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ARTICLE INFO ABSTRACT

Keywords: Each year, over one billion cubic meters of sediments are dredged from ports and inland water bodies to maintain

Dfedged sediment navigability and ensure infrastructure safety, creating significant landfill and environmental challenges. Dredged

Slogf;lymf’r sediments are typically characterized by high moisture content, low bearing capacity, and limited shear strength.
tabilization

Their sustainable reuse requires effective stabilization and remediation strategies. Recent advancements in soil
stabilization have increasingly focused on sustainable bio-binders, particularly biopolymers, due to their eco-
friendly properties. This study evaluates the effectiveness of four biopolymers, namely calcium alginate (AL),
chitosan (CH), xanthan gum (XA), and guar gum (GG) as sustainable bio-binders for improving dredged sedi-
ments from the Port of Koper, Slovenia. Mechanical testing demonstrated that 1 wt% XA, AL, and CH increased
unconfined compressive strength by 40 %, 29 %, and 10 %, respectively. Direct shear tests revealed that AL and
XA increased cohesion by 52 % and 104 %, respectively, while reducing the friction angle by 4° In contrast, CH
and GG enhanced both cohesion (by 81 % and 37 %, respectively) and the friction angle (by 1° in each case).
Consolidation characteristics were also improved, with reduced settlement under normal load. Microstructural
analysis identified the formation of biopolymer matrices including fibrous networks, gel films, and particle
clusters that explain the mechanical improvements. The findings confirm that biopolymer stabilization is a viable
technique to convert dredged marine sediments into engineered materials, minimizing landfill disposal, and
supporting the transition to more sustainable construction practices.

Mechanical characterization

1. Introduction landfills [5]. Such practices generate serious environmental impacts

while rapidly consuming the limited disposal capacity. Reusing dredged

Dredged sediments (DS) are predominantly composed of fine-
grained silts and clays [1], which are typically generated from port
and harbor areas, as well as from inland water bodies such as rivers,
lakes, and reservoirs. Excessive sediment accumulation poses persistent
challenges for coastal, offshore, and inland water engineering, necessi-
tating frequent dredging operations to maintain navigability, storage
capacity, and structural safety. Globally, more than one billion cubic
meters of sediment are dredged each year [2], with annual volumes
ranging from 200 to 500 million cubic meters in the United States [3]
and around 300 million tons in Europe [4]. At present, most dredged
sediments are managed as waste and disposed of either at sea or in
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sediments in construction therefore offers a sustainable solution to
reduce disposal pressures and conserve natural resources.

However, DS typically exhibit high moisture content, low shear and
compressive strength, and they are often contaminated with heavy
metals and microplastics [6]. With water contents often exceeding 100
% of dry weight and undrained shear strengths below 25 kPa [7], these
materials are prone to excessive settlement and instability, underscoring
the need for sustainable stabilization strategies. Conventional binders
such as cement, lime, and fly ash can improve strength [8,9] but carry
substantial environmental burdens due to CO;, emissions and potential
heavy metal leaching [10-12]. These environmental concerns have
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encouraged the search for low-carbon alternatives that balance envi-
ronmental integrity with engineering performance.

Several studies have been conducted to develop environmentally
friendly techniques for improving the mechanical properties of weak
soils to enable their application as construction materials. Among these,
the microbial geotechnical method, which utilizes microorganisms for
bioclogging and biocementation, has been explored to enhance DS
behavior. In this process, biocementation occurs through the microbially
induced precipitation of calcium carbonate, which binds soil particles,
reduces pore spaces, fills voids, and increases flocculation and density
[13,14]. Wani and Mir [15] investigated the biocementation of dredged
sediment and reported over a 300 % increase in unconfined compressive
strength (UCS), along with significant improvements in both cohesion
and friction angle of the treated material. In addition to biological ap-
proaches, other innovative solutions have focused on reusing waste
materials for soil stabilization, such as the use of geothermally derived
silica grout for soil improvement [16] and waste rubber tire powders
mixed with cement for dredged sediment stabilization [17].

The present study investigates the use of biopolymers as natural and
environmentally friendly binders to improve the mechanical properties
of dredged sediments. Derived from renewable sources, biopolymers are
biodegradable, typically non-toxic materials [18], and effective even at
low dosages, making them promising candidates for sustainable soil
stabilization. Biopolymer interactions, including gel formation,
hydrogen bonding, ionic crosslinking, and flocculation [19], have been
shown to enhance cohesion, reduce permeability [20], limit shrink-swell
behavior [21], and improve durability [22] of soils without the envi-
ronmental footprint of cementitious binders.

