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ARTICLE INFO ABSTRACT

Keywords: Earthen materials provide a sustainable, low-carbon alternative for construction due to their natural abundance
Algae and minimal processing requirements. This study investigates the incorporation of algae-derived biopolymers to
Biopolymer enhance the rheology and mechanical performance of cement-stabilized earth materials, aiming to improve
Earth Suspension . ffici hil . . 1 ad h bi 1 d f d
Rheology construction efficiency while preserving environmental advantages. Three biopolymers extracted from re

(carrageenan), brown (alginate), and green (ulvan) algae, each characterized by its principal polysaccharide,
were incorporated into cement-stabilized earth suspensions to evaluate their effects on hydration kinetics
(isothermal calorimetry), phase evolution (XRD), bleeding, pore solution chemistry (ICP-OES), rheology (visco-
elastoplastic behavior), and compressive strength. The algae-based viscosity-modifying agents (VMAs) altered
hydration process and improved suspension stability, with the degree of modification depending on the
biochemical composition and pre-treatment of the biopolymers. The most significant hydration delay was
observed with preheated brown algae, extending the induction period to approximately 88 h, while the highest
28-day compressive strength (4.8 MPa) was achieved with direct incorporation of biopolymer. SEM analyses
revealed that algae-based biopolymers promoted a denser microstructure by refining the C-S-H gel, improving
the interfacial transition zone (ITZ), reducing portlandite crystal size, and promoting the formation of biogenic
calcite, collectively contributing to improved mechanical performance and durability.

Viscosity-Modifying Agent (VMA)

1. Introduction compressed earth blocks, to achieve sufficient strength. Because of their

abundance and local availability [7], earth-based materials offer several

Cement is one of the most widely produced materials worldwide, yet
its manufacture is responsible for approximately 8 % of global COy
emissions [1]. To mitigate its environmental footprint, the construction
sector has increasingly adopted mitigation strategies such as the incor-
poration of supplementary cementitious materials (SCMs) and the
optimization of mix designs, both aimed at enhancing sustainability,
lowering emission, and improving structural durability [2-4]. Alongside
these approaches, there is growing interest in earth-based construction
materials as environmentally friendly alternatives with the potential to
significantly reduce the ecological impact of the built environment.
Traditional techniques such as wattle and daub, cob, adobe bricks, and
rammed earth (RE) typically rely on clay and silt as binding agents,
combined with sand and gravel as aggregates [5,6]. These materials are
typically used in a dry state and require intensive compaction, as in

advantages, including low embodied energy, natural thermal regulation,
improved indoor air quality, versatility, and aesthetic flexibility. They
can also perform effectively with or without cement or lime stabiliza-
tion, depending on the application [8-10]. Despite these benefits, their
labor-intensive production, time-consuming construction process, and
susceptibility to moisture-related degradation remain significant bar-
riers to broader adoption.

Self-consolidating earth concrete (SCEC) offers a promising solution
to the limitations of traditional earthen construction by combining the
sustainability of earth-based materials with the fluidity and ease of
placement characteristics of self-consolidating concrete (SCC) [6,11]. In
contrast to traditional concrete, which relies heavily on cement, SCEC
represents a significant advancement in eco-efficient construction ma-
terials, aligning with global strategies to lower the environmental
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footprint of the building industry [12,13]. Conventional
cement-stabilized earthen materials, typically containing 4-12 %
cement by mass, are generally restricted to non-structural applications
due to their low compressive strength, often below 2 MPa [14]. By
contrast, SCEC achieves compressive strengths reaching up to 12 MPa at
28 days [15], while maintaining comparable or even superior hygro-
thermal performance [16].

The development of SCEC, however, poses significant mix design
challenges. Its binder system composed of clay, silt, and cementitious
materials, requires careful optimization of the paste phase. In particular,
the dispersion of fine clay particles plays a critical role, as their high
surface area and tendency to flocculate can severely hinder flowability,
workability, and self-consolidation [17]. Soils employed in earth-based
construction exhibit considerable variability in clay contents and min-
eral compositions, which provides flexibility in material selection but
also poses significant challenges [18]. Clay minerals, characterized by
their fine particle sizes and high specific surface areas (SSA), increase
interparticle friction and consequently elevate both yield stress and
plastic viscosity, factors that limit the flowability and workability of
earth suspensions [19-22]. Beyond particle size, the shape and miner-
alogy of particles [7] further influence rheological behavior, often
resulting in inconsistent performance across different soils. This
complexity makes it difficult to predict the suitability of a given soil for
SCEC without detailed characterization [23]. To ensure reliable per-
formance, careful soil selection is required, with particular attention to
clay content, mineral composition, and plasticity. Among key parame-
ters, the Atterberg limits are especially useful for guiding SCEC mix
design, as they correlate with both flow behavior and mechanical per-
formance [15,17]. Ultimately, the plasticity index, largely governed by
the quantity and fineness of the clay fraction, plays a decisive role in
determining a soil’s suitability for earth concrete applications [24].

Achieving sufficient early-age compressive strength for demolding
remains one the key challenges in earthen construction. Several strate-
gies have been explored to address this limitation. For instance, incor-
porating calcium sulfoaluminate cement (CSA) [6] or bio-based gelling
agents such as alginate [25-28] has proven effective in accelerating
strength development. The addition of SCMs can further contribute to
early strength development [29], though selecting the appropriate blend
of SCMs and fillers to simultaneously ensure optimal rheological
behavior remains a complex task [30,31]. In the context of SCEC, the
abundance of fine clay particles introduces additional challenges for
flowability. Their type, quantity, and interaction with dispersing agents
significantly influence fresh-state behavior, underscoring the role of
rheology in governing both early workability and long-term perfor-
mance of earthen materials [22,29,32]. Beyond chemical and
admixture-based strategies, mechanical grinding and thermal activation
have also been shown to enhance the reactivity of clay-rich soils, thus
improving their bonding and contributing to higher strength and dura-
bility [33,34].

Recent studies have highlighted the potential of polysaccharide-
based admixtures to enhance the mechanical and durability perfor-
mance of clay and cementitious materials [35]. Brzyski and Gazda [36]
demonstrated that methylcellulose addition (0.4 % of clay mass)
significantly improved the compressive and flexural strength of clay
mortars while reducing shrinkage and enhancing water resistance.
Similarly, Brzyski [37] showed that gum arabic incorporation (1-3 %)
increased strength by up to 170 % and reduced total porosity by 12 %,
providing a pathway toward moisture-stable clay mortars. These find-
ings confirm that biopolymer admixtures can balance strength, water
resistance, and drying behavior in earthen materials. Complementary
studies in cement-based systems have reported analogous trends. Losini
et al. [38] and Trambitski et al. [39] reported that xanthan and guar
gums modify hydration kinetics and improve workability without
sacrificing mechanical strength. More Collectively, these studies high-
light the potential of polysaccharides as eco-efficient rheological mod-
ifiers compatible with low-carbon construction materials. In parallel,
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alginate has gained attention for its ability to induce a liquid-solid
transition through ionic cross-linking with Ca%*, providing early cohe-
sion in clay-based composites [40]. This mechanism, inspired by
biopolymer gelation, offers promising routes for poured earth concretes,
enhancing buildability and early stability. Despite these advances, most
studies have focused on purified or extracted polysaccharides, leaving
the direct use of unprocessed algae powders largely unexplored.

Globally, marine macroalgae represent an abundant renewable
biomass, with more than 36 million tons harvested annually [41,42].
Brown, red, and green species contain distinct biopolymers such as
alginate, carrageenan, and ulvan, that can modify hydration, improve
particle cohesion, and stabilize suspensions through ionic complexation.
For example, Autem et al. [43] demonstrated that parietal poly-
saccharides extracted from invasive Brittany seaweeds improved both
mechanical and rheological properties of earth-based composites. Spe-
cifically, alginate from Sargassum muticum and carrageenan from Solieria
chordalis enhanced compressive strength under both dry and humid
conditions, while other polysaccharides significantly accelerated struc-
tural build-up, reducing processing times and improving 3D-printing
suitability. Yet, despite this potential, the role of whole algae powders
in cement-clay systems remains poorly documented.

