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Highlights:
e Additives are needed that soils maintain their engineering properties as temperatures rise.
e Environmentally friendly seaweed is an alternative material in this regard.
e A novel mixture was created using seaweed dried at high temperatures.

Abstract: Geotechnical engineering frequently encounters soils exhibiting insufficient mechanical strength or undesirable
hydraulic properties, necessitating the implementation of soil improvement techniques. In the contemporary context of esca-
lating global energy demands and rapid population growth, the selection of stabilization materials must rigorously prioritize
sustainability, environmental compatibility, and cost-effectiveness. Furthermore, the expansion of energy infrastructure, often
involving near-surface heat transfer mechanisms, requires a comprehensive understanding of soil behavior under elevated
thermal regimes. This study investigates the potential of dried Zostera marina (seaweed) biomass as a novel, sustainable, and
low-cost alternative additive for soil stabilization. Historically recognized for its thermal insulation capabilities in cold cli-
mates, Zostera marina represents a readily available waste product of marine origin. The research focused on evaluating the
thermo-hydraulic conductivity performance of mixtures formulated by incorporating Zostera marina into a base matrix of
zeolite and bentonite. Hydraulic conductivity tests were systematically conducted under two distinct thermal conditions: am-
bient laboratory temperature (RT) and an elevated temperature of 40 °C, allowing for the isolation of additive and thermal
influences on permeability. The experimental results demonstrate a critical dual behavior. At ambient temperature, the inclu-
sion of Zostera marina effectively reduced the hydraulic conductivity of the mixtures. However, under the 40 °C thermal
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regime, a discernible increase in permeability was recorded, a finding consistent with established literature concerning the
temperature-dependent hydro-mechanical response of organic-rich or clay-based matrices. These findings highlight the ne-
cessity of considering service temperature when developing sustainable stabilization techniques utilizing marine biomass
additives.

Keywords: bentonite, hydraulic conductivity, seaweed, temperature, zeolite.

List of abbreviations:

XRD: X-Ray Diffraction Analysis
Wopt: Optimum water content
Yary, max:  Maximum dry unit weight

SEM: Scanning electron microscope

1. Introduction

Determining the engineering properties of soils and improving the existing properties is important in terms of the safe
existence of the structures to be built. Soil stabilization is a method consisting of procedures aimed at improving the condition
of the soil in cases where it is not possible to replace the soil due to technical or environmental reasons, and even if it is, the
cost is not low (Nwonu et. al.,2021; Liu et. al.,2019; McDowell, 1959). In order to optimize parameters such as shear strength,
compression and permeability of the soils, currently used iron slag (Winterkorn and Pamukcu, 1991), steel slag (Kang et. al.,
2016), fiber group and chemicals are used (Yoobanpot et. al., 2017). Additives used in soil improvement develop different
engineering properties under different conditions depending on soil type, mineralogy, usage rate, temperature and many other
factors. The targeted improvements can be listed as filling the voids, increasing the shear strength (Zinchenko et. al., 2022),
creating lateral balance (Kaminskas and Barauskas, 2014), increasing the resistance of the soils to liquefaction (Firoozi et. al.,
2014), reducing the masses that expose them to excessive pressure, controlling deformations, increasing the bearing capacity,
managing soil plasticity and limiting important properties such as swelling and shrinkage (Abu-Farsakh et. al., 2015).

One of the most important factors to consider when applying improvement methods is temperature. The acceleration of
energy production in response to the rapid increase in the world population and, as a result, the increase in the number of
energy structures and facilities, causes the interaction of soils with temperature to increase. Thermal piles, buried power
cables, etc. are among the most common energy structures, and since they interact with the surrounding soil, they cause
negative changes in the engineering properties of the soil at the design stage (Laloui, 2001). In addition, as a result of the
effects of global warming, the soil temperatures began to overheat, only going beyond seasonal temperatures, depending on
seasonal changes. These mentioned factors reveal that the engineering properties of soils should also be examined in the
presence of high temperatures.