Xanthan gum (XA), a widely studied biopolymer produced by Xan-
thomonas campestris bacteria [23], has shown significant potential in soil
stabilization. Studies on silt treated with 2 % XA under wetting cycles
revealed notable increases in cohesion and friction angle at water con-
tents below 10 %, though effects diminished at higher moisture content
[24]. Investigations on clayey sand [25] and clayey silt-sand with both
deionized and brine water [26] showed increased liquid limit and
plasticity index, attributed to hydrogel formation and cross-linking
within soil pores. Abbasi et al. [27] reported a significant increase in
UCS for clayey sand treated with 0.25 % XA (by dry soil weight) after
seven days of curing, supported by ultrasonic velocity measurements,
which indicated improved stiffness and internal structure. Ren et al.
[23] investigated the stabilization of weak soil using a combination of
XA (hydrophilic biopolymer) and casein, a hydrophobic biopolymer.
They reported that UCS and water resistance were significantly
improved compared to both untreated samples and soils treated with XA
or casein alone. Additionally, Lee et al. [22] found that blending XA with
starch enhanced the durability of poorly graded sand under cyclic
wetting-drying and freeze-thaw conditions.

Chitosan (CH), a cationic polysaccharide derived from chitin, has
also shown strong potential for soil stabilization. Wang et al. [28]
investigated the mechanical properties of sand and kaolinite clay using
various CH contents and identified optimal dosages of 1.5 % (by weight
of dry soil) for sand and 2 % for kaolinite. Their results highlighted the
rapid development of strength within the first seven days of curing. They
also found that a 0.5 % acetic acid solution was optimal for dissolving
chitosan and achieving maximum strength gains in both sand and
kaolinite. Several studies have demonstrated CH’s effectiveness in sandy
soils. Shariatmadari et al. [29] and Amiri Tasuji et al. [30] reported a
significant increase in UCS with 0.32 % CH under dry curing conditions.
Treated sand also showed improved resistance to wind erosion and a 35
% reduction in permeability [30]. In organic silt, UCS increased with CH
content up to 2.5 %, with a 103 % gain at 28 days of curing, beyond
which strength declined [31]. Similar results were observed in clayey
soils, where a 1.5 % CH dosage yielded a 104 % UCS improvement after
28 days [32]. Hataf et al. [33] found that CH improved UCS by
approximately 50 % and reduced hydraulic conductivity in fine-grained
soils. These improvements were attributed to the formation of polymeric
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bridges between clay particles, as confirmed by microstructural analysis,
which revealed enhanced cohesion and interparticle connectivity.

Guar gum (GG), derived from the endosperm of Cyamopsis tetrago-
noloba, has shown promise in stabilizing loess soils. Rong et al. [34]
reported that 2 % GG (by weight of dry soil) significantly reduced
disintegration and increased UCS, cohesion (by 44.0 %), and internal
friction angle (by 12.5 %) after 14 days of curing. Du et al. [35] further
observed improvements in water retention, reduced soil degradation,
and enhanced shear strength. However, repeated wet-dry cycles
reduced cohesion, friction angle, and water retention capacity in treated
loess, highlighting the need to consider durability in long-term
applications.

Calcium alginate (AL), a calcium salt of alginic acid extracted from
brown seaweed, has mainly been investigated for its role in reducing
contaminant leaching from polluted soils [36,37]. Its ionic crosslinking
capability, often referred to as the “egg-box” structure [38], is thought to
facilitate mechanical bonding and improve durability. While sodium
alginate has been studied more extensively for soil stabilization [39,40],
the application of calcium alginate in this field remains limited and calls
for further exploration.

Despite increasing evidence of biopolymer effectiveness in soft soils
and sands, their role in dredged sediment stabilization remains under-
explored. Existing studies are fragmented and often focus on single
polymers, leaving uncertainty about comparative performance across
different biopolymer types. Moreover, while XA, CH, and GG have been
studied to some extent, AL has received little attention in soil stabili-
zation contexts.

To address these gaps, this study investigates the stabilization of
dredged sediments from the Port of Koper, Slovenia, using four bio-
polymers. Atterberg limits were assessed at 0.5 %, 1.0 %, and 2.0 %
weight ratios, while mechanical performance at 1 wt % was examined
through UCS, direct shear, cone penetration, and volumetric shrinkage
tests. SEM/EDS analyses were performed to investigate polymer-soil
interactions. Rather than identifying an optimal dosage, this study
provides a comparative framework for evaluating the performance of
biopolymer in dredged sediment stabilization, focusing on marine sed-
iments from the Port of Koper.

2. Methodology
2.1. Material

The sediment utilized in this study was dredged from the Port of
Koper, Slovenia (45° 33 47" N, 13° 44’ 19" E). Its mineralogical
composition was previously characterized by Smuc et al. (2018) [41] by
quantitative X-ray diffraction (QXRD) of 21 samples, which identified
quartz, calcite, and illite as the predominant mineral phases with smaller
amounts of albite and dolomite. The grain size of sediment was deter-
mined by the sedimentation analysis method implemented in the hy-
drometer according to ISO 17892-4:2016 [42]. The sediment comprises
approximately 33 % clay and 67 % silt. To evaluate its compaction
characteristics, a standard Proctor test [43] was performed, and values
for the optimum moisture content (OMC) and the maximum dry density
(MDD) were determined. The fundamental geotechnical properties of
the sediment are summarized in Table 1, while the grain size distribu-
tion and Proctor test results are illustrated in Fig. 1.

