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ABSTRACT

Biopolymers have emerged as a sustainable alternative for ground improvement.
However, biopolymer-treated soils often exhibit reduced strength retention under
saturated conditions due to their inherent hydrophilicity. Agar gum, a seaweed-derived
biopolymer, can help address this limitation owing to its notable water resistance, but its
relatively low compressive strength compared to other stabilizing agents remains a
challenge. To address this, this study investigates the synergistic effects of crosslinking
agar gum with calcium compounds (CaCl2) to enhance both the water resistance and
mechanical strength of the soil matrix. The mechanical performance of the Ca-
crosslinked agar-treated soil was evaluated using uniaxial compressive strength (UCS)
tests. To systematically assess hydro-mechanical stability and environmental durability,
the testing program included dry-state evaluations as well as extreme moisture exposure
tests, specifically long-term continuous immersion and accelerated wetting-drying (W-D)
cycles. Through crosslinking with calcium, the agar gum-treated soil exhibited both
extended underwater durability and enhanced compressive strength, demonstrating its
viability for resilient ground improvement.

1. INTRODUCTION

Recently, biopolymer-based soil treatment (BPST) has emerged as a sustainable
and eco-friendly alternative to traditional chemical soil stabilizers (Chang et al., 2016).
Conventional binders, such as Portland cement and lime, are highly carbon-intensive
and pose severe environmental risks, including the alteration of groundwater pH and the
leaching of toxic trace elements (Barcelo et al., 2014; Richman et al., 2006; Vik et al.,
2000). In contrast, organic biopolymers derived from plants or microorganisms offer a
sustainable path for ground improvement (Chang et al., 2016). Extensive research has
demonstrated that biopolymers can significantly enhance the strength of soils by coating
particle surfaces and establishing stable interparticle bridging (Byun et al., 2025; Kumar

Graduate Student

2Professor


mailto:kjh991207@pukyong.ac.kr
mailto:kjh991207@pukyong.ac.kr
mailto:yeongman.kwon@pknu.ac.kr
mailto:yeongman.kwon@pknu.ac.kr

The 2026 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM26)
23-25, August, 2026, Convensia, Incheon, Korea

et al., 2025; Lee et al., 2025).

Despite these geotechnical advantages, the practical application of BPST is often
limited by the inherent hydrophilicity of natural polysaccharides (Ren et al., 2024). Upon
exposure to water, such as during heavy rainfall, flooding, or prolonged saturated
conditions, dry biopolymer binders absorb moisture, swell rapidly, and undergo local
dilution or dissolution. This water-induced disruption breaks the hydrogen bonds between
the biopolymer and soil particles, leading to a severe reduction in the wet uniaxial
compressive strength (wet UCS) and the structural collapse of soils. Consequently,
securing reliable water durability remains a challenge in utilizing biopolymers for slope
protection and waterfront structures (Kumar et al., 2025). To mitigate this vulnerability,
researchers have investigated chemical crosslinking methods to reinforce biopolymer
networks (Bang et al., 2024; Lee et al., 2023a); however, certain additives introduce
secondary environmental hazards(Lee et al., 2023b; Liang et al., 2021).

To resolve both the water sensitivity of biopolymers and the environmental risks
associated with heavy metal crosslinkers, this study proposes a sustainable, non-toxic
soil stabilization technique using a thermo-gelling agar biopolymer ionically crosslinked
with calcium chloride (CaClz). Agar, a seaweed-derived polysaccharide, dissolves in hot
water and, upon cooling, forms a robust physical gel network composed of double helices
(Rhein-Knudsen et al., 2015), which has a great resistance to wetting. However, AG has
shown relatively lower compressive strength than other biopolymers, such as xanthan
gum and gellan gum (Chang et al., 2016). To address this limitation, this study introduces
calcium (Ca?*) ions to promote ionic coordination with the sulfate ester groups of the agar
chains (Mahmoud Nasef et al., 2011). The ionic crosslinking is expected to limit the
hydrophilic swelling of the polymer, thereby reducing its susceptibility to water and
helping maintain the structural integrity of the binder matrix under saturated conditions.
Accordingly, this study evaluates the wet UCS, long-term water stability, and resistance
to repeated wetting-drying cycles of agar-treated sands crosslinked with CaClz2.

