Miftah et Liu et al. Almajed et  Viscontiet  Simdes Costa Soares Lanzanoet  Suzuki; Azeiteiro
al. (2022) (2020) al. (2020) al. (2022) (2015) (2020) (2021) al. (2016) Yamada et al.
(2006) (2017)
Relative 2.700 - 2.650 - 2.659 2.656 2.656 2.650 2.650 2.640
Density
(DR)
Mineralogy Quartz and  Calcium Quartz Plagioclase, Quartz and Quartz, Quartz - Quartz and -
Calcite Carbonate Clinopy- Mica Biotite, Feldspar
roxene, and
and Feldspar
Olivine
Cohesion 0 - - - - - - 0 0 0
(kPa)
Friction 41 - - - - - - 32 31 31.5
Angle (°)
Permeability 13 x 102 - - - - 1.1x102  42x102 - - -
(cm/s) t0 9.4 x to 2.1 x
104 102
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3 METHODOLOGY
3.1 Soil Sampling

The study uses as analysis material the sand from Praia do Futuro, located in the municipal-
ity of Fortaleza/CE (3°43'6" S, 38°32'36" W), capital of Ceard, in northeastern Brazil (Figure
1). Fortaleza covers 312.4 km? and has about 2.5 million inhabitants (IBGE, 2023), with 12
beaches, among which Praia do Futuro, Meireles, Mucuripe, Praia de Iracema, and Barra do
Cearé stand out (Martinz; Anjos; Sohn, 2022; SEMACE, 2022). Praia do Futuro, located east of
the city, extends for 8 km and receives approximately 660,000 visitors per year, attracted by its
60 beach huts distributed along the shoreline (Albuquerque et al., 2009; Lima, 2017; Prefeitura
de Fortaleza, 2023). The Cocdé River, which drains 80% of the city’s hydrographic surface and
receives tributaries from other rivers, flows into the coastal region of this beach (Vasconcelos;
Miossec, 2006).

The study area was chosen because Praia do Futuro has not undergone artificial nourishment pro-
cesses with external sediments, as occurred at Praia de Iracema, ensuring the analysis of naturally
deposited material. Sample collection followed methodologies described and recommended by
Thompson et al. (2004), Hidalgo-Ruz et al. (2012), and Besley et al. (2017).

int | Coardinate X | Coordinate ¥
560011.98 | 9588323.01
S60B60.99 | 95B6617.01
56167902 | 9565105.01

LEGEND : :
[ Brazilian states

Bl Ceari

[] Fortalera

Figure 1 — Location of sampling points: (a) sampling points in Fortaleza; (b) location of the State of Ceard
in Brazil; (c) location of the municipality of Fortaleza in Cear4.

Pesqui. Oper., Rio de Janeiro, Vol. 46, 2026: 296019



12 CHARACTERISTICS OF THE SAND AT PRAIA DO FUTURO, CEARA, BRAZIL

Considering the length of Praia do Futuro, sampling was distributed across three equidistant
points along the shoreline. Point 1 was established in an area with lower tourist flow, while
Points 2 and 3 were located near two beach bars with high tourist activity. The region exhibits
typical features of coastal occupation, including beach bars, buildings near the waterfront, urban
drainage systems discharging domestic effluents, and the presence of solid waste both in the
surroundings and on the sand itself (Lemos; Ferreira; Aradjo, 2002; Magini et al., 2007).

At each sampling point, seven samples were collected following the procedures described by
Thompson et al. (2004), Hidalgo-Ruz et al. (2012), and Besley et al. (2017). Each sample was
taken from a 1 m? area, with a spacing of 10 m between points and a thickness of 3 cm, according
to the method proposed by Besley et al. (2017) for the investigation of microplastics in surface
sediments (Figure 2). Although Thompson et al. (2004), Hidalgo-Ruz et al. (2012), and Besley et
al. (2017) reported no significant differences between samples collected from the intertidal zone,
high tide line, or supralittoral zone, Besley et al. (2017) noted a higher frequency of microplastic
occurrence at the high tide line. For this reason, sampling in this paper was conducted in this
portion of the beach.

Figure 2 — Delimitation of the sampling area.

Pesqui. Oper., Rio de Janeiro, Vol. 46, 2026: 296019
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During sampling, each sample was taken from the center of the previously delineated area and
transferred with a shovel to storage containers properly labeled both internally and externally,
ensuring traceability and preventing contamination during transport and storage.

3.2 Methods

Brazilian standards (ABNT) were adopted for the execution of the tests. Where no applicable na-
tional standard existed, methods from the American Society for Testing and Materials (ASTM)
and the Brazilian National Department of Transport Infrastructure (DNIT) were used, along
with widely recognized protocols cited in the literature review. Table 4 presents the tests and
characterizations performed in this study.

Table 4 — Summary of Analyses Performed.

Analysis Reference

In situ Bulk Density ABNT (2016c¢)
Natural Moisture Content ABNT (2016b)
Particle Density DNER (1994a)
Grain Size Distribution ABNT (2016a)
Maximum Void Ratio ABNT (2020a)
Minimum Void Ratio ABNT (2020b)
Minimum Void Ratio Miura and Toki (1982)
Permeability ABNT (2021)
Direct Shear ASTM (2004)
Shape and Angularity DNIT (2020)
Elemental and Crystallographic Analysis Artioli (2010)
Microplastic Occurrence Masura (2015)

3.2.1 Microplastic Extraction

The extraction of microplastics followed the method of Masura et al. (2015), suitable for poly-
mers with densities below 1.15 g/mL, including EPS, PP, LDPE, HDPE, ABS, PS, and PA (Table
1). Microplastics were defined as particles between 5 and 0.45 um (filter pore size). The density
separation solution was prepared with NaCl (358.9 g/L of distilled water) following Besley et al.
(2017). Each sample (500 g) was sieved through a 4.75 mm mesh, oven-dried at 90 °C for 12 h or
until constant mass, and 200 g of the dried sample were combined with 150 mL of saline solution
in an Erlenmeyer flask. The mixture was agitated for 5 minutes and allowed to settle for 5 h to
achieve density separation. The supernatant was then transferred to a beaker and vacuum-filtered
using a 0.45 um, 47 mm membrane. Filters were stored in Petri dishes to prevent contamination
and subsequently examined under a Leica DM750P binocular polarization microscope.