Four widely used and commercially available biopolymers were
selected in this study. Calcium Alginate (AL, product number A0738)
and Xanthan Gum (XA, product number X0048) were obtained from
Tokyo Chemical Industry Co., Ltd. (TCI). Chitosan (CH, product no
417963), derived from shrimp harvested in Iceland, and Guar Gum (GG,
product no G4129) were both obtained from Sigma-Aldrich (Merck).

2.2. Sample preparation

Dredged sediment was washed, sieved through a 1 mm sieve mesh,
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Table 1
Results of dredged sediment characterization.
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Natural water Specific gravity Liquid limit Plasticity index
content (Gy) (LL) (P1)

Unified soil classification
(USCS)

Optimum moisture content
(OMC)

Maximum dry density
(MDD)

47 % 2.7 58 % 37

High-plasticity clay (CH)

17.8 % 1.75 g/cm?®
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Fig. 1. (a) Grain size distribution of dredged sediment; (b) Proctor compaction test.

and oven-dried at 50 °C to remove moisture while preserving its natural
mineralogy and organic content. Standard drying at 105 °C can alter
clay minerals and degrade organics. Drying at 50 °C maintained the
sediment’s chemical integrity and pore structure, ensuring realistic
behavior in subsequent stabilization and mechanical tests.

Biopolymer gels were prepared by dissolving each biopolymer in
distilled water at prescribed concentrations. For AL and GG, the bio-
polymers were directly added to water maintained at 23 + 0.2 °C. Both
dissolved effectively at this ambient temperature. In the case of XA, the
water was preheated to 50 °C using a stirring heater, after which the
biopolymer was gradually introduced. The solution was stirred contin-
uously for over 30 min to form a homogeneous gel and was subsequently
cooled to the reference temperature of 23 °C. To dissolve CH, a 2 % (by
weight of water) acetic acid solution was first prepared, into which the
biopolymer was slowly added. The mixture was stirred for over 30 min
using magnetic stirring to achieve a homogeneous gel. The resulting
biopolymer gels were then combined with the dried sediment and
manually mixed using a spatula to produce a uniform composite. The
sample preparation procedure is illustrated in Fig. 2.

Dissolved into
distilled water

©

|
|
|
|
|
L [l

(b)

2.3. Experimental studies

Initially, the Atterberg limits of the biopolymer-treated sediment
were obtained with the three concentrations of biopolymer associated
with 0.5 %, 1 %, and 2 % of the weight of the dry sediment. The liquid
limit (LL) was determined by the fall cone test using a standard cone
with 80 g mass and a 30° tip angle. In accordance with ISO
17892-12:2018 [44], the liquid limit is defined as the water content at
which the cone penetrates 20 mm into the soil. To determine this, water
content was incrementally increased, and cone penetration was
measured at a minimum of four different moisture levels. The plastic
limit (PL) of the specimens was also determined following the same ISO
standard. The consistency of the treated sediment was subsequently
evaluated by calculating the consistency index based on the Atterberg
limit results. Based on these findings, the 1 wt % biopolymer concen-
tration was selected for further investigation, as it provided a repre-
sentative response across the range of treatments.

The fall cone method was also employed to estimate the undrained
shear strength of the treated sediment based on the empirical correlation
developed by Hansbo [45] and in accordance with the procedures out-
lined in EN ISO 17892-6:2017 [46].

Fig. 2. a) Four biopolymer (AL, XA, CH, GG) powders, b) Dredged sediment at natural condition, ¢) Dissolving biopolymer powder in distilled water, d) Formation of
biopolymer gel, e) Dried sediment, and f) Sediment-biopolymer homogenous mixture.
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where C, is the undrained shear strength [kPa], ¢ is a dimensionless
constant that depends on the cone tip angle (taken as 0.8 for a 30° tip), g
is the gravity acceleration, m is the mass of the cone [g], and i is the
average penetration depth of the cone [mm].

Shrinkage behavior and the rate of water loss in the sediment were
investigated by preparing soil samples with a water content of 58 %,
corresponding to the liquid limit of the untreated dredged sediment. The
moist sediment was placed into the cylindrical glass molds with a
diameter of 47 mm and a height of 23 mm. The samples were allowed to
dry under controlled laboratory conditions for over 10 days at a stable
temperature of 20+0.2 °C and relative humidity of 80+3 3 %. Surface
shrinkage was monitored via image processing, with images captured at
regular time intervals. Volumetric shrinkage was assessed using the
paraffin-coated immersion method [47] after the samples were fully
dried. Concurrently, the rate of water loss was determined by recording
the weight of the samples at fixed time intervals during the drying
process.

The unconfined compressive strength (UCS) of both untreated and
biopolymer-treated sediment was determined in accordance with ISO
17892-7:2017 [48]. Soil specimens were manually compacted in three
layers into cylindrical molds with a diameter of 36 mm and a height of
78 mm, at a water content of 17.8 %, corresponding to the OMC of the
untreated sediment. A dry density of 1.56 + 0.03 g/cm® was achieved
for the untreated samples as well as those treated with AL and XA bio-
polymers. In contrast, samples treated with CH and GG reached a
slightly lower dry density of 1.50 + 0.02 g/cm®. For each material, three
specimens were prepared and cured for 28 days. During the curing
period, the samples were wrapped in plastic and stored in an incubator
to maintain humidity. UCS tests were conducted using a
strain-controlled apparatus, with the strain rate set at 0.6 mm/min.