Although plant-derived gums and purified biopolymers have been
studied as eco-friendly admixtures, whole algae powders with complex
biochemical compositions (polysaccharides, proteins, and minerals)
[44] have not been systematically investigated in cement-stabilized
earth suspensions. Therefore, understanding their influence on hydra-
tion kinetics, rheology, and microstructural development is essential for
their effective use in sustainable construction.

Accordingly, this study aims to (1) evaluate the effects of red
(carrageenan-rich), brown (alginate-rich), and green (ulvan-rich) algae
powders on the hydration kinetics of kaolinite-rich cement-stabilized
earth suspensions; (2) analyze their impact on pore-solution chemistry,
rheology, and structural build-up; (3) investigate their influence on
microstructure and compressive strength; and (4) assess the effect of pre-
activation and direct addition methods to identify the most suitable
incorporation approach for practical applications.The findings aim to
support the design of optimized earth suspension formulations, thereby
advancing and promoting the broader adoption of these eco-efficient,
low-carbon materials in construction.

2. Experimental program
2.1. Materials and mixture proportions

In this study, the binder system for the earthen material consisted of
high purity kaolinite clay and quartz silt, with general-use Portland
cement incorporated as a stabilizing agent. All three components were
incorporated in powder form in the earth suspension formulations. Their
chemical compositions and physical characteristics are summarized in
Table 1. To enhance workability, a polycarboxylate ether (PCE)-based
high-range water-reducing admixture was employed, meeting the
criteria of both Type A and Type F under ASTM C494 [45], with a

Table 1
Chemical composition and physical properties of the powders.

Chemical composition (% wt.) Cement Kaolinite Quartz silt
CaO 62.50 0.10 0.01
Si0, 19.30 46.10 99.02
Al,03 4.80 38.10 0.64
Fey03 3.00 0.50 0.22
MgO 2.70 0.10 0.01
SO3 4.10 0.04 -
Others 1.40 1.56 0.10
LOI* 2.20 13.50 -
Specific gravity 3.15 2.73 2.69
SSA (m%/g) 0.30 14.8 0.20
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density of 1.07 kg/L and solid fraction of 40 %. Four different bio-
polymeric admixtures were investigated: pure sodium alginate (Milli-
poreSigma, USA) and three dried, ground algae powders (SeaTech
Bioproducts, USA), namely red algae (RA, rich in carrageenan), brown
algae (BA, rich in alginate), and green algae (GA, rich in ulvan). The
particle-size distribution (PSD) of the biopolymers and the mineral
powders (cement, quartz silt, and kaolinite clay) is presented in Fig. 1.

The mix designs of the SCEC formulations are presented in Table 2.
These mixtures were developed to reflect typical earth concrete com-
positions [15,17], incorporating a paste volume of 45 %, a volumetric
cement-to-clay ratio of 0.6, a water-to-powder ratio (W/P) of 0.30, and a
cement dosage of 90 kg/m® . A sand-to-total aggregate ratio of 0.9 was
maintained across all mixtures. The selected paste volume and cement
content were designed to achieve a balance between workability and
compressive strength, following the recommendations of Kohandelnia
etal. [15]. In line with previous findings [17], the W/P ratio of 0.30 was
chosen for its ability to enhance compressive strength without sub-
stantially increasing the demand for the PCE-based water reducer,
whose efficiency is primarily influenced by the fine fraction. The
Atterberg limits of the earth binders, determined according to ASTM
D4318 [46], yielded a liquid limit (LL) of 23 %, a plastic limit (PL) of
17 %, and a plasticity index (PI) of 6 %.

In this study, the paste fraction of the SCEC mixtures, referred to as
earth suspensions, was prepared and analyzed. Sodium alginate was first
dissolved in water at ambient temperature under continuous stirring for
30 min before mixing. Algae powders were incorporated using two
methods: i) direct addition, in which the dry algae powder was dispersed
in the mixing water and stirred until fully homogenized; and ii) pre-
activation, following the procedure described in [44], where the algae
powder was dispersed in water maintained at 40 °C, stirred continuously
for 30 min followed by cooling to 23 °C without agitation for 2 h. The
resulting solution was then used as the mixing water for preparing the
earth suspensions. The resulting solutions were subsequently used as
mixing water for preparing the earth suspensions.

The dosage of each biopolymer was expressed as a percentage of the
mixing water mass. Sodium alginate was incorporated at 0.25 %, a value
determined through preliminary flow-curve tests on cement pastes
(water-to-cement ratio of 0.43) using a coaxial cylinder rheometer
(Anton Paar MCR 302). In these tests, alginate dosages ranged from
0.05 % to 0.50 % of the water mass, and the resulting flow curves were
fitted with the Bingham model to estimate yield stress and plastic vis-
cosity parameters. The 0.25 % dosage was identified as the minimum
effective concentration that produced a significant increase in plastic
viscosity. The red and brown algae powders were each used at 1 %,
while the green algae powder was incorporated at 2 %. These dosages
were selected to achieve earth suspensions with fresh-state viscosities
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comparable to that of the 0.25 % alginate mixture, as determined by the
same flow-curve testing protocol. Following mixing with the earth
binders and cement, PCE was added to adjust workability and achieve a
target mini-slump flow (MSF) of 280 + 20 mm, as recommended to
ensure adequate flowability of earth suspensions [17].

2.2. Test methods

All mixtures were prepared following ASTM C305 [47] using a
planetary Hobart mixer. The MSF of the earth suspensions was assessed
using the cone test [48] immediately after mixing and again 30 min after
initial water-powder contact. The methodologies for calorimetry, X-ray
diffraction (XRD), inductively coupled plasma (ICP) analysis, rheology,
bleeding, mechanical testing, and scanning electron microscopy (SEM)
are presented in this section.

2.2.1. Calorimetry and XRD

Hydration kinetics were monitored over 150 h using an isothermal
TAM Air Calorimeter (TA Instruments, Sweden) maintained at 20 °C.
Approximately 9.78 g of freshly mixed paste was sealed in glass am-
poules immediately after mixing to prevent moisture loss. The heat flow
was continuously recorded, and the results were normalized to the
cement mass to determine the heat evolution rate (mW/g) and cumu-
lative heat release (J/g). All measurements were performed in triplicate
to ensure data reproducibility. After 28 days of curing at 23 °C and
100 % relative humidity, crystalline phases and structural modifications
were characterized by XRD. Diffraction patterns were collected using a
Panalytical X-Pert Pro MPD diffractometer with Cu Ka radiation (40 kV,
30 mA), scanned over a 20 range of 5° to 70°, with a step size of 0.02°
and a scan rate of 1°/min.

2.2.2. ICP

ICP analyses were conducted on the pore solution extracted from the
forced bleeding tests at 0 and 30 min. The concentration of dissolved
ions, including Ca?*, K*, Na*, MgZ", AI**, and SO%, were quantified
using an ICP spectrophotometer [49]. Inmediately after extraction, the
pore solutions were diluted at a ratio of 1:2500 with 2 % nitric acid to
ensure accurate detection. Each sample was analyzed in duplicate to
verify the reproductively of the measured ionic concentrations.

2.2.3. Rheology

Rheological properties were evaluated using an Anton Paar MCR 302
rheometer under controlled temperature conditions (23 + 1 °C). Due to
the presence of coarser silt particles in the powder fraction, measure-
ments were performed with a parallel plate geometry and a fixed gap of
3mm. This configuration was selected as a compromise between

100
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Fig. 1. Particle-size distribution of the investigated powders.
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Table 2

Mixture proportions of the investigated SCEC mixtures.
Mix Cement Water Clay Silt Sand Gravel Biopolymer wW/P

(kg/m?) (kg/m>) (kg/m>) (kg/m>) (kg/m?) (kg/m®) (% of water)

Ref 90 203 130 458 1197 136 - 0.30
Alg 920 203 130 458 1197 136 Alginate (powder - 0.25 % of water) 0.30
RA-D 90 203 130 458 1197 136 Red algae (powder - 1 % of water) 0.30
RA—-40 90 203 130 458 1197 136 Red algae (40 °C pre-activation) 0.30
BA-D 90 203 130 458 1197 136 Brown algae (powder - 1 % of water) 0.30
BA—40 920 203 130 458 1197 136 Brown algae (40 °C pre-activation) 0.30
GA-D 90 203 130 458 1197 136 Green algae (powder - 2 % of water) 0.30
GA—-40 90 203 130 458 1197 136 Green algae (40 °C pre-activation) 0.30

providing sufficient sample volume for representative testing and
minimizing normal force fluctuations associated with excessively thick
samples. Similar gap settings have been adopted in rheological in-
vestigations of cementitious and earthen suspensions [22,34]. To
minimize wall slip, the tested mixtures exhibited high intrinsic yield
stress and strong particle interlocking, which inherently reduces slip at
the plate interface. Moreover, no discontinuities or abrupt stress drops
were observed during testing, further confirming negligible wall slip
effects. The repeatability of the measurements, confirmed by triplicate
tests with low variability, further indicates a consistent interaction be-
tween the sample and the plate surfaces.