In addition to the method used in improvement, it is very important that the additive materials chosen are sustainable,
environmentally friendly and low-cost. Considering environmental factors such as increasing world population, decreasing
natural resources and environmental pollution, it seems that there is a need for alternative additive materials. Zostera marina,
or seaweed, with its terminological name, has been used for insulation (roof) purposes in countries where rain prevails, such
as Japan, and cold, such as Denmark, for years (Liu et. al., 2023). In our country, it is used in many different areas such as
insulation, filling material, pharmaceutical industry, medicine and toy making. It is known that this type of seaweed has a
healing effect on human health due to the iodine it secretes.

Seagrasses are a polyphyletic group of flowering plants that have successfully recolonized the marine environment ap-
proximately 100 million years ago (Orth et al., 2006). Among them, Zostera marina is one of the most widespread and well -
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studied species, forming underwater meadows that are among the most productive ecosystems on earth. The ecological value
of these meadows is profound; they act as significant carbon sinks (blue carbon), oxygenate the water, stabilize sediments,
and provide essential habitat and food for a diverse array of marine organisms, including commercially important fish and
invertebrates (Duarte et al., 2005). Thriving in a submerged, saline environment presents unique physiological challenges.
Unlike terrestrial plants, seagrasses must cope with high ionic strength, which can lead to osmotic stress and ion toxicity,
limited light availability, and a high propensity for epiphytic growth and microbial infection. To overcome these challenges,
Z. marina has evolved a suite of specialized morphological, physiological, and, most critically, chemical adaptations. Similar
to brown algae and some invertebrates, Z. marina synthesizes a sulfated galactan, often referred to as zosterin (Pfeifer et al.,
2020). These polysaccharides are heavily esterified with sulfate groups, which confer a strong negative charge. This anionic
nature is critical for ionic balance, helping to manage osmotic pressure by binding cations from the surrounding seawater
(Scheller and Ulvskov, 2010). Furthermore, unlike terrestrial vascular plants, the supportive tissues of Z. marina are not lig-
nified. Lignin, a complex polymer of monolignols that provides rigidity and waterproofing to terrestrial vasculature, is largely
absent or present in only trace amounts in seagrass cell walls (Martone et al., 2009). This is a key adaptation to life in a
buoyant aqueous medium, where heavy, rigid structures are energetically costly and unnecessary. Instead, structural support
is achieved through thickened cell walls rich in hemicelluloses and the turgor pressure maintained by osmotic regulation.

Figure 1. Dried seaweed used in experiments.

Historically, Denmark, the Netherlands, the United Kingdom, Japan, China and other countries have built “seaweed
houses”; among them, Denmark and China have typical houses (Fig 2) (Yang and Qian, 2019). Low-carbon and energy-
saving, these houses are environmentally friendly. Research has shown that the Zostera marina plant contains zosteric acid
and that this acid has protective properties against insects and corrosion. In addition, the fibrous structure of this seaweed has
a strength-increasing effect and is affected by wind, temperature, etc. It is effective against environmental factors. While the
internal structure of Zostera marina is quite hollow, which creates an advantageous feature in terms of thermal insulation, it
is known that its external structure has high-strength colloids (Yang, 2012). Seaweed, which is environmentally friendly and
can be destroyed as nutrients for the soil, is an alternative material that can be supported in this respect. Figure 3 overall shows
that Zostera marina has a complex interrelated chemistry consisting of both primary and secondary components. It has been
revealed that the surface of seaweed is more sensitive to pollution and has a higher defense, and the reason for this is the
phenalics on its surface. Phenolics and other compounds are synthesized intracellularly by seaweed and then transported to
the surface (Papazian et. al., 2019).
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Figure 2. A representative visualization of traditional moss houses inspired by Danish and Japanese rural architecture.