Specimens for the direct shear test were prepared by incorporating 1
wt % biopolymer and molding the mixture into square plate samples
with dimensions of 23 mm in height and 60 x 60 mm in surface area.
The samples were compacted at a water content of 17.8 % to achieve a
target dry density of 1.68 + 0.02 g/cm>. After compaction, the speci-
mens were wrapped in plastic and cured for 28 days in a laboratory
incubator under controlled conditions. The direct shear tests were per-
formed using a digital direct shear apparatus [49] and in accordance
with the procedures outlined in ISO 17892-10:2019 [50]. Shear tests
were conducted under three normal stress levels (50 kPa, 100 kPa, and
200 kPa) using a constant shear displacement rate of 0.01 mm/min.
Prior to shearing, the specimens were allowed to consolidate under their
respective normal stresses for 24 h.
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The microstructure of the soil specimens was examined using Scan-
ning Electron Microscopy (SEM) to investigate the interaction between
sediment particles and biopolymers. Microstructural observations were
performed with a JEOL IT500 LV SEM, which operated at an acceler-
ating voltage of 20 kV in low vacuum mode and a working distance of 10
mm. Fine specimens were taken from failed UCS samples, which were
aged for 120 days. To complement the morphological observations,
Energy-Dispersive X-ray Spectroscopy (EDS) was performed to identify
and quantify the elemental composition of the treated soil.

3. Results
3.1. Consistency

The liquid and plastic limits of the untreated sediment, as well as
those treated with 0.5, 1, and 2 wt % biopolymer were determined as
presented in Fig. 3.

With the exception of AL, all tested biopolymers significantly
increased the liquid limit of the sediment. Regarding the plastic limit,
CH was the only biopolymer that led to a notable increase. Even at a
concentration of 2 wt %, AL showed no effect on either the LL or PL of
the sediment. For the specimen treated with 2 wt % CH, the plastic limit
could not be determined, as the mixture formed a dispersed paste that
did not exhibit the characteristic plastic behavior during rolling.

The observed increase in LL for most biopolymers can be attributed
to hydrogel formation, enhanced particle bonding, increased fluid vis-
cosity, and pore space obstruction. All four biopolymers used in this
study are hydrophilic [51], allowing them to absorb water and form
viscous hydrogels that immobilize water molecules, thereby elevating
the LL. The lack of LL increase in AL-treated samples may be associated
with inadequate curing time, as AL typically requires sufficient curing to
develop a water-retentive hydrogel matrix capable of influencing soil
consistency [52].

To evaluate the relative stiffness and consistency state of the treated
sediment, the consistency index was calculated based on the measured
natural water content of 47 %. Using the LL and PL values shown in
Fig. 3, the resulting consistency indices are presented in Fig. 4.

As illustrated in the figure, the consistency index of the sediment
increases significantly with the addition of biopolymers, even at con-
centrations as low as 0.5 wt %, with the exception of AL. The results
clearly indicate distinct differences in the firmness of the treated sam-
ples. Among the treatments, CH and GG exhibited the most pronounced
effect with the highest consistency indices. Notably, at a biopolymer
concentration of 1 wt %, both CH and GG enhanced the consistency
index by approximately 100 %, which highlights their effectiveness in
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Fig. 3. Atterberg limits of sediment treated by biopolymers; a) Liquid limit, b) Plastic limit.
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improving the structural firmness of the sediment. These findings sug-
gest that CH- and GG-treated samples transition into a firmer, semi-solid
state at an early age, whereas Al-treated specimens remain compara-
tively softer and more prone to deformation.

Based on the results of the Atterberg limit tests, a biopolymer con-
centration of 1 % by dry sediment weight was selected for subsequent
investigations. The moisture retention behavior of the samples under
laboratory drying condition is expressed in terms of water loss over time
in Fig. 5. As shown, with the exception of CH, the effect of 1 wt %
biopolymer concentration on the evaporation rate is minimal. The CH-
treated sample exhibited a noticeably slower drying rate, which can
be attributed to its ability to block pore spaces [28] and the inherent
water retention capacity of CH hydrogel [33]. These properties hinder
moisture evaporation and consequently prolong the drying process.

Volumetric and surface shrinkage tests were conducted to assess the
shrink-swell potential of the sediment during drying. The results are
illustrated in Fig. 6, which presents the surface and volumetric shrinkage
behavior of the samples.