The viscoplastic behavior of the paste mixtures was evaluated
immediately after mixing and again after 30 min using a shear protocol
consisting of a pre-shear phase at 150s~! for 120's, followed by a
gradual decrease to 15! over 105 s, as shown in Fig. 2a and recom-
mended by [22]. The Bingham model (v = 19 + ppxy) was applied to
determine the rheological parameters, where 7 is the shear stress, t( the
yield stress, y, the plastic viscosity and y the shear rate. The Bingham

model was selected as it provided the highest fit statistics across all
mixtures, while Herschel-Bulkley fits provided negligible improvement
(AR? < 0.02) with flow index values close to unity, confirming
quasi-linear (i.e. Bingham) behavior. Due to its simplicity, interpret-
ability, and broad acceptance in rheological studies of stabilized
earth-based suspensions [22,34], the Bingham model was retained.

The structural build-up of the earth suspensions was evaluated
through the evolution of static yield stress over time at rest. Static yield
stress was measured at successive intervals following mixing to monitor
the evolution of the internal structure over time. The rate of increase in
static yield stress, expressed Amix, was used as a thixotropic index,
providing a measure of the degree of structuration within the suspension
[50-52]. Although this approach offers direct insight into structural
evolution, it is strongly influenced by the shear history imparted during
the rheological testing protocol.

A constant shear rate protocol was applied to evaluate the static yield
stress of the mixtures, as illustrated in Fig. 2b. Each sample was first
subjected to a pre-shear phase at 200 s~* for 2 min to homogenize the
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Fig. 2. Test protocol for (a) flow curve and (b) static yield stress measurements.
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initial state and minimize variability due to sampling, as recommended
in [53]. A constant shear rate of 0.01 s~ was then maintained for 2 min,
and the peak shear stress recorded during this phase was taken as the
static yield stress. This procedure was repeated after rest intervals
ranging from 5 to 20 min to capture the structural evolution over time.
The increase in static yield stress with resting time, 7o (t), was
described using the equation to.g (t) = Tg.s (0) + t X Aghix, Where Apix
denotes the thixotropic structuration rate, as proposed by Perrot et al.
[50]. In addition, thixotropic behavior was further assessed using a
hysteresis-loop shearing protocol. Following a pre-shear at 50 s~! for
30s and a 30-second rest at 05!, the shear rate was progressively
increased from 0.1s7! to 150 s™! over 90 s and then symmetrically
decreased back to 0.1s™! over another 90-second, in line with the
method proposed in [22]. In addition to the evolution of static yield
stress (Athix-static), the evolution of dynamic yield stress over the first
30 min was also assessed and is referred to as Aix-dynamic [34].

The viscoelastic behavior of the suspensions, particularly the critical
shear strain (ycritical) and storage modulus (G'), was assessed using the
Small Amplitude Oscillatory Shear (SAOS) tests. To determine the crit-
ical shear strain, a strain sweep test was first performed by gradually
increasing the strain from 0.0001 % to 100 % at a constant angular
frequency of 10 rad/s. The critical shear strain was defined as the strain
at which the storage modulus decreased to 90 % of of its maximum value
(G'max), following the procedure outlined in [53]. This value was then
used in a time sweep test to monitor the evolution of G’ and loss modulus
(G") under non-destructive conditions. During the time sweep, a con-
stant shear strain of 0.001 %, well below the critical threshold, was
applied at 10 rad/s over a duration of 20 min, ensuring that the material
response reflected elastic recovery behavior and preserved its solid-like
structure without microstructural disruption [54]. Prior to both tests,
the samples were pre-conditioned through a two-step shearing protocol:
an initial rotational shear rate at 150 s, followed by a brief Large
Amplitude Oscillatory Shear (LAOS) phase at 6 % strain and 100 rad/s
for 10 s, to ensure uniform dispersion withing the suspension [53].

By monitoring the evolution of G’ and G’, the phase angle (5) was
defined as tan '(G"/G'), ranging from 0° to 90°. A phase angle of
0° corresponds to a purely elastic (solid-like) response with no lag be-
tween applied strain and resulting stress, whereas 90° represents a
purely viscous (fluid-like) behavior [54]. Based on the smoothed profiles
of G’ and § over time, the kinetics of structural build-up in cement sus-
pensions were characterized using two independent parameters. Firstly,
the percolation time (tperc), denotes the duration required for the for-
mation of a continuous colloidal network and is identified at the point
where & stabilizes at its minimum value. Secondly, the rigidification rate
(Grigia), corresponds to the slope of the linear increase in G’ after
percolation, reflecting the progressive reinforcement of mechanical
integrity driven by cement hydration [51].

2.2.4. Bleeding

The bleeding resistance of earth suspensions was evaluated using a
pressure filtration method [55,56], which measure the ability of fresh
paste to retain its mixing water under sustained pressure. The setup
consisted of a stainless-steel cylinder (44.5 mm in diameter, 140.0 mm
in height) fitted with a Gelman-type membrane filter capable of
retaining particles larger than 0.3 um. For each test, 200 mL of fresh
paste was introduced into the chamber and sealed, after which nitrogen
gas was applied at a constant pressure of 80 psi for 10 min. The mass of
water collected through the filter was recorded, and the forced bleeding
after 10 min was expressed as a percentage of the initial mixing water in
the sample. Tests were conducted at 0 and 30 min after mixing to assess
the effect of structural build-up on water retention.

2.2.5. Mechanical properties and SEM

The mechanical and physicochemical properties of the investigated
mixtures were comprehensively evaluated through standardized tests
and advanced characterization techniques. Compressive strength was
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measured at 1, 7, and 28 days in accordance with ASTM C109 [57],
using triplicate cube specimens (50 x 50 x 50 mm?) to ensure statistical
reliability. The samples were cured at 23 °C and 100 % relative hu-
midity. Moreover, microstructure features and elemental composition of
the 28-day cured samples were further examined by SEM coupled with
energy dispersive X-ray spectroscopy (EDS), using a ThermoFisher Sci-
entific Phenom XL G1 system.

3. Results and discussions
3.1. Calorimetric analysis

Fig. 3 and Table 3 present the heat evolution profiles obtained from
isothermal calorimetry over 150 h for all investigated mixtures, high-

lighting the influence of algae-derived biopolymers on the hydration
behavior of a kaolinite-rich concrete system. The reference mixture
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Fig. 3. Heat evolution profile of the investigated mixtures incorporating (a) red
algae, (b) green algae, and (c) brown algae.
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Table 3
Main, secondary peaks and cumulative heat release after 150 h observed in the
investigated mixtures.

Mix Main Secondary Time of Time of Cumulative
peak peak primary secondary heat release
(mW/ (mW/g) peak peak after 150 h
8) ) ) /8

Ref 1.98 1.42 9.1 17.9 128.98

Alg 1.88 1.64 15.6 23.4 158.44

RA-D 1.89 - 33.4 - 132.95

RA—-40 1.68 - 44.8 - 163.04

BA-D 0.80 0.65 31.5 41.4 107.66

BA—40 0.78 - 88.6 - 111.22

GA-D 1.74 - 51.2 - 133.15

GA—-40 1.64 - 78.2 - 152.81

(Ref), without bio-based additive, exhibited two distinct exothermic
peaks: the first at 9.1 h with a maximum intensity of 1.98 mW/g, and the
second at 17.9 h with a lower intensity of 1.42 mW/g (Table 3). While
dual-peak profiles are typically associated with cement hydration, in this
context they more likely reflect the multi-stage reactivity of kaolinite in
alkaline media [34]. The first peak can be attributed to alkali-induced
activation of kaolinite, involving surface deprotonation, cation ex-
change (mainly with Ca®" and Na™), and partial dissolution of AI>* and
Si** from the clay layers, leading to the initial formation of calcium
silicate hydrate (C-S-H) phases [58,59]. The second peak is associated
with the precipitation of secondary products, such as
calcium-alumino-silicate hydrates (C-A-S-H), likely resulting from
pozzolanic reactions between the released aluminosilicate species and
portlandite or dissolved alkalis. This two-stage hydration pattern is
consistent with previous findings on calcined or natural kaolinite-based
cementitious systems [34,60].