Pesqui. Oper., Rio de Janeiro, Vol. 46, 2026: 296019
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3.2.2 Natural Moisture Content

The determination of natural moisture content (w), necessary for calculating the natural dry bulk
density (pd), followed ABNT (2016b). The soil was extracted using a drive cylinder, according
to NBR 9813 (ABNT, 2016c¢). Three capsules per sample were weighed upon laboratory arrival,
and the moisture content (w) was calculated using Equation 1.

P,

= — x 100 1
w PSX (D

Where: Pw — Water weight; Ps — Solids weight.

3.2.3 In Situ Bulk Density

The in situ bulk density was determined to evaluate the compaction state of the sand, which
will be discussed in the results. The test followed ABNT (2016c¢), using a drive cylinder with
a diameter of 104.5 mm and a height of 116 mm. The cylinders were driven according to the
standard, around 50 cm from the sampling area of the other tests, maintaining 10 m spacing.

The natural bulk density (p) is calculated as the ratio between the total soil mass (m, in g), and
the total volume (V, in cm®), according to Equation 2, expressed in g/cm?.

- 2

P=y @

The dry bulk density (pd), obtained by Equations 3 or 4, corresponds to the ratio between the

mass of solids and the total volume, representing the density that the soil would have if dried

without volume variation. Its determination is based on the natural bulk density (p) and the
natural moisture content (w).

3

Pi=—; (€)

- <

pa = “

1+w

3.2.4 Particle Density

The determination of particle density was performed using pycnometers, according to the method
described by DNER (1994a). The samples were prepared following DNER (1994b). The samples
were oven-dried at 100 £ 5 °C, and for each sample, the required amount for five repetitions was
separated, selecting values with variation lower than 0.009.

3.2.5 Grain Size Distribution

Grain size distribution was analyzed following ABNT (2016a), with sample preparation accord-
ing to ABNT (2016b). No fractions larger than 2.0 mm or smaller than 75 pum were observed,
allowing sieving-based analysis. From the grain size curve, D10, D30, and D60 were obtained,
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along with the Coefficient of Uniformity (CNU) (Equation 5) and Coefficient of Curvature (CC)
(Equation 6). D10 represents the particle diameter at which 10% of the material passes through
the sieve, with D30 and D60 determined similarly.

onvy = Do 5)
Dy
2
CcC = M (6)
DipeDq

3.2.6 Void Ratios

The void ratio (e) is the ratio between the void volume (Vv) and the solid volume (Vs), as shown
in Equation 7. It can be obtained through correlation with porosity (n) (Equation 8) or by the
relationship between particle density (ps) and dry bulk density (pd) (Equation 9).

€=VS N
n

R ®)
Ps

¢ Pa ©

Void ratios were determined by measuring maximum and minimum dry bulk densities, which
were then used to calculate the corresponding maximum and minimum void ratios.

3.2.6.1 Maximum Void Ratio

The maximum void ratio was determined using Method B of ABNT (2020a). For the test, 2.5 kg
of sand were oven-dried for 24 h, homogenized, and subjected to the procedure. A Proctor Nor-
mal compaction mold (100 mm in diameter and 127.3 mm in height), with previously measured
volume and mass, was used. The thin-walled tube specified by the standard was adapted from a
PVC tube with an internal diameter of 7 cm and an approximate volume of 1300 cm? (Figure 3).

The void ratio was determined using Method B of ABNT (2020a). For the test, 2.5 kg of sand
were oven-dried for 24 h, homogenized, and subjected to the procedure. A Proctor Normal com-
paction mold (100 mm in diameter and 127.3 mm in height), with previously calibrated volume
and mass, was used. The thin-walled tube specified by the standard was adapted from a PVC tube
with an internal diameter of 7 cm and an approximate volume of 1300 cm® (Figure 3). The test
consists of uniformly filling the thin-walled tube with sand and quickly removing it in the vertical
direction. Immediately after, the excess material above the upper edge of the Proctor mold was
removed and the surface leveled, while the material accumulated at the edges of the mold was
brushed off. The mold with the contained material was then weighed, enabling the calculation of
the minimum dry bulk density and, subsequently, the maximum void ratio.
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Figure 3 — Equipment for determining maximum void ratio.

3.2.6.2 Minimum Void Ratio

The minimum void ratio was determined using the Multiple Sieving Pluviation (MSP) method
(Miura and Toki, 1982), which involves pluviating sand through multiple sieves with controlled
flow rates. Tests are performed with varying funnel opening diameters and sieve heights to es-
tablish the void ratio curve for each sand type. Equipment specifications and sieve opening ratios
used in this and previous studies are detailed by Soares (2021) and summarized in Table 5.
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Table 5 — Ratios between sieve diameters used in the MSP method and the D50 of the sample, as well as

the number and sequence of sieves, according to different authors.

Authors Miura; Simoées Costa Soares This study
Toki (2015)  (2020) (2021)
(1982)
Sample Toyoura Ipanema Beach Sand, RJ Praia do Futuro Sand, CE
Sand,
Japan
Sampling Point 1 1 1 1 1 2 3
D50 (mm) 0.18 0.38 0.39 0.41 0.21 0.26 0.25
Upper sieve 1.41 4.75 4.75 4.75 2.00 2.00 2.00
opening (mm)
(#ps)
#ps/D50 7.83 12.5 12.2 11.6 9.52 7.69 8.00
Lower sieve 3.66 12.5 9.25 8.00 4.75 4.75 4.75
opening (mm)
(#pi)
#pi/D50 20.3 329 23.7 19.51 22.62 18.27 19.00
Number of 7 6 6 7 7 7 7
sieves
Sequence of 1.41 4.75 4.75 4.75 2.00 2.00 2.00
openings (mm) 3.66 9.50 8.00 4.75 4.75 4.75 4.75
3.66 9.50 8.00 4.75 4.75 4.75 4.75
3.66 12.50 9.50 4.75 4.75 4.75 4.75
3.66 12.50 9.50 8.00 4.75 4.75 4.75
3.66 12.50 9.50 8.00 4.75 4.75 4.75
3.66 8.00 4.75 4.75 4.75