As observed, the addition of 1 wt % biopolymer reduces the sus-
ceptibility of the soil to shrinkage. During the drying process, capillary
suction (negative pore pressure) develops as water evaporates from the
sample surface. This suction draws soil particles closer together, reduces
void spaces, and leads to a rearrangement of particles within the soil
matrix, ultimately resulting in shrinkage. Biopolymers mitigate this ef-
fect by forming a cohesive network within the pore spaces, effectively
reducing the void ratio up to an optimal concentration. However,
beyond this optimal dosage, further biopolymer addition may lead to an
increase in void ratio due to the formation of excessive gel structures or
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Fig. 5. Water loss rate for untreated sediment and biopolymer-
treated sediment.
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flocculation effects [53].

Both surface and volumetric shrinkage were found to decrease with
the addition of biopolymers, as illustrated in the results. This reduction
is evident across all treated samples, with particularly pronounced ef-
fects observed in those treated with XA and CH. It is also worth noting
that during the shrinkage tests, no surface cracking was observed in
either the treated or untreated samples with the exception of the AL-
treated specimen, where one visible crack was detected.

3.2. Mechanical characterization

The cone penetration test was used to estimate the undrained shear
strength (C,) of the samples in their fresh state, immediately following
the preparation of the biopolymer-sediment mixtures. Measurements
were conducted at varying water contents for specimens treated with 1
wt % biopolymer concentration. The resulting data are presented in
Fig. 7.

A clear inverse relationship was observed between water content and
Cy, with the undrained shear strength decreasing as water content
increased. All biopolymer-treated samples exhibited significantly higher
C, values compared to the untreated sediment with CH and GG showing
the most substantial improvements. Notably, for biopolymer-treated
specimens, C, increased exponentially at lower water contents. The re-
sults indicate that treated DS gain shear strength immediately after
mixing, before any curing takes place. This early strength gain is critical
in geotechnical applications where initial load-bearing capacity and
structural integrity are essential during handling, placement, or early
construction phases.

The UCS of the samples was determined after 28 days of curing. Even
at a concentration of 1 wt %, biopolymer addition significantly
improved the compressive strength of the sediment. The UCS stress-
strain curves for the untreated DS and the biopolymer-treated samples
are shown in Fig. 8. Each curve reveals characteristic behaviors such as
stiffness, peak strength, ductility, and post-failure deformation patterns.

The pre-failure behavior of the specimen was assessed by calculating
the secant modulus of sediment (Esg) defined as the slope to a point on
the stress-strain curve where the stress is 50 % of the peak stress. The
secant modulus represents the initial stiffness of the soil specimen and its
resistance to deformation. As presented in Table 2, AL-treated sediment
displayed the highest initial stiffness, reaching a stress value exceeding
280 kPa at just 0.65 % strain.

Samples treated with XA and CH also demonstrate a good initial
stiffness enhancement, although their deformation behavior differs from
AL-treated sediment. They demonstrate more moderate stiffness, which
develops stress gradually over longer strain intervals and implies more
ductile material behavior in the pre-failure stage. In contrast, untreated
sediment and the GG-treated sediment show low secant modulus, which
means they deform more easily under compressive stress. XA and AL
treated sediment also show a longer and clearer linear elastic phase
followed by a more gradual transition into nonlinear plastic yielding
before peak.

In terms of peak compressive strength, the XA-treated sediment
exhibited the highest performance, which reached a maximum stress of
621 kPa and a failure strain of 3.3 %. Xanthan gum significantly
improved both the load-bearing capacity and ductility of DS. The AL-
treated sample achieved a peak strength of 572 kPa, but the failure
strain remained the same as the untreated sample at 2.8 %, indicating
that alginate did not enhance the ductility of the sediment under normal
compressive stress. The CH-treated sample also showed strong perfor-
mance with slightly lower peak strength and moderate ductility. In
contrast, the GG-treated sample fails at a lower stress and at a similar
strain to the untreated sediment. It should be noted that all samples were
prepared using the optimum moisture content (OMC) of the untreated
sediment. Preparing the samples at the respective OMC specific to each
biopolymer-treated sediment would result in a more pronounced
enhancement of compressive strength.
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Fig. 8. Stress-strain behavior under UCS test.

Table 2

Compressive strength, failure strain, and secant modulus of sediment samples.
Specimen DS 1% AL 1% XA 1% CH 1% GG
Compressive strength (kPa) 443 572 621 485 380
Failure strain ( %) 2.8 2.8 3.3 3.0 2.9
Secant modulus, Esq (MPa) 21.6 441 33.5 28.9 19.1
Strain of Esg ( %) 1.02 0.65 0.93 0.84 1.00

Biopolymer addition (except in the case of GG) also slightly
enhanced the post-failure ductility of the sediment. While the untreated
sample exhibited brittle behavior with an abrupt drop in stress after
reaching peak strength, the AL- and XA-treated specimens demonstrated
a more gradual stress decline.

The failure morphology of the treated and untreated DS samples was
visually assessed during loading at the onset of failure and in the post-
failure phase, as illustrated in Fig. 9. The observed failure patterns
revealed distinct differences between treated and untreated specimens
in terms of crack initiation and failure mechanisms.