Seaweed, a rich source of various bioactive nutrients (Amir et. al., 2025), yields valuable hydrocolloids like carrageenan,
widely utilized in the food industry as thickening, gelling, and stabilizing agents (Muthukumar et. al., 2021; Liao et. al., 2021).
Producing commercial carrageenan involves a multi-stage process, including washing, alkaline treatment, hydro extraction,
pelletization, drying, and milling (Amir et. al., 2024). While all these stages are essential, drying stands out as particularly
critical (Efendy et. al.,2023). This is primarily due to its substantial energy consumption, which directly increases production
costs and significantly influences the final product's quality. Furthermore, drying often necessitates high temperatures main-
tained over extended durations, adding to its operational complexity. The seaweed industry operates through an intricate
production system consisting of primary and supporting processes. The primary process involves converting raw seaweed
into finished products using specialized equipment such as washers, hydro-extractors, filters, pelletizers, dryers, and mills.
Supporting processes provide essential utilities, including heat energy (via boilers) and compressed air (supplied by compres-
sors), which facilitate primary operations. Both stages generate significant waste streams: primary processes yield by-products
such as solid residues and wastewater, while supporting processes produce waste materials like fly ash, bottom ash, slag, and
flue gas emissions. If left untreated, these by-products and waste materials can lead to severe environmental degradation and
public health hazards. Consequently, their proper management or, ideally, their conversion into value added materials is
criical. This necessity has positioned waste management and by-product valorization as key priorities in sustainable industrial
practices worldwide (Amir et. al., 2025; Abrouki et al., 2021).

The integration of sustainable, bio-derived materials into the construction sector represents a critical area of research aimed
at reducing environmental impact (Mohanraj et. al., 2023). Susilorini et al. (2014) investigated the efficacy of natural polymers
derived from specific seaweed species, Gracilaria Sp. and Eucheuma cottonii, as modifiers for cementitious mortar. The study
utilized Eucheuma cottonii gel and general seaweed powder to enhance mechanical characteristics. The research employed a
rigorous dual-phase methodology, initiating with an independent pre-experiment focused on screening the effect of the poly-
mer form (gel versus powder) on compressive strength. The subsequent main experiment optimized the mix proportion and
characterized both the compressive and splitting tensile strengths. The findings demonstrated that a natural polymer-modified
mortar utilizing seaweed powder, specifically at the optimal mix proportion designated KM-0.5, exhibited substantial im-
provements in both compressive resistance and resistance to cracking (splitting tensile capabilities). A study in the literature
showed that seaweed addition reduced the hydraulic conductivity values of zeolite-bentonite mixtures at room temperature
and below 40°C (Glineri, 2024).

Soil improvement is mostly used to improve the geotechnical properties of clays. In this study, the main mixture was
formed by combining the properties of bentonite, such as high compression-shrinkage potential and low shear strength, with
a certain proportion of zeolite. The aim of this study is to produce materials with low permeability and high resistance to
temperature that can be used as buffer materials around energy structures and facilities (such as solid waste storage areas,
nuclear waste storage areas (at higher temperatures), buried power cables), considering the changing (increasing) soil temper-
atures. The alternative is to produce buffer material. At the same time, it is to produce a material that has high performance
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under room temperature and has an improving effect on soil properties. Within the scope of the study, we focused only on the
hydraulic conductivity behavior of seaweed-added mixtures. Hydraulic conductivity tests were carried out at room tempera-
ture and under 40°C by adding different amounts of dried seaweed to the additive-free mixtures. The effect of seaweed addi-
tive and temperature change on the mixtures was examined.
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Figure 3. Components contained in seaweed Zostera marina.
2. Materials and methods
2.1. Material characterizations

Within the scope of this study, zeolite-bentonite mixtures were preferred as additive-free mixtures. Dried seaweed and
other ingredients were obtained from local companies (Fig 4). Zeolite and bentonite were sifted through no.40 sieves and
used. New mixtures were created by adding 10% and 20% dried seaweed to 80% zeolite-20% bentonite mixtures. Abbrevia-
tions are used when naming mixtures. For example, 80Z-20B-10SW represents 72% zeolite-18% bentonite and 10% seaweed.
The properties of the materials are given in Table 1.

Bentonite

Dried
seaweed

Figure 4. Images of the samples in dry state.
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Table 1. Physico-chemical properties of the materials.