The procedure followed the #ps/D50 and #pi/D50 ratios and sieve sequencing proposed by Miura
and Toki (1982), with adaptations introduced by Simdes (2015), Costa (2020), and Soares (2021)
that did not significantly affect the results. A multiple sieving pluviation apparatus was developed

based on these studies to determine the maximum dry unit weight and minimum void ratio of
the samples (Figure 4). Funnels with outlet diameters of 5, 10, 20, 30, 40, and 50 mm, a 60°
inclination, and an upper opening of 225 mm were used to control discharge rate. The pluviation

procedure involved oven-drying a sample volume five times that of the mold, pluviating it through

the sieves [Figure 4b 1) and ii)], removing excess material (Figure 4b iii), and weighing the mold

(Figure 4 iv) to determine the maximum dry unit weight.
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(b) Stages of the pluviation procedure. i) pluviation
process; ii) pluviated material; iii) surface leveling; iv)
(a) Multiple sieving pluviation apparatus. weighing of the set.

Figure 4 — Multiple sieving pluviation developed for determining the maximum dry unit weight and
minimum void ratio of sand samples, based on previously reported methodologies.

3.2.7 Permeability

Soils exhibit permeability due to the presence of interconnected voids (Das, 2008). Free water
is generally not in hydrostatic equilibrium, moving from regions of higher to lower energy. This
movement, called percolation, is relevant in soil mechanics as it allows estimation of the volume
of water—or other fluids—infiltrating the subsoil under different hydraulic conditions, assisting
in the analysis of problems such as pumping in underground constructions and the behavior of
earth masses (Fernandes, 2016).

Soil permeability is based on Darcy’s Law, which experimentally demonstrated that the water
flow rate (Q) through a sand layer is directly proportional to the cross-sectional area (A) and
the hydraulic head difference (Ah), and inversely proportional to the thickness of the layer (L).
This relationship, expressed in Equation 10, uses the hydraulic gradient (i = Ah/L). Darcy’s law,
presented in Equation 11, also allows the apparent flow velocity (v) to be obtained as the product
of the coefficient of permeability (k) and the hydraulic gradient (i), as shown in Equation 12. The
flow velocity can also be determined according to ABNT (2021) using Equation 13.

Q:k%A (10)
0=kiA (11)
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v=ki (12)
Vv

= 13

Y Ay Xt (13)

The constant head permeability test was carried out according to ABNT (2021), using a Type
A permeameter. The system consists of a reservoir that stabilizes the water level and a tube that
directs the flow to the permeameter.

The test setup began with the placement of a granular base layer, followed by a metallic mesh
supporting a geotextile. Next, the specimen was molded, overlaid with another metallic mesh
and an additional granular layer. The specimen was prepared to reproduce the relative density of
the sampling site. For this purpose, a funnel and auxiliary compaction equipment were used to
accommodate the soil mass required to achieve the in situ dry unit weight within a predefined
volume. Before testing, the specimen was saturated by upward flow with a hydraulic gradient of
1.0 to remove entrapped air.

3.2.8 2D Shape and Angularity

Among particle characterization methods, shape and angularity determined according to DNIT
(2020) are particularly relevant. Using the Aggregate Imaging Measurement System (AIMS),
particles smaller than 4.75 mm are scanned and analyzed, with the software automatically
calculating 2D shape (Equation 14) and angularity (Equation 15).

6=360-46 (R0 o — Rp
Shape = Y [Re] (14)
Where: Ry= particle radius at an angle ®; Dq = incremental angular difference.
| =3
Angularity = T ; |6; — 63| (15)

Where: q = orientation angle of the contour points; n = total number of points; i = i th point of
the particle contour.

For the classification of grains regarding angularity and 2D shape, the DNIT (2020) is adopted,
which recommends the classification proposed by Ibiapina (2018), presented in Table 6. Since
the analyzed particles are smaller than 4.75 mm, this study exclusively covers the evaluation
of 2D shape and angularity. For each sample, the mean values obtained are calculated, and the
classification is performed according to the criteria in Table 6.
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Table 6 — Classification of shape, texture, sphericity, and angularity (Ibiapina, 2018)

Property Limit values
2D Shape <4.0 40-11.0 11.0-15.5 > 15.5 -
Circular Semi-circular ~ Semi- Elongated -
elongated
Angularity < 1.260 1.260 - 4.080  4.080 - 7.180 > 7.180 -
Rounded Sub-rounded Sub-angular Angular -
Sphericity <05 05-0.7 0.7-0.9 > 09 -
Flat/Elongated Low Moderate High -
sphericity sphericity sphericity
Surface <260 260 - 440 440 - 600 600-825 > 825
texture Polished Smooth Low Moderate High
roughness roughness  rough-
ness

3.2.9 Elemental and Mineralogical Analysis

According to Artioli (2010), X-ray diffraction (XRD) and X-ray fluorescence (XRF) are eco-
nomically viable and reliable techniques for identifying crystalline phases in natural and arti-
ficial materials such as metals, ceramics, soils, building stones, metallurgical slags, pigments,
and plasters. These techniques are complementary: XRF enables the identification of chemical
compounds (ABNT, 2014), while XRD determines crystalline structures. When combined, they
allow: the identification of crystalline compounds; quantitative analysis of multiphase mixtures;
investigation of the long-range atomic structure of crystals, including charge density analyses;
physical evaluation of crystalline aggregates, such as orientation texture, crystallite size distri-
bution, and lattice microstrain effects. For these analyses, samples must be in the form of small
individual crystals (0.1 to 1.0 mm), polycrystalline aggregates (powders, consisting of 103 to
109 crystallites of approximately 1 mm), or oriented specimens (fibers, films, polished surfaces).
According to Artioli (2010), the choice of experimental techniques and data treatment methods
depends on the physical state, chemical composition of the sample, and the objectives of the
analysis.