The GG-treated sediment failed predominantly through a shear
mechanism, characterized by the formation of a well-defined diagonal
crack that developed into an inclined shear failure plane. In contrast, the
AlL-treated sample exhibited tensile failure with prominent vertical
splitting caused by longitudinal cracks parallel to the direction of
loading. Similarly, the CH-treated specimen also failed primarily
through tensile action. A noticeable horizontal failure plane emerged
that divided the sample into upper and lower segments. This failure
pattern may suggest weaker interlayer bonding in the CH-treated soil,
potentially due to the manner in which the biopolymer gel is distributed
within the matrix.

For the untreated sediment and the XA-treated sample, a more
complex failure morphology was observed. The crack patterns indicated
a combination of shear and tensile features, which implies a mixed-
mode failure mechanism. This suggests that the failure was governed
by the interaction of both shear and tensile strength limitations within
the sediment matrix.

Direct shear tests were performed on samples compacted at the op-
timum moisture content of the untreated sediment and cured for 28
days. Prior to testing, the specimens were saturated and allowed to
consolidate for 24 h to simulate field-like conditions. This allowed us to
evaluate the settlement behavior of the samples under three different
normal stress levels, as demonstrated in Fig. 10. In all cases the curves
present a steep initial slope, indicating the immediate compression upon
load application. The untreated sediment showed the greatest settle-
ment, which increased with the applied stress as expected. Under a
normal load of 200 kPa, the saturated untreated sediment settled
approximately 0.8 mm, which shows relatively high compressibility and
limited resistance to volumetric deformation. In contrast, the addition of
AL and CH biopolymers markedly reduced settlement across all applied
normal stress levels. These biopolymers significantly enhanced the
stiffness of the sediment at saturation condition and reduced its
compressibility. The XA-treated sample displayed intermediate perfor-
mance, as it effectively reduced settlement compared to the untreated
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Fig. 9. The failure morphology of untreated and biopolymer-treated samples under the UCS test.

sediment but to a lesser extent than the AL and CH-treated samples.
Unlike the other biopolymers, GG did not reduce the compressibility of
the sediment. Its performance was comparable to that of the untreated
sample.

The results of direct shear tests in terms of shear stress versus shear
strain curves are presented in Fig. 11. The results indicate that all
specimens exhibit strain-softening behavior, which is characterized by a
distinct peak shear strength followed by a gradual reduction in shear
stress and eventually approaching a residual or stable value. Such a
pattern was also observed in the study by Gu et al. [54], where silty clay
soil treated with XA at water contents of 5 % and 15 % demonstrated the
same trend as in the present work. In their study, the treated fine soil
reached peak shear stress at 3-4 % strain, after which the stress grad-
ually dropped and remained constant at a residual level higher than that
of the untreated soil. In addition to the type and dosage of the additive,
the strain behavior of treated soils also depends strongly on the soil type.
A study by Soldo and Mileti¢ [55] reported that clay soil treated with 1
wt % XA exhibited a more ductile response, with only a minor reduction
in shear stress after the peak, while sand treated with the same dosage

showed a distinctly brittle behavior, characterized by a sharp post-peak
stress drop.

The addition of biopolymers resulted in an increase in peak shear
strength for all treated samples. Among all treatments, the CH-treated
sample exhibited the highest peak shear strength across all three
applied normal stress levels. The XA-treated specimen also demon-
strated enhanced post-peak behavior, with a more stable decline in shear
stress and a clearly elevated residual strength compared to the untreated
sample. Furthermore, the XA-treated sediment showed a significant
improvement in ductility. The shear strain developed more gradually,
and the strain at peak shear strength was the highest among all samples,
which indicates a greater capacity for deformation before failure. These
results suggest that XA not only improves strength but also contributes
to a more ductile failure response.

The relationship between normal stress and shear stress for all
samples is illustrated in Fig. 12. The corresponding values of cohesion
and internal friction angle, derived from these plots, are summarized in
Table 3. As observed, biopolymer treatment significantly increases the
cohesion of the sediment primarily through physicochemical bonding



Y. Ghafoori et al.

Results in Engineering 28 (2025) 108233

DS 1% XA
_ 0.0 ——50 kPa y 50 kPa
S —— 100 kPa L// ——100 kPa
£ ——200 kPa ——200 kPa
v -0.24 E
(5]
=
8
® -0.44 E
o
)
©
g 0.6 1 :
£ 1% AL
> 50 kPa
-0.8 1 ——100kPa | 1
——200 kPa
-1.0 T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14
0.0 1% GG Square root of time (min*0.5)
o E 50 kPa
£ ——100 kPa
£ ——200 kPa
— -0.21
C
[
€
3
S -0.4- .
a
2
©
® -0.61 .
Q
E \;\—\—'\R—_W—\__—
> 1% CH
-0.8+ 50kPa | 1
——100 kPa
—— 200 kPa
-1.0 — — : : : —
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Square root of time (min*0.5) Square root of time (min*0.5)

Fig. 10. Consolidation test for three normal stresses.

mechanisms. In contrast, the friction angle remains mainly unaffected or
even decreases slightly, particularly in the cases of XA- and AL-treated
samples. The increase in cohesion ranges from 37 % in the GG-treated
specimen (the lowest among the treated samples) to a maximum of
103 % in the XA-treated sample. This enhancement is attributed to the
formation of hydrogels, which create cohesive bonds between sediment
particles and strengthen interparticle interactions. These gel networks
improve the overall structural integrity of the sediment matrix and
contribute to the shear strength development of biopolymer-treated
samples.