Property Zeolite Bentonite Property Dried Seaweed
Specific 2.40 2.70 Habitat aquatic
weight

Liquid 50.0 476.0 Leaf position Under water
limit (%)

Plastic N.P. 70.1 Underwater leaf Max. 1100mm
limit (%) length

pH 7.6 9.5 Underwater leaf 2-12mm
blade width

After a sufficient representative volume of the sample was ground to powder size, it was subjected to X-ray diffraction
(XRD) analysis in order to reveal the mineral composition. In the XRD analysis, Bruker-DS Advance model X-ray diffrac-
tometer was used and CuKd radiation and Ni filter were used and 40Kv - 40mA conditions and the shooting speed was 245
(°20). Semi-quantitative ratios (%, weight) of the minerals are given in XRD pattern obtained by XRD- modal analysis. The
XRD analysis results of bentonite and zeolite samples are given in Figure 5. While the bentonite sample contained illite,
montmorillonite and quartz minerals, the zeolite sample was determined to contain kljnoptilolite, quartz, feldspar, illite-mica.
Kljnoptilolite mineral is the main mineral of zeolite and constitutes 80% of the total.
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Figure 5. XRD analysis results of (a) bentonite and (b) zeolite samples.
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2.2 Methods
2.2.1. Standard Proctor test

In this study, the maximum dry unit volume weight and optimum water content values of the samples were found by the
Standard Proctor test according to ASTM D698-Method A (ASTM: D698-12, 2012). Compaction test was carried out in three
layers with 25 blows per layer. The samples were first mixed in a dry state and then made wet by adding four different
percentages of water. First, the percentage of seaweed in the mixture was determined and 40% of the remaining part was
separated as bentonite. The last remaining amount was used as zeolite.

2.2.2. Hydraulic conductivity tests under room and high temperatures

Flexible wall permeameters represent a cornerstone in modern geotechnical and environmental engineering laboratories
due to their unparalleled ability to accurately determine the hydraulic conductivity of fine-grained soils and compacted mate-
rials. By effectively eliminating sidewall leakage through the application of confining pressure and ensuring full specimen
saturation via back pressure, these devices provide reliable data crucial for critical design decisions across a spectrum of
applications, from waste containment to water resource management. Hydraulic conductivity, often referred to as permeability
(k), quantifies the ease with which water can flow through a porous medium under a hydraulic gradient. This fundamental
soil property is indispensable for a myriad of geotechnical engineering and hydrogeological applications, including the design
of foundations, earth dams, embankments, landfill liners and covers, roadways, and the prediction of groundwater flow and
contaminant migration (Freeze and Cherry, 1979; Terzaghi et al., 1996).

Accurate determination of k is paramount, as even small errors can lead to significant misjudgments in design and risk
assessment. Laboratory methods for determining hydraulic conductivity are broadly categorized into rigid wall and flexible
wall permeameters. While rigid wall permeameters (e.g., standard compaction mold permeameters) are simpler to operate
and often used for coarser-grained soils or quality control of compacted materials, they are prone to significant errors due to
sidewall leakage, particularly when testing fine-grained soils (Daniel, 1994). The development of the flexible wall perme-
ameter addressed these limitations by introducing the ability to apply confining pressure to the soil specimen, effectively
simulating in-situ stress conditions and preventing flow along the specimen boundaries. Flexible wall permeameters overcome
the limitations of rigid wall devices by encapsulating the soil specimen within a flexible membrane (typically latex or another
elastic polymer) and applying a uniform confining pressure around the specimen. This confining pressure, which exceeds the
pore water pressure within the specimen, effectively forces the membrane to conform tightly to the specimen’s sides, prevent-
ing sidewall leakage and simulating in-situ confining conditions.

Hydraulic conductivity tests were carried out according to ASTM D5084-16 (ASTM: D5084-16, 2016). The experiments
were carried out under two different temperatures: room temperature (25°C) and 40°C. In the tests carried out under room
temperature, samples were prepared and compressed according to optimum water content (Wopy and maximum dry unit weight
(Yary,max) values. It was placed in the permeameters with geotextiles on top and bottom. A membrane was placed on the
samples to prevent water from entering them. The membrane was fixed using O-rings to prevent it from slipping as a result
of the applied cell pressure. Tests were started under room temperature, and when sufficient and stable flow was achieved,
the temperature was increased to 40°C.
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Figure 6. The system used in hydraulic conductivity tests in the presence of temperature.

Aluminum cells were used in tests carried out under high temperatures. Some additions were made to the same system as
in the tests carried out at room temperature. In order to measure the soil temperature, a small diameter hole was opened in the
bottom geotextile and a thermocouple was passed through it. In this way, it was possible to check whether the soil temperature
reached 40°C. The water temperature was measured by placing a thermocouple inside the cell. Thermostat was used to stabi-
lize the temperature at 40°C. A heat rod was used to provide temperature (Fig 6). The heat rod was sent into the cell by drilling
a hole in the head of the cell in a way that would not cause any gaps or leaks. The temperature is fixed at the desired degree
with the thermostat.