When pure alginate was used, the hydration kinetics were delayed,
though the characteristic two-stage reactivity was preserved. The main
exothermic peak shifted from 9.1 h (Ref) to 15.6 h, and a slight reduc-
tion in intensity from 1.98 to 1.88 mW/g (Table 3). A secondary peak
was still observed, occurring at 23.5h with a higher intensity
(1.64 mW/g) compared to the reference (1.42 mW/g). These results
indicate that alginate delays hydration but does not inhibit the multi-
stage reactivity of the kaolinite-cement system. This retardation effect
is likely due to the adsorption of alginate molecules onto kaolinite and
cement particles, which creates a physical barrier limiting ion exchange
and water penetration [61]. Furthermore, the carboxylate groups of
alginate can chelate Ca%* and AI** ions, delaying the nucleation and
precipitation of hydrate phases [62,63]. Recent experimental and
theoretical studies also suggest that alginate can chemically bonds with
Ca2*/AI%" on kaolinite surfaces, forming ionic crosslinks that generate a
network structure capable of trapping kaolinite particles in suspension
and physically restricting their reactivity [64].

In contrast, the use of red and green algae, whether dried (-D) or
preactivated (-40), caused both a stronger delay and a complete sup-
pression of the secondary hydration peak (Figs. 3a and 3b). In all four
cases, the main exothermic peak was significantly delayed, occurring at
33.4h (RA-D), 44.9h (RA-40), 51.2h (GA-D), and 78.3 h (GA-40)
(Table 3). This pronounced retardation highlights the strong inhibitory
effects of both algal types, with GA-40 exhibiting the longest delay
among all tested mixtures. The inhibition can be attributed to the nature
and solubility of the bioactive polysaccharides released by the algae
[65]. Red algae, rich in k-carrageenan, contain high sulfate content and
strong gelling capacity, enabling the formation of electrostatic com-
plexes with Ca®* and AI** and dense surface coatings on reactive min-
eral particles [56]. Green algae, in contrast, contain uronic-acid-rich
polysaccharides such as ulvan, which exhibit strong Ca®"-chelating
ability and high-water retention capacity [66,67]. Thermal
pre-activation at 40 °C further amplified these effects by promoting the
release of both high-molecular-weight polysaccharide and soluble
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low-molecular-weight fractions, thereby increasing ionic binding and
viscous resistance in the pore solution [44] The resulting higher vis-
cosity reduces ionic mobility, slows dissolution and precipitation pro-
cesses, and ultimately contributes to the overall retardation of
hydration. The complete suppression of the secondary hydration peak
suggests that red and green algae not only delayed kaolinite activation
but also inhibited its subsequent reactivity. This behavior likely results
from a combination of chemical mechanisms (ion complexation and
surface adsorption) and physical mechanism (diffusion resistance and
protective film formation) [56,57,64,65,66]. As noted by Peschard et al.
[65], the interaction between polysaccharide and cementitious system is
inherently complex, depending on the polysaccharide’s structure, solu-
bility, and the mineralogical/chemical composition of the mixture. For
example, their study showed that dextrinization starch exerted stronger
inhibition than native starch due to its higher solubility [65]. Similarly,
in this study, the combined chemical and physical effects of algal
polysaccharides appear to be responsible for the total suppression of
kaolinite’s secondary hydration peak.

In the case of brown algae, the heat evolution exhibited a distinct
profile marked by both a pronounced delay and a strong inhibition of
hydration kinetics (Fig. 3c). The primary exothermic peak occurred at
31.6 h with a significantly reduced intensity of 0.80 mW/g. This effect
was even further amplified in BA-40, where the peak was further
delayed to 88.7 h and the intensity decreased to 0.78 mW/g (Table 3).
Although alginate is the principal bioactive polysaccharide in brown
algae, the hydration behavior of BA-D and BA-40 did not replicate that
of the pure alginate-based mixture. This difference suggests that other
constituents of the brown algae matrix, such as insoluble fibers, poly-
phenolic compounds, proteins, and minerals, exert a stronger influence
on hydration than alginate alone [68]. The delay observed for BA-D and
BA-40 can be partly explained by mechanisms similar to those proposed
for green and red algae (ion complexation, surface adsorption, and
increased viscosity). However, the origin of the stronger inhibition re-
mains less straightforward. One possibility is that brown algae release
higher concentrations of chelating agents, leading to more efficient
sequestration of Ca%* and thereby suppressing not only early hydration
but also the formation of secondary products.

Overall, algae-derived VMAs affected the hydration process differ-
ently depending on their type and treatment. Pure alginate moderately
delayed hydration without altering the characteristic two-stage reac-
tivity of kaolinite. In contrast, red and green algae caused substantial
delays and completely suppressed the secondary peak, thereby inhibit-
ing pozzolanic reactions. Brown algae produced pronounced retardation
and reduced the cumulative heat release, suggesting that constituents
other than alginate, such as fibers, polyphenols, proteins, and minerals
play a dominant role in inhibiting hydration. These findings highlight
the complex interplay between chemical mechanisms (ion complexa-
tion, adsorption) and physical process (diffusion, viscosity) governing
biopolymer-mineral interactions.

In addition to these mechanisms, differences in the ionic strength of
the pore solution may also contribute to the observed hydration
behavior. The dissolution of soluble salts naturally present in the algae
(e.g., Na™, K*, CI', and S0%), can modify the chemical environment of
the suspension by altering ion activities and saturation states [69,70].
Such changes may influence the dissolution rate of reactive phases and
the precipitation kinetics of hydrates, thereby contributing to the
delayed exothermic response. Although this hypothesis was not quan-
titatively assessed in the present study, it provides a complementary
explanation that should be explored in future work through systematic
monitoring of ionic concentrations coupled with calorimetric analysis.

3.2. ICP insights into ion release and consumption during initial hydration
The ICP analyses performed at 0 and 30 min provide key insights into

the early-stage ionic dynamics that govern hydration kinetics in earth
suspensions modified with biopolymers [71]. These results (Fig. 4)
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Fig. 4. ICP analysis of the investigated earth suspensions: (a) Na*, (b) K*, (c) Ca®*, (d) %, (e) AI*, (f) Mg>*.

reveal two sequential phases. At 0 min, the ionic profile reflects the
initial enrichment arising from cement dissolution and the contribution
of the biopolymer additives. By 30 min, the results show the early-stage
ionic consumption, complexation, or immobilization related to mineral
reactions and/or biopolymer interactions.

Upon contact with water, partial dissolution of Portland cement re-
leases Na®, K*, Ca%*, and SO7 into the pore solution. The early presence
of Na™ (Fig. 4a) and K* (Fig. 4b) is mainly attributed to the dissolution of
alkali-sulfate phases [72], whereas cat (Fig. 4c) and SO%’ (Fig. 4d)
originate from the dissolution of gypsum (CaSO4 2 H0) and anhydrite
(CaSOy4) and are subsequently involved in the early formation of por-
tlandite (Ca(OH)s3) [73]. Notably, ARt (Fig. 4e) was not detected at
O min in the reference mixture, consistent with previous studies
reporting aluminum concentrations typically below 1 mmol/L during
the first stages of cement hydration [72,74]. In contrast, kaolinite
dissolution under alkaline conditions is known to release Al>* through
partial depolymerization and leaching of aluminosilicate layers. The
absence of AI®" in the reference mixture therefore indicate that the
detected ions at this stage derive exclusively from cement, with no
measurable contribution from kaolinite [75].