3.2.10 Statistical Analysis

Data processing was conducted through statistical analyses using Jamovi software (version 2.3;
The Jamovi Project, 2022). Initially, the Shapiro-Wilk test was employed to assess data nor-
mality (Larson, 2010). Variables for which normality was not rejected across all three sampling
points were subsequently evaluated for homogeneity of variances using Levene’s test. Only the
variables corresponding to microplastic occurrence, natural bulk density, natural dry bulk density,
natural void ratio, porosity, and relative density satisfied these assumptions and were subjected
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to analysis of variance (ANOVA). For variables that did not meet the assumptions of normality
or variance homogeneity the non-parametric Kruskal-Wallis test was applied to compare medi-
ans across the three sampling points. Statistical significance was considered at a 95% confidence
level.

4 RESULTS AND DISCUSSION
4.1 Microplastic Occurrence

The ANOVA results for microplastic occurrence showed means of 76 objects/kg at Sampling
Point 1, 46 objects/kg at Point 2, and 67 objects/kg at Point 3. Considering the analyzed depth (3
cm) and dry bulk densities (1519, 1485, and 1452 kg/m?), these correspond to concentrations of
3450, 2036, and 2925 objects/m?, respectively. Subsequent analysis using Tukey’s post-hoc test
(Table 7) indicated no significant differences between the sampling points.

Table 7 — Tukey’s post-hoc test — Microplastics.

1 2 3
] Mean difference — 30.00 8.57
p-value — 0.385 0.921
) Mean difference — -21.43
p-value — 0.606
3 Mean difference —

p-value —

The MP occurrence per sampling point is shown in Figure 5. Fibers predominated (75-89%),
followed by fragments (9—25%) and spheres (3%). Regarding color, blue objects (31.3-64.2%),
colorless (9.4—44.7%), and red (6.4—15.6%) were observed (Figure 6). These results corroborate
Nolasco et al. (2022), who identified 619 particles in 8,251.26 m?> of coastal water in Fortaleza,
of which 57% were fibers and 36% were fragments. Dark green fibers were the most abundant
(22%), followed by transparent fibers (15.1%). Blue fibers and fragments accounted for 11%
and 13.3%, respectively, while white and black fragments represented 6.2% and 6.8%. The par-
ticles were characterized as polyamide (PA), polystyrene (PS), tire rubber, polyethylene (PE),
polypropylene (PP), and polyvinyl chloride (PVC).

Figure 7 shows the identified microplastics. Observed features were: (a) a 76 um sphere; (b)
a colorless fiber fluorescing under ultraviolet light, longer than 1 mm; (c—e) plastic fragments
with signs of fragmentation and oxidation, with approximate sizes of 673 um and 195 pum,
respectively; (d) a fragment with inscriptions, cuts, and oxidation; and (f) a rigid fiber longer
than 2 mm.

In Brazil, MP accumulation varies widely: Guanabara Bay showed 12-1300 particles/m?, with
56% fragments, 26.7% polystyrene foam, 9.9% pellets, and 7.2% fibers (Carvalho and Baptista
Neto, 2016). Boa Viagem Beach (Pernambuco) recorded 642 particles/m? in areas protected
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Figure 6 — Objects by color.

by beachrocks, compared to 130 particles/m? in exposed zones, indicating greater accumula-
tion in sheltered regions (Pinheiro et al., 2019). In Niter6i (RJ), Sossego Beach reached 102.4
particles/m?, mainly polystyrene foam (52%), filaments and fragments (20% each), with films
(4%), pellets (2%), and fibers (1%) (Silva et al., 2022). Vila das Pegas (PR), an environmental
protection area, presented 188.4 particles/m> (Mengatto and Nagai, 2022).

International studies report higher concentrations: ports in Belgium contained 166.7 particles/kg,
dominated by fibers (59%) and fragments (25%) (Claessens et al., 2011); Beijiang River sedi-
ments in China reached 544 items/kg, often associated with heavy metals (Wang et al., 2017);
Norderney Island (Germany) recorded 23-213 fibers/kg (Dekiff et al., 2014); Mediterranean is-
lands showed 897.35 items/kg in protected areas and 163.68 items/kg under anthropic influence
(Alomar, Estarellas, and Deudero, 2016). Main MP sources include fluvial and urban inputs, with
atmospheric deposition also contributing up to 365 particles/m? daily in the Pyrenees (Allen et
al., 2019).

In comparison, concentrations observed in this study exceeded all reported Brazilian values (Car-
valho and Baptista Neto, 2016; Pinheiro et al., 2019; Silva et al., 2022; Mengatto and Nagai,
2022) (Figure 8), highlighting the substantial MP pollution in the sand of Praia do Futuro.

As shown in Figure 9, the concentrations obtained were lower than those reported in Belgium
(Claessens et al., 2011), China (Yu et al., 2016; Wang et al., 2017; Tsang et al., 2017; Wang et
al., 2019), Germany (Dekiff et al., 2014), Italy (Lots et al., 2017), and the Mediterranean Sea
(Alomar; Estarellas; Deudero, 2016). On the other hand, they exceeded the values observed in
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C)

672,98 um

Figure 7 — Identified features: a) sphere; b) fiber; ¢) fragment; d) fragment; e) fragment; f) fiber.

Poland (Zobkov; Esiukova, 2017) and Germany (Stolte et al., 2015). The results are consistent
with the range reported for coastal zones under tourism and fluvial influence, considering that
the particles may have either oceanic or terrestrial origin (Vegter et al., 2014).
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Figure 8 — Concentrations observed in Brazil.
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Figure 9 — Concentrations observed worldwide.

4.2 Natural Moisture

The values varied according to the proximity to the tidal zone and the water level in the sand,
being higher in the areas close to the waterline. The medians were 3.8% (P1), 4.4% (P2), and
6.3% (P3), the latter being influenced by light rainfall at the time of sampling.

