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ABSTRACT: This study assesses how variations in carbonate content affect the shear strength of beach sand from Caucaia,
Brazil, a region where specific data on coastal sands' behaviour are limited. Recognizing the relevance for maritime
constructions and offshore wind tower foundations, this research focused on two Northeastern coastal sand samples. These
were subjected to direct shear tests under stresses of 50, 100, and 200 kPa, with carbonate content variations introduced
through Cariri stone waste at low (less than 1%), medium (around 50%), and high (over 80%) levels. Findings reveal a direct
impact of carbonate content on sand shear strength, with medium levels enhancing strength uniformly across samples.
However, at high carbonate levels, responses varied, indicating a complex relationship between carbonate content and soil
mechanical properties. One sample showed increased strength, while the other did not, suggesting a threshold effect where
additional carbonate may not consistently benefit soil strength. This nuanced understanding challenges simplistic models of
soil behaviour, emphasizing the need for detailed geotechnical analysis in carbonate-rich coastal areas. The study emphasizes
the critical need to incorporate carbonate content assessment into the geotechnical evaluation for coastal infrastructure
design. It provides foundational data that advances the understanding of soil behaviour in carbonate-enriched environments,
essential for optimizing the construction and stability of maritime and wind energy structures.

RESUME: Cette étude évalue comment les variations de teneur en carbonate affectent la résistance au cisaillement du sable
de plage de Caucaia, au Brésil, une région ou les données spécifiques sur le comportement des sables cotiers sont limitées.
Reconnaissant 1'importance pour les constructions maritimes et les fondations de tours éoliennes offshore, cette recherche
s'est concentrée sur deux échantillons de sable cotier du nord-est. Ces derniers ont été soumis a des essais de cisaillement
direct sous des contraintes de 50, 100 et 200 kPa, avec des variations de teneur en carbonate introduites par le biais de déchets
de pierre de Cariri a des niveaux bas (moins de 1%), moyen (environ 50%) et élevé (plus de 80%). Les résultats révelent un
impact direct de la teneur en carbonate sur la résistance au cisaillement du sable, les niveaux moyens améliorant
uniformément la résistance a travers les échantillons. Cependant, a des niveaux élevés de carbonate, les réponses varient,
indiquant une relation complexe entre la teneur en carbonate et les propriétés mécaniques du sol. Un échantillon a montré
une augmentation de la résistance, tandis que l'autre non, suggérant un effet de seuil ou 'ajout supplémentaire de carbonate
ne bénéficie pas systématiquement a la résistance du sol. Cette compréhension nuancée remet en question les modeles
simplistes du comportement du sol, soulignant le besoin d'une analyse géotechnique détaillée dans les zones cotiéres riches
en carbonate. L'étude souligne le besoin crucial d'intégrer 1'évaluation de la teneur en carbonate dans I'évaluation
géotechnique pour la conception d'infrastructures cétiéres. Elle fournit des données fondamentales qui font avancer la
compréhension du comportement du sol dans des environnements enrichis en carbonate, essentielle pour optimiser la
construction et la stabilité des structures maritimes et éoliennes.
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1 INTRODUCTION power generation. This study is situated in the broader
context of renewable energy development, focusing
specifically on the Northeast coast of Brazil, a region
identified for its significant wind energy potential.
Within the field of geotechnical engineering, the
behaviour of coastal sands, especially those with high

The exploration of renewable energy sources,
particularly in coastal regions, is a topic of increasing
relevance in the context of global energy transition
efforts. Among these sources, offshore wind energy
stands out due to its vast potential for sustainable
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carbonate content, has been a subject of ongoing
research (Poulos, 1988; Watson et al., 2019; Salem et
al., 2021). Studies have indicated that such soils can
present challenges, notably changing of shear stiffness
(Sterianos, 1988; Hassanlourad et al., 2014; Wang et
al.,2016; Wei etal., 2021). However, there is a notable
gap in specific information regarding the behaviour of
Northeast Brazilian coastal sands, which are prevalent
in areas earmarked for renewable energy projects, such
as the state of Ceara.

Addressing this gap, the current study aims to
investigate the impact of varying levels of carbonate
content on the shear strength of coastal sands. Given
the prevalence of carbonate-rich soils along the
Brazilian Northeastern coastline, understanding their
mechanical properties is essential for informed
geotechnical decision-making in the context of
offshore wind farm construction. By evaluating the
effect of different carbonate contents on the shear
strength of these sands, the study seeks to provide a
clearer picture of the mechanical behaviour of coastal
soils under varied geotechnical conditions.

Through this research, the aim is to advance the
understanding of coastal sand behaviour, particularly
in response to carbonate content variations. The
findings are expected to be a valuable addition to the
field of geotechnical engineering, providing insights
that could improve the design and construction
practices for renewable energy infrastructures in
coastal environments.