Relative to the reference mixture, sodium alginate (pure biopolymer)
had little influence on the concentrations of K* (Fig. 4b), Ca?t (Fig. 4c),
and SO?{ (Fig. 4d) in the pore solution at 0 min. However, it caused a
significant increase in Na™ (Fig. 4a) and the appearance of detectable
amount of AI**. The high Na™ concentration is attributed to the intrinsic
sodium content of alginate and its solubility in water. The presence of
AP" likely reflects early interactions between alginate and cement,
particularly through perturbation of tricalcium aluminate (C3A) disso-
lution and/or the inhibition of ettringite nucleation. Comparable effects
were reported by Caruso et al. [71], who showed that
polycarboxylate-based superplasticizers can promote transient At
release by interfering with C3A reactivity. Altogether, these results
suggest that sodium alginate interacts engages in early chemical in-
teractions with cement phases, likely through adsorption onto particle
surfaces and coordination with multivalent cations [76], consistent with
the hydration delay observed in calorimetry for the alginate-modified
mix.

Unlike the sodium alginate mixture, the use of red (RA), green (GA),
and brown (BA) algae powders, whether in dried (-D) or preactivated

(-40), induced much stronger modification in the ionic composition of
the pore solution at 0 min. All algae-containing mixtures exhibited
higher concentrations of Na*, K™, Ca?*, and SO7, along with detectable
levels of Mg?t and AI**, compared to the reference. These differences
are primarily attributed to the marine origin and complex composition
of algal biomass, which contains soluble salts, trace metals, and bioac-
tive polysaccharides [63,77-80]. Upon mixing with water, these com-
ponents are rapidly released into the pore solution, while pre-activation
at 40 °C further promotes leaching by enhancing the solubility of both
ionic and organic fractions [44].

For example, GA-D and GA-40 released up to 15 208 ug/L of Na™, 24
283 pg/L of K*, and 15 970 pg/L of Ca?*, with SOF concentrations
exceeding 15 000 ug/L. The detection AI** across all algae types may
reflect early interactions between algal biopolymers and C3A, similar to
alginate, while the simultaneous presence of Mg?", absent in both the
reference and alginate mixtures, points to an additional biogenic source
likely originating from mineral-organic complexes in the algal matrix.
These findings support the view that whole algal powders influence
cement hydration not only through their polymer chemistry but also via
their inherent ionic load, particularly in pre-activated (-40) forms that
intensify the release of soluble fractions. Such early ionic enrichments
are critical, as they modify the chemical environment of the mix from
the very first moments after water addition. As demonstrated by
Peschard et al. [65] and Lothenbach & Winnefeld [72], variations in
early ion concentration can influence particle charge distribution,
nucleation thresholds, and competitive sorption, all key factors in hy-
dration [71]. In this context, algae-derived biopolymers act as both
rheology modifiers and ionic modulators, potentially contributing to the
retardation observed in calorimetry through coupled chemical and
electrostatic pathways.

After 30 min of hydration, the ionic concentration in the pore solu-
tion of the Ref mixture remained relatively stable, indicating that
kaolinite dissolution had not occurred even at this stage. However, the
alginate containing mixture maintained elevated Na' levels, consistent
with the continuous dissolution of sodium alginate, while no AlI®* was
detected. This transient behavior of Al>" likely reflects its immobiliza-
tion, either through complexation with the carboxylate group of alginate
[81] or by adsorption on cement and kaolinite particles [82]. In addi-
tion, the absence of Ca®" depletion, despite the known chelating ability
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of alginate [83], suggests that Ca>" complexation is limited under the
present conditions during the first 30 min. Instead, alginate appears to
form surface-adsorbed layers or weak complexes that modify
cement-clay interactions without significantly depleting ions from so-
lution [84]. This interpretation supports the view that the hydration
delay observed in the alginate system arises mainly from colloidal and
adsorption-driven mechanisms, rather than from ionic consumption or
the inhibition of cement dissolution.

In the case of seaweeds, all mixtures containing raw algae powders,
regardless of algal type (red, green, or brown) or pre-treatment (dried
-D, preactivated —40), showed a reduction in Ca?t and AI** concen-
trations compared to their initial (0 min) values. In most cases, ALPF
dropped to undetectable levels, indicating a strong sequestration of
trivalent cations by algae-derived polysaccharides. This behavior is
consistent with the ability of sulfated and uronic-acid biopolymers (e.g.,
k-carrageenan in red algae, ulvan in green algae, alginate in brown
algae) to form stable hydrogels with multivalent cations [85-87] or to
promote ion adsorption onto cement and clay particle surfaces [71]. The
behavior of Ca?* varied among algae types. In RA and GA systems, Ca®*
levels decreased moderately but remained above those of the reference
mixture. In contrast, both BA-D and BA-40 displayed Ca®" concentra-
tions lower than the reference after 30 min, suggesting stronger calcium
binding or precipitation in the brown algae systems. This finding is
consistent with the hydration kinetics, where significant retardation was
observed only in BA systems. Such Ca?* depletion is critical, as it can
hinder the early formation of ettringite and C-S-H, thereby intensifying
hydration inhibition [88].

Further investigation is required to establish a systematic compari-
son among the different algae types and to clarify the differences
observed between pure biopolymer (sodium alginate) and its raw source
(brown algae). Overall, the 30-minute ICP results indicate that whole
algae powders act both as early ion donors (at 0 min) and as efficient
chelators for Ca?*, AI**, and Mg?", with brown algae exhibiting the
strongest calcium sequestration relative to the reference. This dual ionic
role, combined with the adsorption of algae-derived biopolymers to
cement and kaolinite particles, provides a mechanistic explanation for
the pronounced hydration retardation and suppression of the secondary
calorimetric peak observed in RA, GA, and BA systems. Future in-
vestigations should include ICP measurements performed around the
main hydration peaks to establish a more direct correlation between ion
exchange, hydration reactions, and the evolution of mechanical and
rheological properties, thereby providing a deeper understanding of ion
exchange dynamics throughout the hydration process.
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Fig. 5. XRD pattern of the investigated mixtures with and without algae-
derived biopolymers at 28 days.
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3.3. XRD analysis

Fig. 5 presents the XRD patterns of mixture with and without algae-
derived biopolymers after 28 days of curing. The main crystalline phases
detected in all samples were kaolinite, quartz, calcite, and ettringite.
Incorporation of algae-derived biopolymers did not introduce new
crystalline phases; however, it noticeably modified the relative peak
intensities. These variations suggest that polysaccharide, mineral in-
teractions can affect the dissolution of kaolinite and cement phases, after
precipitation kinetics, and influence the extent of hydration product
formation.

In the case of kaolinite, characteristic peaks at 12°, 20°, 24°, 39° and
46° 20 are clearly visible in the reference mixture, with moderate in-
tensity. This reflects the partial dissolution of kaolinite and its interac-
tion with the alkaline pore solution and cement hydration products, as
previously reported for raw kaolinite in blended systems [34,89-91].
After 28 days of curing, the presence of these peaks indicates that a
fraction of kaolinite remained unreacted under the present conditions
[89]. However, all algae-containing mixtures exhibit an increase in
kaolinite peaks intensities relative to the reference, suggesting a reduced
degree of kaolinite dissolution and transformation during early hydra-
tion. This effect is most pronounced in the pre-activated algae systems,
particularly GA-40 and BA-40, and to a lesser extent in RA-D and RA-40.
The observed trend can be attributed to the adsorption of algae-derived
polysaccharides on kaolinite surfaces, which inhibit their dissolution
and subsequent pozzolanic-type reactions with cement hydration
products. As a result, a larger fraction of kaolinite remains crystalline for
longer periods, delaying its conversion into secondary C-A-S-H phases.
These findings are consistent with the study of Elert et al. [92], who
demonstrated that organic matter can passivate clay mineral surfaces,
significantly reducing their dissolution rates under highly alkaline
conditions. The authors attributed this effect to the preferential
adsorption of organic compounds at reactive sites on the clay surface,
particularly at kaolinite edges, which restricts the access of the alkaline
solution to dissolution-active sites. This passivation mechanism ac-
counts for the slower dissolution of kaolinite observed in the
algae-containing mixtures, where polysaccharides play a role analogous
to naturally occurring organic matter in hindering mineral reactivity.
This trend is further supported by calorimetry results, which revealed a
marked delay in hydration and suppression of the secondary exothermic
peak. The effect was most significant for BA-40 and GA-40, while RA-D
and RA-40 exhibited shorter delays, consistent with the observed dif-
ferences in kaolinite dissolution.