2.2.3. Thermal conductivity measurements

Within the scope of this study, thermal conductivity values of pure and dried seaweed-added zeolite-bentonite mixtures
were measured. Samples prepared according to optimum water content and maximum dry unit weight values were compressed
in thermal conductivity measurement molds (r = 7 cm, L = 14 cm and V = 538 c¢cm?). Before the measurement, the samples
were first weighed in dry form, then mixed when the required amount of water was added according to wopt, and left for 24
hours with the mouth closed to ensure homogeneity. At the end of this period, measurements were made with a Tempos
thermal analyzer. The appropriate probe was selected for the measurement. By determining the thermal conductivity values
correctly, the effect of the seaweed additive on the conductivity or insulation behavior of the additive free mixtures can be
examined.
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Figure 7. The system used in thermal conductivity tests and the sample.
3. Experimental results
3.1. Standard Proctor test

Within the scope of this study, hydraulic conductivity tests of additive free zeolite-bentonite mixtures and mixtures with
dried seaweed additives were carried out at room temperature and under 40°C. Thermal conductivity values of the mixtures
were determined under room temperature. Experimental studies were started with the compaction test. Compaction curves of
the mixtures are given in Figure 8. Standard Proctor test results showed that the optimum water content of the 20B-80Z
mixture was 55% and the maximum dry unit weight value was 11.3 kN/m?3. It was observed that with 10% and 20% dried
seaweed additives, the water content values increased to 57% and 60%, respectively. Maximum dry unit weight values de-
creased to 10.2 kN/m? and 9.4 KN/m?, respectively. An increase in water content was observed because of the fact that seaweed
is a material with a lower specific gravity than zeolite and bentonite, and also that the structure of seaweed is quite porous
(Yang et. al., 2012) and can fill these voids with water.
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Figure 8. Compaction curves of the mixtures.
3.2. Hydraulic conductivity tests under room and high temperatures

Within the scope of this study, hydraulic conductivity tests of 20B-80Z, 20B-80Z-10SW and 20B-80Z-20SW mixtures
were carried out under 25°C and 40°C. The test results showed that the hydraulic conductivity value of the additive free
zeolite-bentonite mixture was determined as 3.8x10712 m/s under room temperature and 6.0x10-*2 m/s under high temperature.
With the addition of 10% and 20% dried seaweed, the permeability coefficients under room temperature were measured as
8.9x101? m/s and 8.0x10*? m/s, respectively. The k values determined for the additive mixtures under 40°C were 1.9x10°1
m/s and 2.4x10°1! m/s, respectively. When the samples were examined under room temperature, it was observed that seaweed
caused an increasing effect on hydraulic conductivity due to its porous structure (Yang et. al., 2012). However, it was deter-
mined that by increasing the 10% seaweed additive to 20%, the “k” coefficient decreased by 1.1 times, reducing the permea-
bility (Fig 9). When the test results performed at high temperatures are examined, it is seen that the permeability of each
mixture increases. For example, while the additive free mixture 20B-80Z increased approximately 1.6 times with the increase
in temperature, the mixture with 10% additive increased its permeability by 2.1 times and with 20% additive increased its
permeability by 3 times.

It was revealed in previous studies that the viscosity of soils decreases as the temperature increases and therefore the
permeability increases (Sultan, 1997; Delage et.al., 2000; Chen et. al., 2014). In addition to viscosity, fabric changes and pore
structure reshaping that occur with temperature increase can also affect hydraulic conductivity (Romero et. al., 2001).