Conversely, the friction angle is governed by factors such as particle
shape, surface roughness, and resistance to interparticle sliding. Bio-
polymers do not significantly alter the grain shape or surface friction. In
fact, the application of biopolymers may result in a thin film coating on
particle surfaces, which can reduce interparticle friction by acting as a
lubricating layer, thereby decreasing the sliding resistance and
contributing to the observed reduction in friction angle for certain
biopolymer-treated samples.

3.3. Microscopic analysis

Fig. 13 presents the SEM images and EDS spectra of sediment spec-
imens treated with biopolymers. This figure depicts samples from the
UCS test, compacted and prepared at an optimal water content of 17.8
%.

In the untreated sample (DS), the sediment particles appear loosely
aggregated, exhibiting irregular surfaces with limited bonding between
the grains. The EDS spectra (Spectra 1 and 2) show the presence of

dominant elements such as oxygen (0), silicon (Si), aluminum (Al), and
iron (Fe), which are consistent with clay mineral phases.

Upon the addition of AL, a clear microstructural effect was observed.
AL partially coated the sediment particles, formed bridge-like connec-
tions between the adjacent aggregated particles, and filled the pore
spaces. These biopolymer bridges were measured <1 um in diameter.
Elemental mapping through EDS showed increased carbon (C) concen-
trations in the AL-treated regions, confirming the presence of the organic
biopolymer matrix alongside the mineral components of the soil.

In the sample treated with XA, distinct fibrous structures with
elongated morphology were observed, some reaching widths of up to
approximately 8.6 um. These fibrous networks were seen wrapping
around sediment particles, effectively binding them together and
enhancing inter-particle adhesion. The EDS spectra from these zones
displayed elevated peaks for C and O, confirming the presence of XA
within the soil matrix.

The sample treated with CH exhibited bridge-shaped and cluster-like
formations, with diameters typically under 2 um, distributed across the
sediment surface. These formations contributed to the development of a
denser microstructure, effectively reducing pore spaces within the soil
matrix. EDS spectra further confirmed the incorporation of CH, showing
increased C and O peaks while still preserving the characteristic mineral
signals of Si, Al, Fe, and magnesium (Mg).

In the case of the GG-treated sample, a continuous bridging network
is evident, with biopolymer films spanning up to 60 pm across the
particle surfaces. This extensive coverage enhances particle cohesion.
EDS results confirm the organic origin of the biopolymer phase, indi-
cated by a high proportion of C and O in addition to the typical soil



Y. Ghafoori et al.

Results in Engineering 28 (2025) 108233

1404 DS | 1% AL ] 1% XA
—50 kPa 50 kPa 50 kPa
——100 kPa ——100 kPa —— 100 kPa
=120 ——200kPa | ——200kPa | | ——200 kPa
o
X100 - 1 1
»
o
= 80+ 4 J
7]
g
2 60+ g E
(]
40 - E
20 E
0+ T T T T T T 1 T T T T T T T T T r T
0 2 4 6 8 10 12 14
140 1% CH ] 1% GG Shear strain (%)
50 kPa 50 kPa
1204 —— 100 kPa —— 100 kPa
— —— 200 kPa —— 200 kPa
©
o
< 1004
[2}
173
2 80
7
g
o 60 -
()
40 -
20
0 T T T T T T f T T T T T
0 2 4 6 8 10 12 140 2 4 8 10 12 14
Shear strain (%) Shear strain (%)
Fig. 11. Direct shear test results of untreated and biopolymer-treated samples.
elements.
160
140 -3 4. Discussion
5120 .-22%3
a PP A summary of the experimental results of this study is indicated in
T%/ 1001 . ’,:: Fsd P Fig. 14, comparing the effect of different biopolymers on improving the
£ 8041 £ ” f z -2 geotechnical properties of the dredged sediment. CH and GG bio-
g 604 gz--"" . DS polymers formed a highly viscous gel, which subsequently increased the
2 2 L o 1%AL liquid limit significantly >100 %. With the exception of AL, the con-
@ A 1241 XA sistency of the treated sediment increased significantly by treating with
20+ : 1;; gg biopolymers. This enhancement is attributed to the formation of
) . . . . . hydrogel between soil particles, which strengthens inter-particle bonds
0 40 80 120 160 200 240 as observed in the SEM images. In contrast, the AL biopolymer required
Normal stress (kPa) additional curing time to develop a water-retentive hydrogel [52];
. consequently, early-age tests for LL, PL, and undrained shear strength
Fig. 12. Shear stress-normal stress. s .
showed no significant improvement.
Treatment of DS with biopolymers decreased the volumetric
Table 3 shrinkage slightly while it slightly increased the capability of water
Shear strength characteristics of DS treated with biopolymers. retention during the drying process. The CH-treated sample presented
— o Lo AL L% XA Ny Ny the slowest rate of drying during the shrinkage test.
pecimen > > > > In the case of compressive strength, XA- and AL-treated sediment
Cohesion (kPa) 27 41 S5 49 37 exhibit sound enhancement in terms of peak strength and secant
Friction angle 24 20 20 25 25

modulus at 28 days of curing. XA also increased the ductility of sedi-
ment, as axial strain at the failure during the UCS test was increased by
17 % compared to the untreated sample. The consolidation test showed
that AL, XA, and CH biopolymers significantly decreased the settlement
of saturated DS under normal loads.
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Fig. 13. SEM/BSE microphotographs and EDS spectra of sediment specimens extracted from the UCS samples.