The discussion on the significance of the moisture variation is limited, since the values were
influenced by rainfall at the time of sampling and by temperature variation throughout the morn-
ing. According to Tuijnman et al. (2020), moisture tends to increase with proximity to the sea
and the water table; however, the depth of the latter was not analyzed to support the selection
of the sampling points. Even so, the chart and the multiple comparison test (Table 8) indicated
significant differences among the three points.

Table 8 — Multiple Comparison Test — Moisture.

Relation w p
1 2 3.98 0.014
1 3 443 0.005
2 3 3.35 0.047
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Wiggs, Baird, and Atherton (2004) analyzed the influence of moisture on sand transport and drift
at Aberffraw Beach, United Kingdom. Samples with 3 cm thickness presented contents between
11.06% and 14.06%, while the surface layer (1-2 mm) ranged from 3.81% to 7.78%. Moisture
determination was carried out using a ThetaProbe (3 cm) and by oven drying after collection
with a Surface Sediment Sampler (1-2 mm). The authors emphasized that, under natural condi-
tions, contents below 1.68% do not act as a barrier to wind transport. According to Sherman and
Douglas (1990), sediment transport depends on multiple factors, including wind stress, grain size
distribution, sediment availability, moisture content, bed roughness, beach slope, and vegetation
cover. Thus, for the sediments of Praia do Futuro, the analysis of moisture as a barrier to transport
is linked with the velocity and direction of local winds, which should be analyzed (Bauer et al.,
2009).

4.3 Specific Densities

The specific densities obtained support the calculation of parameters such as degree of saturation,
void ratios (minimum and maximum), relative density, and porosity.

4.3.1 Natural Bulk Density

As described in Section 3.2.2, the natural bulk density was determined in situ. The mean values
were 1.576 g/cm? (Point 1), 1.551 g/cm? (Point 2), and 1.547 g/cm? (Point 3). The interpretation
of the graph and the Tukey Post-Hoc test (Larson, 2010; The Jamovi Project, 2022) (Table 9)
showed no significant difference among the points, showing similar distribution regarding natural
bulk density.

Table 9 — Tukey Post-Hoc Test — Natural Bulk Density.

1 2 3
) Mean difference — 0.0256 0.02896
p-value — 0.430 0.344
) Mean difference — 0.00336
p-value — 0.985
3 Mean difference —

p-value —

Polido et al. (2020) reported natural bulk density values between 1.50 and 2.04 g/cm? in coastal
sands from Greater Vitéria—ES, determined using the sand-cone method. The results of this
research fall within this range, possibly due to soil origin, grain sorting, and natural packing.
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4.3.2 Natural Dry Bulk Density

The results of natural dry bulk density, with mean values of 1.519 g/cm?, 1.485 g/cm?, and
1.452 g/em? for Points 1, 2, and 3, respectively. The Tukey Post-Hoc test (Table 10) indicate
a significant difference in natural dry bulk density between Points 1 and 3, with Point 2 being
intermediate, possibly representing a transition zone between the sampling sites. Point 3, near
the area of greatest tourist activity, exhibited the lowest natural dry bulk density, while Point 1
showed the highest. As this parameter informs the calculation of natural void ratio and relative
density, these results are discussed in the corresponding sections.

Table 10 — Tukey Post-Hoc Test — Natural Dry Bulk Density.

1 2 3
| Mean difference — 0.0341 0.0671
p-value — 0.084 < 0.001
) Mean difference — 0.0330
p-value — 0.097
3 Mean difference —

p-value —

4.3.3 Minimum Dry Bulk Density

The minimum dry bulk density, obtained according to ABNT (2020a) for the calculation of
maximum void ratio. Point 1 presented the highest median value (1.448 g/cm?®), possibly due
to a higher fine content and smaller effective diameter, while Points 2 and 3 recorded medians
of 1.406 g/cm® and 1.410 g/cm?, respectively. The analysis of the significance test (Table 11)
indicates that Point 1 presented a significantly higher minimum dry bulk density than Points 2
and 3.

Table 11 — Multiple Comparison Test — Minimum Dry Bulk Density.

Relation w p

1 2 -3.166 0.065
1 3 -4.251 0.007
2 3 0.632 0.896

The minimum dry bulk density values obtained in this study (1.406-1.448 g/cm?) are close
to those reported by Polido et al. (2020), between 1.38 and 1.43 g/cm?, using an equivalent
methodology.
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4.3.4 Maximum Dry Bulk Density

The maximum dry bulk density, determined according to Miura and Toki (1982), was 1.700
g/cm?, 1.671 g/em?, and 1.672 g/cm?® for Points 1, 2, and 3, respectively. The graph indicates
a difference between Point 1 and the others; however, the multiple comparison test (Table 12)
shows no significant variation among the sampling points.

Table 12 — Multiple Comparison Test — Maximum Dry Bulk Density.

Relation W p

1 2 -31.693 0.065
1 3 -33.578 0.046
2 3 -0.0913 0.998

4.4 Particle Density

The particle density varied among the sampling points, with medians of 2.673 g/cm?® at Point 1,
2.635 g/cm? at Point 2, and 2.641 g/cm? at Point 3. A greater presence of fine fractions and darker
coloration was observed at Point 1, while Points 2 and 3 exhibited lighter and more uniform
grains. The multiple comparison test (Table 13) indicates a significant difference between Points
1 and 3, while Point 2 showed no significant variation in relation to the others.

Table 13 — Multiple Comparison Test — Particle Density.

Relation w p

1 2 -3.18 0.064
1 3 -3.35 0.047
2 3 2.46 0.190

The values obtained are close to those reported for quartz by Chiossi (2013). Sands from
Ipanema, Brazil (Simdes, 2015; Costa, 2020), Toyoura, Japan (Suzuki; Yamada, 2006), and
Leighton Buzzard, United Kingdom (Lanzano et al., 2016), present particle densities near 2.65
g/cm?, consistent with the results of this research.