The hydraulic conductivity of bentonite has been observed to increase with escalating temperature, particularly up to 80
°C (Pusch, 1980; Cho et.al., 1999). This phenomenon is primarily attributed to the concomitant reduction in water viscosity
with rising temperatures (Cho et.al., 1999). However, research by Zihms and Harrington (2015) suggests that changes in water
viscosity alone may not fully account for the observed sensitivity of bentonite permeability to temperature variations. These
temperature-dependent behaviors necessitate careful consideration in repository design, particularly concerning potential ther-
mal variations at disposal sites to ensure maximum design temperatures are not exceeded (IAEA, 2006; NDA, 2010). Studies
consistently indicate that below a critical threshold of 100 °C, the intrinsic sealing performance of bentonite clays remains
largely unaffected (Zihms and Harrington, 2015; Cho et.al., 2000; Jacinto et.al., 2007). Conversely, temperatures exceeding
100 °C pose a significant challenge, potentially inducing detrimental processes such as illitization and mechanical degrada-
tion, which could severely compromise the clay's long-term barrier function (Daniels et.al., 2017). Furthermore, at these
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elevated temperatures, a more pronounced increase in clay permeability has been reported (Cho et.al., 2000), exacerbating

concerns regarding repository integrity.
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Within the scope of this study, SEM images of the zeolite-bentonite mixtures were analyzed. In Figure 10a, if it is assumed
that mixture has a leafy appearance under room temperature, it was seen that the leaves of this leafy appearance became
lighter. At room temperature, the zeolite sample is under minimum thermal stress and its structure reflects the ideal state
obtained after synthesis. At room temperature SEM images show the ideal, sharp, and distinct crystal structure of zeolites.
Figure 10b shows the SEM image of bentonite. It was seen that zeolite has a more granular structure than bentonite and
bentonite is more homogeneous.

Figure 10. Electron microscopy image of (a) zeolite sample at 20 um, (b) bentonite sample at 100 pm.

Figure 11 shows that although dried seaweed slightly increases hydraulic conductivity under room temperature, it has a
reducing effect with a 20% contribution rate. Data under high temperatures show parallelism with the literature and reveal
that decreasing viscosity increases permeability (Duley and Domingo, 1943; Constantz and Murphy, 1991; Hopmans and
Dane, 1986).
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Figure 11. Variation of hydraulic conductivity depending on temperature and seaweed addition.
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3.3. Thermal conductivity

Thermal conductivity is the amount of heat passing through unit area in unit time under the effect of thermal gradient.
Thermal parameters include heat capacity and is the amount of heat required to change the temperature of a material by one
degree kelvin (Andersland and Ladanyi, 1994). Thermal conductivity of soil depends on various factors such as soil type,
temperature, particle size, degree of saturation, soil structure, porosity. Each material has a different thermal conductivity
coefficient. For example: the thermal conductivity of water is higher than that of air, which means that soils with higher water
content have higher thermal values (Garcia-Gutierrez and Espinosa-Paredes, 2004).

As a result of the thermal conductivity measurements, it was seen that the algae additive had an increasing effect on the
thermal conductivity of mixtures without additives. While the thermal conductivity value of the additive free zeolite-bentonite
mixture was 0.911 W/mK, with 10% and 20% additive, this value increased by approximately 23% and 6%, respectively
(Table 2). While the seaweed additive's capacity to carry thermal conduction initially had a higher percentage, increasing the
seaweed additive increased the capacity of this conduction at a relatively lower rate. One of the main reasons for this is that
the seaweed increases the conduction by filling the gaps in the zeolite-bentonite mixtures, and then the increasing contribution
rate has a negligible effect on the gaps.

Table 2. X values of the mixtures.

Mixtures Thermal conductivity (A, W/mK)

20B-80Z 0.911
20B-80Z-10SW 1.124
20B-80Z-20SW 1.189

4. Conclusions and comments

This study investigates the modification of engineered composite mixtures specifically, those composed of zeolite and
bentonite through the incorporation of dried seaweed biomass. Such mixtures are commonly employed in barrier systems
(e.g., sanitary landfills or thermal storage systems) due to their high sorption capacity and low hydraulic conductivity. Given
the growing need for sustainable and low-cost additive materials, dried seaweed was evaluated as a partial replacement binder.
Standard geotechnical tests, including compaction (Proctor) and hydraulic conductivity, were performed. Hydraulic conduc-
tivity tests were conducted under two critical thermal regimes: ambient temperature and elevated temperature conditions, to
simulate operational scenarios. Furthermore, the thermal conductivity coefficient A was determined for varying mixture for-
mulations. The results demonstrate significant interactions between the organic fraction and the mineral matrix, revealing
specific trade-offs regarding optimal moisture content, maximum dry density, and heat transfer efficiency.