In the case of calcite, characteristic peaks at 29°, 43°, 47°, 48°, 53°
and 66° 20 are present in all mixtures. However, their intensities are
higher in algae-containing mixtures, with the most pronounced in-
creases observed in BA-D, BA-40, and GA-40. This enhancement can be
attributed to the marine origin of the algal biomass, which naturally
contains biogenic calcium carbonate, typically in the form of calcite or
aragonite [93,94]. The incorporation of these mineral-rich powders thus
directly increases the crystalline calcite content of the hardened matrix.
While calcite may contribute as a fine filler and provide additional
nucleation sites for C-S-H formation, in these systems its role remains
secondary compared to the dominant chemical interactions between
algae-derived polysaccharides and cement-clay particles, which pri-
marily govern the hydration kinetics and microstructural evolution.

For portlandite and ettringite, the main diffraction peaks are located
at 18°, 34° 20 (portlandite) 8° and 16° 20 (ettringite), and are detected in
all mixtures. In the reference mixture, their intensities are consistent
with the normal progression of cement hydration [95,96]. The presence
of portlandite at 28 days indicates that its consumption through
pozzolanic reactions with kaolinite or carbonation remains limited
under the curing conditions applied. In mixtures containing
algae-derived biopolymers, however, the peak intensities exhibited
variable trends depending on the additive used. For instance, the por-
tlandite peak at 18° 20 is more intense than in the reference for Alg,
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Fig. 6. Static yield stress as a function of Bingham yield stress and plas-
tic viscosity.

highest plastic viscosity and yield stress values. Sodium alginate, derived
from the cell walls of brown marine algae, is a water-soluble poly-
saccharide that undergoes a liquid-to-gel transition in aqueous media.
This transition allows alginate chains to entangle and form a three-
dimensional network, increasing flow resistance and yield stress [61,
100]. Its strong water-retention capacity further contributes to higher
viscosity [56]. For other seaweed-based biopolymers, the elevated yield
stress is likely associated with enhanced interparticle interactions and
matrix densification, while the rise in viscosity may be attributed to
gelation mechanism that reduce the amount of free water available in
the suspension [101].

When comparing pre-activating at 40 °C with direct biopolymer
addition, the pre-activated samples consistently exhibited lower vis-
cosity values. Interestingly, this trend reversed in the absence of PCE,
indicating that direct incorporation of biopolymers in the presence of
PCE promotes stronger gel-like behavior by reducing the amount of free
water within the matrix. Excluding the GA-40 mixture, which exhibited
poor flowability due to polymer oversaturation, yield stress analysis
revealed that RA-40 and BA-40 mixtures exhibited lower values than
their direct-addition counterparts (RA-D and BA-D). The reduced yield
stress in the pre-activated biopolymer systems can be attributed to the
biopolymer’s ability to suppress flocculation and agglomeration of
kaolinite particles. This effect likely arises from the extended, partially
folded configuration of polymer chains, which enhances network flexi-
bility and facilitates alignment under shear. Previous studies [61]
similarly reported that kaolinite-alginate suspensions exhibit lower flow
resistance compared to unmodified kaolinite systems. In contrast, when
biopolymers are directly incorporated in the presence PCE, stronger
interparticle interactions result in higher yield stress.

The BA-D mixture exhibited the highest plastic viscosity and yield
stress among all tested mixtures, a behavior directly attributed to its
pore solution chemistry. ICP analysis revealed that BA-D contained the
highest concentration of AP, along with elevated levels of Na*, K*, and
Mg?*. Trivalent AI** jons are particularly effective in promoting strong
interparticle attractions, acting as powerful double-layer compressors
and form multiple coordination bonds with negatively charged sites on
clay or silicate surfaces, thereby generating dense, space-spanning
flocculated networks. Such enhanced aggregation increases both the
force needed to initiate flow (yield stress) and the internal friction be-
tween moving flocs (plastic viscosity).

The elevated Na® and K' concentrations further contribute to
double-layer compression by increasing the ionic strength of the pore
solution, while Mg?" contributes additional divalent bridging between
particle surfaces, reinforcing the structural network. In BA-D, the

10
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synergistic presence of high-valency Al>* and the substantial presence of
Na*, K*, and Mg?" produces a compact, interconnected microstructure
characterized by strong particle-particle bonds. This explains the
exceptionally high plastic viscosity and yield stress measured in this
mixture.

3.4.2. Viscoelastic behavior

The relationship between percolation time, storage modulus after
20 min (G'2o min), and critical shear strain is illustrated in Fig. 7.
Immediately following shear disruption, all mixtures exhibited near-
zero G’ values and phase angle & values exceeding 45°, reflecting mini-
mal structural integrity and a predominantly liquid-like response. With
increasing rest time, G’ progressively increased, indicating the gradual
formation and stiffening of a particulate network. Concurrently, &
decreased and eventually stabilized, indicating a rheological transition
from a fluid-like to a more solid-like state. Notably, previous studies
have shown that & is largely independent of hydration kinetics [51],
supporting its relevance as a reliable descriptor of early-age physical
structuration.

The results showed the lowest values of tperc, G'20 min> and Yeritical as
350 s, 8.5 kPa, and 0.011 %, respectively, suggesting that although the
network forms rapidly, it remains weak due to limited cohesive in-
teractions among flocs. In contrast, the incorporation of biopolymers
increased both tperc and G'20 min, reflecting slower network development
but enhanced structural cohesion. The highest storage modulus was
observed for RA and GA suspensions, with pre-activated samples
showing even higher values. Among the biopolymer-based mixtures, the
evolution of storage modulus for GA-40 and Alg, representing the
highest and lowest values respectively, is illustrated in Fig. 8. This
behavior can be attributed to reduced interparticle spacing and elevated
solid content, which intensify particle-particle interactions and explain
the significantly higher storage modulus [102]. However, the resulting
dense and highly connected network also becomes more susceptible to
disruption, as it serves as an efficient medium for stress transmission.
Consequently, even small deformations can propagate through the
structure, promoting particle rearrangement and leading to an earlier
deviation from linear viscoelastic behavior [103]. This effect correlates
with the elevated Ca®" concentrations detected in the pore solution of
RA and GA. Calcium ions facilitate ionic crosslinking between negatively
charged sites, promoting rapid network formation while reducing elec-
trostatic repulsion. The outcome is a stronger and more elastic micro-
structure, which accounts for the enhanced storage modulus observed in
these mixtures.

As for the critical shear strain, earth suspensions inherently undergo
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Fig. 7. Percolation time as a function of storage modulus and critical
shear strain.
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particle flocculation, primarily driven by van der Waals attractions,
which promotes the formation of a three-dimensional network structure
[104]. This interconnected network enables the propagation of applied
deformation throughout the suspension, resulting in the relatively low
critical shear strain observed in the reference mixture. The introduction
of biopolymer, however, alters this behavior. The BA-modified suspen-
sion exhibited the highest ycritical value (0.03 %), reflecting enhanced
resistance to deformation before network breakdown. The variation
among different biopolymers stems from the balance between electro-
static stabilization and polymer chain entanglement. In GA and RA
suspensions, polymer overlapping progressively outweighs electrostatic
contributions, leading to an increase in the plateau modulus but a cor-
responding reduction in yitical. Here, the electrostatic stabilization
imparted by the polymers suppresses flocculation, disrupting the
particle-driven network while simultaneously enhancing strain inde-
pendence. As polymer chains overlap and entangle [105], the system
transitions into a regime dominated by a three-dimensional polymer
network, which governs its structural and mechanical response.

The elevated AI** concentration in the pore solution of the BA-D
suspension strongly influences its microstructure by promoting ionic
crosslinking and compressing the electrical double layer surrounding
the particles. This results in the formation of a more rigid and inter-
connected particle network, capable of sustaining greater deformation
before yielding, thereby increasing the critical shear strain. Further-
more, the relatively high concentrations of Na', K, and Mg?*
contribute to the overall ionic strength, which reduces electrostatic
repulsion and facilitates stronger particle aggregation. Together, these
ionic interactions foster the development of a robust internal structure
that resists shear-induced breakdown up to higher strain levels, ac-
counting for the maximum critical shear strain in BA-D.