4.5 Granulometry

The granulometric analysis of Praia do Futuro sand is presented in Figures 10, 11, and 12 for
Points 1, 2, and 3, respectively. At Point 1, the effective diameter (D10) ranged from 0.13 to
0.16 mm, with a median of 0.14 mm; the coefficient of uniformity (CU) varied between 1.53 and
1.81, median 1.72; and the coefficient of curvature (CC) ranged from 0.96 to 0.97, median 0.96.
At Point 2, D10 ranged from 0.13 to 0.17 mm, median 0.17 mm; CU varied from 1.62 to 1.81,
median 1.68; and CC ranged 0.96-0.97, median 0.96. At Point 3, D10 ranged 0.16-0.17 mm,
median 0.16 mm; CU varied 1.60—1.68, median 1.65; and CC remained constant at 0.96.
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Figure 10 — Granulometric analysis Point 1.
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Table 14 reviews the statistical analysis of D10 across the three points. The results indi-
cate a slight variation in grain size distribution, with relatively uniform and well-graded sand

throughout the site.
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Table 14 — Multiple Comparison Test — Effective Diameter.

Relation w P

1 2 3.39 0.044
1 3 3.90 0.016
2 3 -1.03 0.747

The multiple comparison test showed that Point 1 has a smaller effective diameter than Points
2 and 3, making it the finest sand among the three. No significant differences were observed
between Points 2 and 3. Praia do Futuro sand exhibits granulometric characteristics similar to
Nafud Desert sand, Saudi Arabia (D10 = 0.15 mm; D50 = 0.238 mm). Mean diameters were
0.21 mm (Point 1), 0.26 mm (Point 2), and 0.25 mm (Point 3) (Table 15), confirming finer
granulometry at Point 1.

Table 15 — Multiple Comparison Test — Mean Diameter.

Relation w P

1 2 3.78 0.020
1 3 4.60 0.003
2 3 -2.56 0.165

The mean diameter analysis indicates that Praia do Futuro sand is finer than sands from Fama-
gusta (Cyprus), Hawaii (USA), Ipanema Beach (Brazil), and Hostun (France), surpassed only by
Leighton Buzzard (UK) and Toyoura (Japan) (Table 3). CNU (Table 16) and CC analyses (Table
17) revealed no significant differences among the three sampling points.

Table 16 — Multiple Comparison Test — Coefficient of Uniformity.

Relation W P

1 2 0.00 1.000
1 3 -1.90 0.370
2 3 -2.46 0.192

Table 17 — Multiple Comparison Test — Coefficient of Curvature.

Relation W P

1 2 0.00 1.000
1 3 -2.08 0.305
2 3 -2.08 0.305

The CNU and CC parameters are similar to the values reported by Almejed et al. (2020) for
Nafud Desert sand, Saudi Arabia (CNU = 1.73; CC = 0.9). According to ABNT (2022), soils and
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rocks present a wide granulometric variation, from clays and silts to sands, gravels, pebbles, and
boulders. Based on Table 18, Figure 13 presents the median percentages of sand fractions at the
sampling points: Point 1 — 57% medium sand and 42% fine sand; Point 2 — 75% medium sand
and 23% fine sand; Point 3 — 72% medium sand and 26% fine sand.

Table 18 — Soil particle classification (ABNT, 2022).

Designation Diameters (mm)
Boulder 1000 a 200
Coarse gravel 200 a 60

Coarse gravel 60 a 20
Medium gravel 20a6

Fine gravel 6a?2

Coarse sand 2a0.6

Medium sand 0.6a0.2

Fine sand 0.2 20.06

Silt 0.06 a 0.002
Clay Menor que 0.002

W

Sampling Point
[\

—

0% 20% 40% 60% 80% 100%

B Medium sand @Fine Sand

Figure 13 — Granulometric fractions.

The hypothesis tests in Tables 19 and 20 indicate that the percentage of medium sand at Point
2 did not differ significantly from Points 1 and 3. Regarding fine sand, Point 1 presented sig-
nificantly higher percentages, indicating that it has the finest granulometry. These results are
consistent with those observed by Morais (1980), who identified a predominance of medium
sand in a loose state in stratigraphic profiles of 2.2 to 2.9 m in the coastal environmental geology
of Fortaleza.
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Table 19 — Multiple Comparison Test — Percentage of Medium Sand.

Relation w P

1 2 3.16 0.065
1 3 443 0.005
2 3 -2.89 0.101

Table 20 — Multiple Comparison Test — Percentage of Fine Sand.

Relation W P

1 2 -3.34 0.048
1 3 -4.43 0.005
2 3 2.80 0.117

According to Park and Santamarina (2017), soils can be grouped into systems that allow pre-
diction of their behavior based on physical properties. Thus, the sands of Praia do Futuro were
classified as poorly graded (SP) by the Unified Soil Classification System (ASTM, 2017). For
comparison, Simdes (2015) reported for Ipanema Beach sand an average effective diameter of
0.22 mm, CNU of 1.90, and CC of 0.97, classifying it as poorly graded uniform. Costa (2020)
found an effective diameter of 0.27 mm, CNU of 1.56, and CC of 0.90, with the same classifi-
cation. Praia do Futuro sand shows characteristics similar to the sands of Famagusta Bay, Nafud
Desert, Linosa Island, and Ipanema Beach (Table 3).

4.6 Results Obtained from Mathematical Relationships of Physical Indexes
4.6.1 Void Ratio

4.6.1.1 Natural Void Ratio

Based on the data of natural bulk density and solid particle density, the mean values of the degree
of saturation were: Point 1 = 0.76; Point 2 = 0.78; Point 3 = 0.82. Analyzing Table 21, the natural
void ratio showed that Point 2 did not differ significantly from the others, while Point 3 was
significantly different from Point 1.

Roman-Sierra, Mufioz-Perez, and Navarro-Pons (2014) reported natural void ratios between 0.34
and 0.77 for sands, while Polido et al. (2020) found values between 0.62 and 0.72. The mean
values in this study are within the range obtained by Roman-Sierra, Mufioz-Perez, and Navarro-
Pons (2014) and close to those of Polido et al. (2020), with Point 3 higher than the others,
suggesting further analysis of grain shape to verify the relationship.
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Table 21 — Tukey Post-Hoc Test — Natural Void Ratio.