2  MATERIALS AND METHODS

This study focused on the shear strength characteristics
of quartz beach sands from Pacheco Beach in Caucaia,
Brazil, with a particular emphasis on the impact of
varying carbonate content. The soil samples,
designated SM1 and SM2, were typical quartz sands
characteristic of the Brazilian Northeastern coastline,
exhibiting naturally low carbonate levels (LCC - Low
Carbonate Content).

To establish a comparison, the physical properties
of SM1 and SM2 were detailed, including their
maximum and minimum specific weights, water
content, and void ratios, as summarized in Table 1.

To simulate varying carbonate conditions,
limestone residue from Cariri stone, characterized by
its higher carbonate content and mechanically
processed to a maximum grain diameter of 2.0 mm,
was blended with the quartz sands from Pacheco
Beach. This residue predominantly consists of silt-
sized particles and coarse sand. The beneficiation
process ensured homogenized particle sizes suitable
for this study experimental investigation. A 50%
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limestone to quartz sand ratio was used to create a
medium carbonate content mixture (MCC), and an
80% limestone to 20% quartz sand ratio was prepared
to represent high carbonate content conditions (HCC).
These artificial mixtures were then subjected to direct
shear tests to examine the altered mechanical
behaviours under simulated carbonate-enriched
environments, performed under normal stresses of 50,
100, and 200 kPa.

Table 1. Physical properties of SM1 and SM2.

Header unit SM1 SM2
Max. specific weight g/em’ 1.69 1.80
Min. specific weight g/em® 1.46 1.51
Water content % 323 342
Max. void ratio - 0.78 0.81
Min. void ratio - 0.53 0.52
Specific gravity - 2.51 2.64
Gravel (>2 mm) % 12 2

Coarse Sand (0.60 - 2.00 mm) % 33 9
Medium Sand (0.20 - 0.60 mm) % 23 34
Fine Sand (0.075 - 0.20 mm) % 22 35
Fines (<0.075 mm) % 10 20

3 RESULTS AND DISCUSSION

The analysis of the shear stress versus horizontal
displacement curves for samples SM1 and SM2 across
different carbonate content levels reveals a nuanced
influence of carbonate content on the shear strength
properties of the soil samples. As seen in Figures 1, 2,
and 3, the shear strength of both samples generally
decreases with an increase in carbonate content under
the same normal stress condition. This can be
attributed to the alteration in the soil structure and
interparticle forces due to the presence of carbonate,
which seems to reduce the soil's resistance to shear
under loading.

For low carbonate content (LCC), the shear
strength curves of both SM1 and SM2 exhibit a
relatively steep initial ascent, followed by a more
gradual increase, with SM1 showing a consistently
higher shear stress across all normal stresses compared
to SM2. This suggests that SM1, potentially with a
denser packing or better particle interlock, can sustain
higher shear stresses before reaching a critical
displacement. In contrast, the high carbonate content
(HCC) curves demonstrate a marked reduction in shear
strength for both samples, particularly noticeable at
higher normal stresses, indicating that the presence of
carbonate at this level may be leading to a weakening
of the soil structure or a reduction in frictional
resistance between particles.
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The intermediate carbonate content (MCC) shows
a transitional behaviour between LCC and HCC,
where the reduction in shear strength is evident but not
as pronounced as in HCC. Interestingly, the response
under 50 kPa normal stress for both SM1 and SM2 in
MCC does not follow the same decreasing trend as
seen under higher stresses, which could suggest that at
lower normal stresses, the carbonate content's effect on
the soil's shear strength might be less significant or that
other factors, such as particle size distribution or
shape, could be influencing the behaviour.
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Figure 1. Shear stress vs. horizontal displacement curves of
SM1 and SM?2 with low carbonate content.
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Figure 2. Shear stress vs. horizontal displacement curves of
SM1 and SM2 with medium carbonate content.
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Figure 3. Shear stress vs. horizontal displacement curves of
SM1 and SM2 with high carbonate content.

The wvertical versus horizontal displacement
outcomes for soil samples SM1 and SM2, depicted in
Figure 4, exhibit distinctive deformation behaviours
under various levels of normal stress, reflecting their
respective compressibility and dilatancy during shear.
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The control of initial density was carefully managed
by maintaining a consistent methodology for sample
preparation across all tests.

Under the lesser normal stress of 50 kPa, SM1
shows notable compression, suggesting consolidation
under modest confining pressures. As normal stress
escalates to 100 kPa and subsequently 200 kPa, SM1
transitions to a dilatant response, as evidenced by the
increase in vertical displacement. This behaviour
suggests a particle rearrangement and shear band
formation, which is typical in densely packed granular
soils when subjected to elevated confining pressures.