3.4.3. Build-up

Fig. 9 illustrates the relationship between static and dynamic struc-
tural build-up indices, rigidification rate, and hysteresis thixotropy.
Interestingly, alginate-modified suspensions exhibited slightly lower
Grigia and build-up indices compared to the reference mixture. This
observation contrasts with the findings of Perrot et al. [28], who re-
ported a marked acceleration in structural build-up when sodium algi-
nate was used to stabilize earth mixtures with cement, relative to the
unstabilized formulations. The present results indicate that, in
cement-stabilized earth suspensions, the interaction between alginate
and PCE does not significantly alter the structural build-up kinetics.
Similar behavior was reported by Maierdan et al. [61] for kaolinite-
—alginate suspensions, where the flexible, well-dispersed microstructure
facilitated smoother flow initiation with minimal structural collapse,
thereby reducing thixotropy. However, as can be observed in Fig. 9b and
Table 4, the alginate-modified mixture exhibited a thixotropic response,
whereas the reference mixture was the only formulation displaying
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Fig. 9. Static and dynamic build-up indices as a function of (a) rigidificatin rate
and (b) hysteresis thixotropy.

rheopectic behavior [22]. Among the biopolymers, the increasing hys-
teresis thixotropy closely followed the trends in rigidification rates, with
GA-40 and RA mixtures showing the highest values.

Similar to the storage modulus results, GA and RA biopolymers
produced the highest Gyigiq and build-up indices. Earth suspensions with
higher storage modulus values exhibited faster structural recovery over
time, consistent with the finding of Maierdan et al. [61]. The significant
build-up observed for Ulva polysaccharides aligns with results reported
in [43], which demonstrated that Ulva effectively accelerate the struc-
tural consolidation of earth-based formulations. This behavior suggests
that these biopolymers reduce interparticle spacing and increase local
particle density, enhancing the probability of particle-particle in-
teractions. Such densification promotes more rapid structural build-up,
while polymer-particle associations further modify the network, leading
to distinct interaction mechanisms among biopolymers.

ICP analysis of the pore solution revealed that GA and RA mixtures
contained the highest concentrations of Ca?* among all formulations.
These elevated Ca?* strongly influence the suspension microstructure
through ionic crosslinking and double-layer compression. In systems
with negatively charged particle surfaces or anionic polymeric addi-
tives, Ca2* forms ionic bridges between adjacent particles or polymer
chains, rapidly producing a percolated network at rest. At the same time,
reduced electrostatic repulsion allows closer particle approach and en-
hances van der Waals attractions, accelerating flocculation [106]. These
Ca?*-mediated interactions not only promote faster structural build-up,
reflected in higher rigidification rates, but also sustain a rigid network at
rest that remains reversible under shear, consistent with the pronounced
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thixotropic response observed in GA and RA. The correlation between
pore solution Ca" concentration and rheological behavior thus dem-
onstrates that Ca?*-induced flocculation and bridging are the primary
drivers of both accelerated rigidification and enhanced thixotropy in
these systems.

3.5. Resistance to forced bleeding

Fig. 10 shows the forced bleeding measurements for earth suspen-
sions with and without algae-derived biopolymers, measured immedi-
ately after mixing (0 min) and after a 30 min resting period. The
reference mixture (Ref) exhibited the highest bleeding values, with
10.7 % at 0 min and 10.2 % at 30 min, reflecting the high availability of
free water in the absence of biopolymers. Under applied pressure, this
free water, unbonded within the microstructure or chemically bound to
cement-kaolinite phases, can readily expelled from the suspension.
However, all biopolymer-containing systems, whether with pure sodium
alginate or raw algae powders, showed a significant reduction in
bleeding compared to the reference. This trend is consistent with the
literature, where biopolymers are reported to reduce bleeding in a dose-
dependent manner by increasing viscosity, yield stress, and particle
network cohesion, thereby limiting water migration under static or
dynamic conditions [56,107-112]. Sodium alginate reduced bleeding to
7.9 % (0 min) and 7.3 % (30 min), consistent with its ability to form
hydrated polymer networks that physically immobilize free water [113,
114]. Raw algae powders produced variable effects depending on algal
type and pre-treatment. BA systems (BA-D and BA-40) exhibited the
lowest bleeding values (7.1-7.33 % at 0 min, 6.5-7.1 % at 30 min), in
line with ICP results indicating strong Ca®* sequestration suggesting the
formation of highly crosslinked hydrogel networks that effectively
immobilize water. RA systems (RA-D and RA-40) reduced bleeding to
7.3-7.9 %, attributed to the gelling ability of k-carrageenan in the
presence of multivalent cations [44,56]. GA systems also showed
reduced bleeding (7.3-7.6 %), consistent with ulvan gel network for-
mation under the prevailing ionic environment [115,116]. For all mix-
tures, both with and without biopolymer, bleeding decreased between
0 min and 30 min, indicating progressive structuration and hydration of
the suspension during the resting period.

Therefore, the forced bleeding results clearly demonstrate that algae-
derived biopolymers enhance the fresh-state stability of earth suspen-
sions by limiting water migration under pressure. The reduction in
bleeding can be attributed to two complementary mechanisms: i)
physical immobilization of water by long-chain polysaccharides, which
increases viscosity, yield stress, and network cohesion, and ii) chemical
crosslinking of polysaccharides with multivalent cations, leading to
hydrogel structures that trap water within the microstructure. ICP
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Fig. 10. Forced bleeding of the earth suspensions with and without algae-
derived biopolymers at 0 and 30 min.
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results support this interpretation, showing that BA systems strongly
sequester Ca2*, leading to high free water, which likely contributes to
their superior bleeding resistance. When related to rheological mea-
surements, a clear correlation emerges where mixtures with lower
bleeding values generally display higher static yield stress and faster
structural build-up rates. For instance, BA-D and BA-40, which had the
lowest bleeding, also displayed the higher viscosity value (1.00-1.55 Pa.
s at 0 min and 28.30-31.90 Pa.s at 30 min) and rigidification rates (=~
2.0 Pa/s), reflecting the formation of interconnected networks. Overall,
the parallel trends observed across bleeding, ICP, and rheology confirm
that algae-derived biopolymers improve suspension stability through
the synergistic effects of water immobilization and ion crosslinking.
Rheological parameters (higher yield stress, faster structural build-up)
support the conclusion that algae-derived biopolymers improve fresh-
state stability through combined physical immobilization of water and
chemical crosslinking with multivalent cations. These mechanisms not
only mitigate water migration but may also reduce permeability and
promote more uniform hydration in the hardened state, ultimately
supporting improved long-term mechanical performance [108].

3.6. Compressive strength and elastic modulus

The compressive strength (f.) of the investigated samples at 1, 7, 28,
and 56 days is shown in Fig. 11. All biopolymer-modified mixtures
exhibited lower 1-day compressive strength (f..14, less than 1 MPa),
compared to the reference mixture, reflecting the hydration delays dis-
cussed in Section 3.1. The reference mixture showed the earliest first and
second hydration peaks (9.1 and 17.9 h) with the highest intensity,
consistent with its highest f.14. Among the biopolymer systems, only
the alginate-based formulation showed a first peak within 24 h (15.6
and 23.4 h), with a lower initial intensity but a higher second-peak in-
tensity compared to reference, indicating delayed but sustained reac-
tivity. As reported by Murugappan and Muthadhi [117], low alginate
dosage (lower than 8 % of cement) can yield compressive strength
comparable to reference cement mixture. Alginate enhances mechanical
performance primarily via ionic bridging between its polymer chains
and divalent Ca?* naturally present in the soil. In aqueous environ-
ments, soluble alginate transforms into an insoluble gel through inter-
action with Ca2*, a process described by the “egg-box model” [43,118].
Here, guluronic acid blocks of negatively charged alginate chains
cooperatively coordinate with cations, forming junction zones analo-
gous to eggs in an egg box. Progressive gelation increases chain-to-chain
linkages, creating a continuous three-dimensional network that re-
inforces particle arrangement and water-mediated interactions, which
likely explains the mechanical benefits observed in alginate- and
BA-modified samples.

At all ages except 1 day, an improvement in compressive strength
was observed for the biopolymer-based mixtures. RA-D and BA-D ach-
ieved low f.14 of 0.3 and 0.6 MPa, respectively, while the other algae-
based mixtures could not be demolded at 24 h and were instead tested
at 7 days. These low compressive strength values align with the onset of
heat flow observed before the first peak for RA-D and BA-D. Rich in
carrageenan, RA-D possess a high sulfate content and strong gelling
ability, allowing them to interact electrostatically with Ca®* and AI®*
ions, thereby forming compact surface layers on reactive mineral par-
ticles [56]. Carrageenan can interact and bind with metal cations. The
presence of calcium ions promotes the formation of a threefold, parallel
double-helix structure [119]. These calcium ions, together with coor-
dinated water molecules, associate with the peripheral sulfate groups of
carrageenan, effectively stabilizing and tightening the helical configu-
ration. As for BA-D, the insoluble fibers, polyphenols, proteins, and
minerals in the brown algae matrix delay hydration relative to the
reference and alginate samples, but still allow it to occur much sooner
than in BA-40 [68]. These changes are driven by ion complexation,
surface adsorption, and the increase in mixture viscosity.