1 2 3
! Mean difference — -0.0203 -0.0634
p-value — 0.535 0.009
) Mean difference — -0.0431
p-value — 0.080
3 Mean difference —

p-value —

4.6.1.2 Maximum Void Ratio

The maximum void ratio was calculated from the minimum dry bulk density and the solid particle
density (ABNT, 2020a). The median values obtained were 0.85, 0.88, and 0.88 for Points 1,
2, and 3, respectively. According to multiple comparison test (Table 22), Point 2 presented an
intermediate value, while Point 1 was significantly lower than Point 3.

Table 22 — Multiple Comparison Test — Maximum Void Ratio.

Relation W P

1 2 26.202 0.153
1 3 37.044 0.024
2 3 0.0904 0.998

Simdes (2015) verified the maximum void ratio of Ipanema Beach sand at 0.73, using a method
adapted from Kolbuszewski (1948). Costa (2020), applying four methods, obtained values be-
tween 0.66 and 0.75. Polido et al. (2020) recorded mean values between 0.87 and 0.96 on the
beaches of Espirito Santo. In this research, the mean values ranged between 0.85 and 0.88, higher
than those found by Simdes (2015) and Costa (2020) and lower than those of Polido et al. (2020).
The difference compared to Nafud Desert sand, Saudi Arabia, which presented a maximum ratio
of 0.66, is attributed to grain shape: rounded and spherical in Nafud versus semicircular and sub-
rounded at Praia do Futuro. The value obtained is close to that reported by Miftah et al. (2022)
for Famagusta Bay (emax = 0.88), despite granulometric and mineralogical differences.

4.6.1.3 Minimum Void Ratio

The minimum void ratio, calculated from the maximum dry bulk density and particle density fol-
lowing Miura and Toki (1982), showed median values of 0.58 across all three sampling points.
Table 23 indicates no significant differences among points. Although differing from values re-
ported for Nafud Desert sand (Almajed et al., 2020), the results are comparable to Famagusta
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Bay sand, likely influenced by grain shape rather than granulometry or mineralogy. The con-
sistency of the measurements reflects uniform sand morphology, and the method exhibited high
repeatability and reproducibility, making it suitable for preparing test specimens with controlled
relative densities.

Table 23 — Multiple Comparison Test — Minimum Void Ratio.

Relation W P

1 2 0.0905 0.998
1 3 0.8132 0.834
2 3 1.4488 0.562

4.6.2 Relative Density

To classify the state of sand in its natural environment, relative density, also called degree of
density or relative compaction, is used. This parameter allows distinguishing whether the sand is
in a loose or dense state. ABNT (2020b) presents the procedure for calculating relative density
(CR), as shown in Equation 16.

CR = _Cmax — € (16)

€max — €min
The relative density values determined were 0.33 for Point 1, 0.31 for Point 2, and 0.20 for
Point 3. According to Table 24, which presents the classification of granular soil deposits
based on relative density, these results allow classifying the analyzed points into their respective

categories.
Table 24 — Qualitative Description of Granular Soil Deposits (Das, 2017).
Relative Density Soil Deposit Description
0.00 - 0.15 Very loose
0.15-0.50 Loose
0.50-0.70 Medium
0.70 - 0.85 Dense
0.85-1.00 Very dense

According to the mean values obtained for each sampling point, the deposits were classified
within the range corresponding to the loose state. The result indicates no significant difference
among the three sampling points, a result confirmed by the Tukey Post-Hoc test (Table 25). Thus,
it is inferred that the relative density of the sand did not vary significantly among the analyzed
points.
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Table 25 — Tukey Post-Hoc Test — Relative Density.

1 2 3
! Mean difference — 0.0249 0.134
p-value — 0.935 0.174
) Mean difference — 0.109
p-value — 0.302
3 Mean difference —

p-value —

4.6.3 Degree of Saturation

The degree of saturation (S) corresponds to the ratio between the water volume and the void vol-
ume of the soil, as defined in Equation 17. Its value is determined by the mathematical expression
presented in Equation 18.
Vi
§= 2 17
v, a7

Se = wpy (18)
Where: p; — solid particle density

The median values determined for the degree of saturation of the sand in its natural condition
were 13.85%, 14.80%, and 20.82%, corresponding to Points 1, 2, and 3, respectively. According
to Tuijnman et al. (2020), beach width and sediment saturation act as limiting factors in the
supply of material for aeolian transport. Sassa et al. (2014) highlight that suction — related,
among other factors, to soil saturation — influences geophysical properties of beach sediments,
such as shear strength, relative density, and beach profile slope. These authors also investigated
the influence of suction on the reproduction of three macrofauna species: two amphipod species
(Haustorioides japonicus, found in the intertidal zone, and Talorchestia brito, characteristic of the
supratidal zone), and one isopod (Excirolana chiltoni), located in intertidal zones. It is noteworthy
that such organisms play a relevant ecological role, composing the food base of fish and birds
(Placyk; Harrington, 2004; Kajihara, 2008). After determining the characteristic curve, Sassa et
al. (2014) observed that amphipod species did not develop under conditions of increased suction,
that is, reduced saturation, due to the increase in shear strength that hindered sand excavation.
The isopod species, on the other hand, showed dependence on specific saturation ranges (between
10 and 20%), as it breathes through water. The multiple comparison test for the in-situ degree of
saturation is described in Table 26.

Table 26 — Multiple Comparison Test — Saturation.

Relation w P

1 2 2.62 0.153
1 3 2.98 0.088
2 3 2.62 0.153
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4.6.4 Porosity

Porosity is defined as the ratio between the void volume (V) and the total soil volume (V), as ex-
pressed in Equation 19. Alternatively, it can also be obtained from the mathematical relationship
with the void ratio, as shown in Equation 20.