In contrast to lime treatment, where cohesion tends to remain rela- the sediment, with minimal or even negative influence on the friction
tively stable and the friction angle increases with lime content [7], the angle. Among the tested biopolymers, XA produced the most significant
effect of biopolymers is primarily observed in enhancing the cohesion of increase in cohesion. However, this was accompanied by a notable
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on the geotechnical properties of

reduction in the friction angle, indicating that while XA strengthens
interparticle bonding, it may reduce friction through the formation of
lubricating gel films as demonstrated in SEM imaging. In terms of shear
strength, CH exhibits the best performance with significantly enhancing
cohesion while also slightly increased the friction angle of the sediment.

The combined SEM, UCS, and direct shear results clearly show that

11

biopolymer treatment fundamentally changes the soil microstructure
and consequently, its overall mechanical behavior. The untreated sedi-
ment showed low compressive and shear strengths, aligning with SEM
images displaying loosely packed grains with minimal interparticle
bonds. Conversely, adding biopolymers introduced distinct binding
mechanisms, as verified by the micrographs and EDS spectra. AL formed
bridge-like, pore-filling films that increased cohesion and compressive
strength, though its smooth surfaces limited gains in frictional resis-
tance. XA developed fibrous, ribbon-like bridges that enabled efficient
load transfer and strong interlocking, explaining its high UCS and
improved shear resistance. CH created granular clusters that spot-
welded particles and bridge-like formations, which moderately raised
compressive strength while enhancing roughness and interlocking,
which yielded notable shear strength gains. In contrast, GG formed wide
gel-like films that promoted adhesion but lacked firm anchorage to the
mineral skeleton, resulting in modest shear strength improvement and
lower compressive strength.

Overall, the mechanical performance can be directly explained by
the type and effectiveness of the polymer-soil bonds observed under
SEM. Fibrous and continuous morphologies (XA, AL) produced stronger
and more ductile responses under compression, while granular or rough
surface morphologies (CH) were more effective in enhancing shear
resistance. These findings confirm that the macroscopic strength of
biopolymer-treated soils is governed not only by the amount of polymer
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added but also by the specific microstructural bonding mechanism it
introduces.

The current study compared the performance of four types of bio-
polymers in stabilizing dredged sediment. The results of this study can
be used to select the appropriate biopolymer for stabilization of dredged
sediment to be used for development of methodology for field-scale
stabilization. The current study investigated the early strength
enhancement using undrained shear strength estimation and consis-
tency index calculation, while the mid-term behavior was studied by
direct shear test and UCS after 28 days of curing.

5. Conclusion

Dredged marine sediments were treated with four types of bio-
polymers to investigate the potential stabilization enhancement in
consistency, mechanical properties, and microstructural analysis of
sediment. The findings of this study lead to the following conclusions:

Incorporating 1 wt % biopolymers improved the mechanical prop-
erties of the dredged sediment, with varying levels of effectiveness
depending on the biopolymer type. Therefore, biopolymers can be
employed as sustainable bio-binders for dredged sediment stabili-
zation, offering significant environmental benefits.

The liquid limit and consistency of sediment increased significantly
with biopolymers (except AL), which is a crucial improvement in
dredged marine sediment that is characterized by high water con-
tent. Incorporating 1 wt % XA, CH, and GG increased the consistency
index of the dredged sediment by 64 %, 132 %, and 107 %,
respectively.

Biopolymers slightly decreased the volumetric shrinkage of the
sediment; however, this effect is minor.

UCS of the sediment was enhanced by the addition of biopolymers,
with the greatest improvement obtained in the XA-treated sample,
which exhibited a 40 % increase in strength after 28 days of curing.
Direct shear tests revealed that biopolymers significantly increased
the cohesion of the sediment from 27 kPa to 41, 55, 49, and 37 kPa
for sediment treated with AL, XA, CH, and GG, respectively. How-
ever, their effect on the friction angle varied: while AL and XA
reduced the friction angle by 4°, CH- and GG-treated samples
exhibited an increase in the sediment’s friction angle by 1°.

e SEM observations and EDS analyses confirmed that biopolymers
alter soil structure through different bonding mechanisms. These
findings confirm that the strength enhancement of biopolymer-
treated soils is governed not only by the amount of polymer added
but also by the specific microstructural bonding mechanism it
introduces.
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