At later ages, the compressive strength values of biopolymer-based
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Fig. 11. Compressive strength of the investigated samples.

mixtures surpassed the reference mixture. The only exception is attrib-
uted to fc7q of GA-40 which was still slightly less than the reference
mixture (2.6 vs. 2.7 MPa). This can be attributed to hydration inhibition,
the high PCE dosage required for mixing, and the low saturation point at
MSF = 150 mm. These observations align with [17], which reported
that excessive high-range water reducer (HRWR) dosage can reduce
early-age strength development. Among the other formulations, algi-
nate, RA-D, RA-40, and BA-D exhibited similar f'..7q of 3.3 MPa. BA, with
its predominant alginate content, and RA, containing k-carrageenan,
achieved comparable results to pure alginate, whereas pre-activated BA
was less effective than direct addition with f.7q of 3.0 MPa. Overall,
direct addition of the biopolymers consistently resulted in higher
compressive at all ages compared to their corresponding pre-activated
counterparts, likely due to reduced interference of soluble poly-
saccharide and other organic components with hydration [56]. Notably,
GA-D showed the highest f74 (3.6 MPa), highlighting the strong effi-
ciency of ulvan in enhancing the mechanical performance of samples.

Ulvan also exhibits a strong capacity to bind with metal ions through
covalent interactions, electrostatic forces, or redox reactions. However,
its affinity for Ca®" is generally lower than for other cations such as Cr>*
or Cu®* [120]. Studies on ion-binding selectivity indicate that ulvan has
the highest affinity for A13+, followed by Cu2+, Pb2+, Zn2+, Cd2+, Mn2+,
sr?t, and Mg?", with Ca®* showing the weakest binding capacity among
the tested ions [121]. This reduced affinity for Cat may be attributed to
its relatively larger hydrated ionic radius and lower charge density
compared to highly charged or more polarizing cations like AI>* or Cr>*,
which enables those ions to form stronger and more stable coordination
complexes with the functional groups in ulvan, particularly the sulfate
and carboxyl moieties. In the context of cementitious systems, this
ion-binding profile has important implications. The relatively low
interaction between ulvan and Ca®* suggests that the polymer may exert
minimal interference with the availability of calcium ions required for
the nucleation and growth of calcium silicate hydrate (C-S-H) during
early hydration. Conversely, its stronger affinity for multivalent transi-
tion metals, such as Al>* and Cu®*, could influence the kinetics of
supplementary hydration reactions, alter the incorporation of aluminum
into C-S-H, or modify the stability of ettringite and other hydration
products. Such selective binding explains the observed effects of GA-D
on setting time, microstructure development, and late-age mechanical
performance. It should be noted that the cement content used in this
study (90 kg/m>), together with the measured compressive strength,
demonstrates that these mixtures represent a viable alternative to
traditional earthen construction materials.
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3.7. Microstructural observations

SEM observations provide insights into the microstructural organi-
zation, the identification of the main hydration products, and the
detection of residual mineral phases in both the reference and algae-
containing samples (Table 5) [122]. The reference mixture exhibits a
compact yet heterogeneous matrix, in which large angular quartz and
silt particles are embedded in a continuous C-S-H gel. Well-developed
hexagonal portlandite plates are abundant, often located in interstitial
spaces or within the interfacial transition zone (ITZ), while elongated
ettringite needles tend to form dense clusters. Lamellar particles,
attributed to kaolinite, are also visible, consistent with prior observa-
tions of kaolinite activation in SCEC [34]. These observations are
consistent with the XRD pattern of the reference mixture, confirming
kaolinite along with pronounced portlandite and ettringite peaks, indi-
cating the normal progress of cement hydration and the partial disso-
lution of kaolinite. The ITZ appears irregular and locally porous,
consistent with the relatively low 28-day compressive strength
(3.6 MPa). In contrast, all algae-based systems display denser and more
cohesive matrices than the reference, with a finer C-S-H textures,
reduced portlandite crystal size, more dispersed ettringite, and
improved ITZ bonding. Lamellar kaolinite particles are more abundant
in algae-containing mixtures, in agreement with the XRD patterns. The
denser microstructure and improved ITZ may be attributed to the action
of polysaccharides in promoting particle cohesion, combined with the
contribution of supplementary calcite originating from the algae pow-
ders [123]. This calcite could also play a role through filler and nucle-
ation effects, enhancing particle packing within the matrix [124]. These
interpretations are supported by the XRD analysis, which shows higher
calcite peak intensities in algae-based systems, especially in the case of
BA and GA. This improvement in the overall strength and density of the
samples incorporating algae-based biopolymers can also be attributed to
their high ionic content, as confirmed by the ICP analysis. In particular,
the iron oxide (Fe;O3) present in the algae may react with calcium from
the cement to form calcium alumino-ferrite (C4AF). While this addi-
tional hydration phase plays a less prominent role than C-S-H gels, it can
still contribute to enhancing the strength and hardness of the matrix. A
similar interpretation was reported by Mahamat et al. [125] in a study
on Portland cement stabilization of paste specimens with termite hill
soil. This mechanism may also explain the higher mechanical strength
observed for BA, despite its Ca®>" concentration being lower than that of
the reference at both 0 and 30 min.

Although both dry and pre-activated algae powders improve matrix



Construction and Building Materials 503 (2025) 144523

M. Kohandelnia et al.

Table 5
SEM images of the investigated samples at 100 and 50 um.
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Table 5 (continued)
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GA-D

GA-40

refinement, SEM images suggest that dry systems generally form more
homogeneous and better-connected microstructures. This is reflected in
the mechanical results, where GA-D achieved the highest compressive
strength at 28 days (4.8 MPa), followed by RA-D (4.4 MPa) and BA-D
(4.2 MPa). In summary, SEM observations confirm that algae-based
biopolymers improve the microstructure compared with the reference
by densifying the C-S-H gel, enhancing ITZ quality, reducing portlandite
size, and introducing beneficial biogenic calcite.

4. Conclusions

This study demonstrates that algae-derived biopolymers can effec-
tively enhance the performance of cement-stabilized earth concrete,
offering a sustainable strategy for low-carbon construction. The key
findings and contributions are summarized as follow:

o The effect of algae-based biopolymers strongly depends on botanical
origin, biochemical composition, and pre-treatment. Brown algae
caused the most pronounced hydration delay, extending the induc-
tion period to approximately 88 h, while red and green algae also
inhibited early reactions to varying degrees.

o ICP-OES analysis revealed that algae act both as early ion donors and
strong chelators of Ca?*, AI**, and Mg?*, with brown algae showing
the highest calcium sequestration. This dual ionic action, combined
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with biopolymer adhesion to mineral surfaces, explains the observed
retardation and highlights the importance of dosage control.
algae-based biopolymers, as VMAs, improved rheological behavior
and fresh-state stability. Brown algae increased plastic viscosity most
significantly, whereas green and red algae promoted the formation of
a stronger structural network, reducing bleeding and enhancing
hydration uniformity.

Compressive strength development was influenced by biopolymer
type. While early-age strength was lower than the reference, directly
incorporated green algae achieved the highest 28-day compressive
strength (4.8 MPa), demonstrating that biopolymers can enhance
long-term mechanical performance.

SEM analyses indicate that algae-based biopolymers densified the C-
S-H gel, refined portlandite crystals, improved the interfacial tran-
sition zone, and introduced biogenic calcite, collectively yielding a
compact and cohesive microstructure.

The combination of improved rheology, fresh-state stability, and
matrix densification confirms that algae-derived biopolymers are
effective eco-efficient admixtures for SCEC, enabling better process
control and mechanical performance while maintaining environ-
mental benefits.

These findings highlight the potential of algae-derived biopolymers
to expand the applicability of SCEC in sustainable construction and
suggest that further investigation into molecular-scale interactions
could optimize formulations for diverse earth-based applications.
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