W

= — 19

n= v (19)
e

pr— 2
1+e (20)

According to USACE (2002), natural sands exhibit porosity between 25 and 50%, influenced by
grain shape, texture, and angularity. The values obtained were 43% (Point 1), 44% (Point 2), and
45% (Point 3), falling within this range. Based on the Tukey Post-Hoc test (Table 27), a signif-
icant difference was verified only between Points 1 and 3, while Point 2 showed intermediate

behavior.
Table 27 — Tukey Post-Hoc Test — Porosity.
1 2 3

| Mean difference — -0.650 -1.99

p-value — 0.526 0.009
5 Mean difference — -1.33

p-value — 0.088
3 Mean difference —

p-value —

Roman-Sierra, Mufioz-Perez, and Navarro-Pons (2014) identified porosity values between 25.6%
and 43.4% after nourishment of coastal regions, observing an initial increase followed by gradual
reduction in about eight months, until approaching the natural state due to tidal action. Brady and
Weil (2013) highlight that porosity can vary from 25% in well-compacted soils to over 60% in
surface soils rich in organic matter. The values obtained in this research are consistent with those
reported by Roman-Sierra et al. (2014) and with the range indicated by USACE (2002).

4.7 Permeability

The mean permeability coefficient of the samples was 1.1 x 10 cm/s at Point 1, 1.3 x 102
cm/s at Point 2, and 1.3 x 10"2 cm/s at Point 3. The respective relative density values were 0.43,
0.46, and 0.32, classifying the three points as loose sand. The determination of relative density
considered the maximum and minimum void ratios according to Miura and Toki (1982) and
ABNT (2020a). Table 28 presents the values obtained for permeability (ky(), mean void ratio
(emo1), mean molding relative density (CRy,), state of density according to Das (2017), and
natural void ratio (epa).
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Table 28 — Permeability Data.

Point koo (cm/s) €mol CRyo1 Relative €nat
Density

1 1.1 x 1072 0.73 0.43 Fofo 0.76

1.3 x 10 0.73 0.46 Fofo 0.78

3 1.3x 102 0.78 0.32 Fofo 0.82

The sand from Famagusta Bay, molded with a relative density of 0.60, showed a permeability
coefficient of 1.3 x 102 cm/s, with Djg = 0.14 mm and D5y = 0.75 mm (Miftah et al., 2022).
For Ipanema Beach, values of 2.1 x 102 cm/s (CR = 0.30) and 1.2 x 102 cm/s (CR = 0.80)
were obtained (Costa, 2020), as well as 4.2 x 102 cm/s (CR = 0.84) and 1.2 x 10! cm/s (CR =
0.85) (Soares, 2021). The Table 29 indicates that Point 1 showed lower permeability compared
to Points 2 and 3.

Table 29 — Multiple Comparison Test — Permeability.

Relation w p

1 2 3.162 0.065
1 3 3.162 0.065
2 3 0.994 0.762

Despite granulometric differences compared to Ipanema Beach sand, the sand from Praia do
Futuro showed permeability coefficients within the range reported by Costa (2020) and Soares
(2021). It should be noted, however, that permeability is also influenced by the relative density
adopted in molding test specimens. These values are relevant in oil spill studies, as they allow
evaluation of correlations between water permeability and permeability to other fluids of higher
viscosity, without the need to use crude oil samples in situ (Pereira; Calliari, 2005; Oliveira,
2016).

4.8 Angularity and Shape

The Aggregate Imaging Measurement System (AIMS) equipment records images of sand grains,
which, through software and computational calculations, allow determining angularity and 2D
shape parameters. Sand grains generally present semicircular shape and subrounded angularity
(Figure 14 and Table 30).

Pesqui. Oper., Rio de Janeiro, Vol. 46, 2026: 296019



PAULO RUBENS M CAMELO, MARCOS FABIO P AGUIAR and JUCELINE B S BASTOS

37

L

4

N

@ &

Figure 14 — Image captured by AIMS.

Table 30 — Results of Angularity and 2D Shape.

2D Shape Angularity Classification .
2D Shape Angularity
1.1 7.0 2647.5 Semicircular Subrounded
1.2 7.3 2697.0 Semicircular Subrounded
1.3 7.1 2732.2 Semicircular Subrounded
1.4 7.5 2795.4 Semicircular Subrounded
1.5 6.9 2764.4 Semicircular Subrounded
1.7 7.4 3010.1 Semicircular Subrounded
2.1 7.1 3035.4 Semicircular Subrounded
2.3 7.2 3176.2 Semicircular Subrounded
2.5 7.1 3038.8 Semicircular Subrounded
3.1 7.2 2894.4 Semicircular Subrounded
3.3 7.1 2948.7 Semicircular Subrounded
3.5 7.4 3144.5 Semicircular Subrounded

Since soil is composed of mineral particles derived from rock weathering, these particles may

remain close to the parent rock or be transported by natural agents, which influences grain shape

(Craig, 2013). Transported soils tend to show more rounded angles and more spherical shapes

(Das, 2017). With the advance of chemical action and abrasion, which increase with the age of

deposits, sands become progressively more rounded, regardless of particle size (Cho et al., 2006),

supporting the conclusion that sand grains may be equidimensional, presenting similar distances

in all three directions (Fernandes, 2016). Grain shape affects properties such as porosity, specific

surface area, and flow tortuosity between particles, directly influencing the hydraulic conductivity

of soils. More concave and less spherical grains tend to form sands with higher porosity (Zheng
et al., 2021; Shahsavari; Mahmood, 2022).
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5 CONCLUSION

This research identified the presence of microplastic particles in the sand of Praia do Futuro,
with concentrations notably higher than those reported in other regions. Fibers were the domi-
nant particle type, followed by fragments and spheres, predominantly blue and colorless. Sand
at the study site exhibited two distinct textural types, with variations in grain size distribution
and relative density, yet overall porosity and density remained within expected ranges for natural
coastal sands. Permeability coefficients aligned with the observed loose state of the sediment.
Minor spatial variations in porosity were identified, reflecting natural heterogeneity rather than
significant alteration in sediment packing. These results reinforce the importance of integrat-
ing geotechnical characteristics with coastal dynamic factors, such as wave action, wind, and
sediment transport, to better understand erosion processes affecting dunes, slopes, and beaches.
Overall, the results provide valuable insights for the interface between geotechnical engineering
and environmental management, supporting strategies for coastal erosion mitigation, biodiversity
conservation, and informed planning of emergency interventions.
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