In contrast, SM2 consistently displays dilatancy
across all examined normal stresses. Even under lower
stresses, SM2's dilatant behaviour suggests an initially
looser packing or more angular particle shape, causing
a volume increase upon shearing. Such dilatancy is
significant when assessing the potential for soil
liquefaction or in the design to prevent bearing
capacity failure, as it influences the soil's ability to
support loads.

At medium and high carbonate content levels, both
samples show enhanced dilatancy, corresponding with
the trends noted in the shear stress versus horizontal
displacement data. The presence of carbonate appears
to amplify the volume increase during shearing,
possibly due to its effect on soil fabric and the ratio
between particles.

The combined analysis of shear and volumetric
behaviour reinforces the need to understand the
influence of carbonate content on the mechanical
behaviour of soils. It underlines the complex interplay
between soil fabric, stress conditions, and carbonate
content, which must be considered for accurate
predictions of soil response under shear loading in
geotechnical engineering practice.

In the evaluation of shear strength parameters, as
delineated in Figures 5, 6, and 7, an analysis of the
friction angles for SM1 and SM2 across varying
carbonate contents reveals the significant role of
carbonate content in influencing soil behaviour.
Notably, for SM1, an unexpected decrease in friction
angle was observed at high carbonate content (HCC),
diverging from the anticipated trend of increased shear
resistance with carbonate addition. This phenomenon
suggests that, beyond a certain carbonate
concentration threshold, there may be a diminution in
frictional performance, likely due to alterations in
particle interlock and soil fabric that require further
investigation.

For low carbonate content (LCC), SMI1
demonstrates a higher friction angle compared to SM2,
potentially attributed to differences in particle shape or
texture, which are known to influence shear strength.
As carbonate content escalates to medium levels
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(MCCQ), the friction angles of both samples converge,
suggesting that the effects of carbonate content on
shear strength behaviour become increasingly
pronounced.

The behaviour of SM2, particularly its increased
friction angle at high carbonate content, underscores
the complex nature of soil-carbonate interactions and

points to the potential for carbonate content to enhance
soil mechanical properties under specific conditions.
These observations indicate that the relationship
between carbonate content and soil mechanical
behaviour is intricate and multifaceted, highlighting
the importance of a nuanced approach to geotechnical
analysis in carbonate-rich soils.
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Figure 4. Vertical displacement vs. horizontal displacement for samples SM1 and SM2.
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Figure 5. Failure envelope for the direct shear test of SM1
and SM2 with low carbonate content.
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Figure 6. Failure envelope for the direct shear test of SM1
and SM2 with medium carbonate content.
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Figure 7. Failure envelope for the direct shear test of SM1
and SM2 with high carbonate content.

4 CONCLUSIONS

The research presented in this paper provides a critical
assessment of the mechanical behaviour of Caucaia
beach sands, with a specific examination of the effects
of carbonate content variations. The study contributes
to a nuanced understanding of coastal sands with high
carbonate content, which are often categorized as
problematic due to their propensity for rapid shear
stiffness degradation. The findings are particularly
relevant for geotechnical applications along the
Northeast Brazilian coast, an area with significant
potential for wind energy exploitation and
corresponding maritime construction activities.

The study's findings indicate that the relationship
between carbonate content and soil mechanical
properties is more complex than previously
understood. An increase in carbonate content,
particularly up to a medium level, was observed to
enhance the effective friction angle. This improvement
in friction angle for mixtures incorporating up to 50%
limestone residue from Cariri stone is consistent with
other research findings, suggesting that the mechanical
processing of the limestone grains contributes to a
more angular grain shape, thereby enhancing soil
resistance. Such changes are attributed to the distinct
grain morphology introduced by the processed
limestone, known for its inherent high resistance due
to the Cariri stone origin.

However, upon increasing the carbonate content to
high levels (i.e., an 80% limestone to 20% quartz sand
ratio representing high carbonate content conditions),
the behaviour diverges between samples. While one
sample continued to exhibit an increase in friction
angle, indicative of strengthened soil properties, the
other did not follow this trend, suggesting that there is
a threshold beyond which additional carbonate content
may not uniformly contribute to soil strength
enhancement. This deviation underscores the
complexity of soil behaviour in response to carbonate
content, challenging the assumption of a
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straightforward relationship between increased
carbonate and soil strength.

The differences observed in friction angles at
higher carbonate levels emphasize the importance of a
detailed approach in understanding the role of
carbonate content on soil mechanics. These results
bring to light the necessity of considering grain shape
and processing techniques in geotechnical analysis and
design, particularly for projects involving carbonate-
rich soils. The findings suggest that current models
might not fully account for the nuanced effects of
elevated carbonate levels on soil mechanical
properties, signaling a need for more sophisticated
models that accurately reflect these detailed
interactions.
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