1. As the seaweed contribution increased, the wopt value of the mixtures increased, while the Yary,max Values decreased.
Dried seaweed possesses a significantly lower specific gravity compared to bentonite and zeolite. Introducing this
low-density, bulky, highly porous material effectively replaces denser mineral particles within the matrix. Even when
maximum compaction effort is applied, the overall mass per unit volume decreases, leading to a reduction in Y dry,max-
Seaweed biomass is highly hydrophilic, primarily composed of polymeric materials (e.g., alginate, cellulose) capable
of substantial water absorption and retention. To achieve optimal sliding and particle rearrangement (necessary for
maximum density), a greater volume of water is required to satisfy the combined hydration demands of the bentonite,
the zeolite, and the highly absorbent organic fraction. The increased wop reflects this higher water demand necessary
for optimal particle lubrication during compaction.

2. The seaweed additive had a slightly increasing effect on permeability under both temperature values. Under room
temperature, it was observed that increasing the seaweed additive from 10% to 20% showed a tendency for the
hydraulic conductivity value to decrease. The general trend of a slight increase in k with seaweed addition can be
attributed to the physical disruption of the dense, low-permeability bentonite framework. The inclusion of organic
fibers and particles can create micro-pathways or macropores, increasing the void ratio and reducing the tortuosity
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of the flow paths, thereby elevating k above the baseline mineral mixture value. The observed decrease in k when
moving from 10% to 20% seaweed at room temperature is a crucial finding, suggesting an optimal threshold for
barrier performance. At low percentages (e.g., 5-10%), the seaweed might act primarily as isolated conduits or dis-
ruptors. At higher critical concentrations (e.g., 20%), the increased volume of the organic fraction, coupled with the
high wopt, may lead to a point where the swollen organic material begins to effectively fill the inter-aggregate voids
and micro-cracks. This void filling mechanism can increase the flow path tortuosity and reduce the effective pore
throat size, resulting in a marginal decrease in k compared to the peak permeability observed at intermediate con-
centrations.

3. Asthe seaweed contribution increased, the thermal conductivity coefficients of the mixtures increased. The dominant
factor driving the increase in the bulk thermal conductivity lambda is the higher equilibrium moisture content re-
quired for optimal compaction, overriding the insulating effect of the organic solids themselves. This suggests a
critical thermal trade-off: using seaweed improves water retention, which enhances heat transfer capability, but at
the cost of requiring a higher initial moisture content.

Hydraulic conductivity is overwhelmingly sensitive to the distribution and connectivity of macropores pores typically
greater than 75 um in diameter (Beven and Germann, 2013). Water flow in saturated soil is predominantly governed by the
Hagen Poiseuille equation principles, where flow velocity is proportional to the square of the pore radius. Consequently, a
small increase in the number or size of macro-aggregates dramatically increases k, as water bypasses the slow flow through
the soil matrix and utilizes preferential pathways. Organic amendments improve k primarily by acting as binding agents that
stabilize clay and silt particles into larger, water-stable aggregates.

The effectiveness of an amendment depends heavily on its decomposition rate and the quality of the binding agents it
releases (Six et al., 2004). Seaweed excels in this role due to its unique chemical profile, which is dominated by highly
effective, fast-acting biopolymers not found in most terrestrial plants. Seaweed biochar typically exhibits a high degree of
intrinsic porosity (surface area ranging from 100 to 500 m?/g) (Albalasmeh et al., 2022). When incorporated into the soil
matrix, these highly stable carbon structures function as long-term, artificial macro-pores and micro-reservoirs, maintaining
open channels for water movement even under compaction stress (Lehmann et al., 2015).

The findings of this study demonstrate that seaweed-amended zeolite-bentonite mixtures exhibit properties suitable for
application as a novel, sustainable, and eco-friendly buffer material in engineered barriers, particularly for thermal and hy-
draulic containment systems. Given their enhanced thermal conductivity and controlled hydraulic permeability under elevated
temperatures, these composites present a viable solution for use in high-temperature environments, such as encapsulation
layers for solid waste repositories or subsurface thermal energy storage structures, where effective sealing and thermal regu-
lation are critical performance requirements.
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