2. MATERIALS AND METHODS
2.1 Materials

2.1.1 Agar (AG)

Agar ((C12H1809)n) is a polysaccharide biopolymer derived from red algae
(Rhodophyceae) (Changet al., 2016). It is primarily composed of two distinct fractions:
agarose and agaropectin, as shown in Fig.1. Agarose (Fig. 1a), the neutral linear
component, exhibits thermo-gelation properties driven by hydrogen bonding with water.
It typically melts at temperatures between 85 and 90 °C and gels between 32 and 45 °C
(Jang et al., 2024). The formation of these helical dimers upon cooling imparts baseline
water resistance to the AG gel (Rhein-Knudsen et al., 2015). In contrast, agaropectin
(Fig. 1b) is a heterogeneous fraction containing negatively charged ester sulfate groups
(Nishinari & Fang, 2017), which provide active sites for ionic crosslinking with introduced
cations. In this study, powdered AG (CAS: 9002-18-0; Sigma Aldrich Co., Portugal) was
used without any purification.
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Fig. 1 Chemical structure of agar composition. (a) agarose (b) agaropectin

2.1.2 Calcium chloride (CaClz2)

Calcium chloride (CaCl2)is used as the calcium compound in this research. When
dissolved, the divalent calcium ions (Ca?*) electrostatically interact with the negatively
charged sulfate groups present in the agaropectin fraction of the agar. In this study,
Calciumchloridein bead form (CAS: 10043-52-4; Samchun Chemical, Republic of Korea)
was used.

2.1.3 Silica sand

This study employed Silica sand #6 purchased from Kyung-In materials Co.,
Republicof Korea. The particle size distribution curve (Fig. 2) indicatesthat the sandhas
a specific gravity (Gs) of 2.78, a mean particle size (Ds0) of 0.419 mm, a coefficient of
uniformity (Cu) of 1.674, and a coefficient of curvature (Cc) of 0.989. Based on these
properties, the sand is classified as poorly graded sand (SP) according to ASTM D2487
(ASTM, 2017).
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Fig 2. Particle size distribution curve of Silica sand #6
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2.2 Experiment methods

2.2.1 Preparation of specimens

The AG-to-soil mass ratio (ma/ms) was fixed at 0.5%. To investigate the effects of
varying calcium composition, the Ca-to-AG mass ratio (m</ma) was set to 0, 15, 25, 40,
50, 75, and 100%. The dry AG and CaCl2 powders were premixed and added to boiling
(93 £ 1 °C) deionized (DI) water (New Human RO, Human Corporation, Republic of
Korea). The solution was thoroughly mixed usinga hand mixer until complete dissolution
was achieved, and the target water content (w) was adjusted to 20%.

The prepared biopolymer solution was then uniformly mixed with the soil. During
this process, the temperature of the mixture was maintained above 50 °C to prevent
premature gelation of the AG. The biopolymer-treated soil was subsequently compacted
into cubic molds with dimensions of 4.5 x 4.5 x 4.5 cm?3. To ensure specimen uniformity,
the initial mass of all specimens was strictly controlled within a range of 160 + 4 g. This
corresponds to a consistent dry density of approximately 1.75 + 0.05 g/cm3, with a
variance of less than 2.5%, confirming the high reliability of the compaction method.

All specimens were dried at room temperature (22 +2 °C) underarelative humidity
of 80%. For the specimens subjected to wet uniaxial compressive strength (UCS) tests,
the initial drying periods were varied at 0, 1, 6, 12, 24, 72, and 168 hours. The key mix
proportions and specific test conditions are summarized in Table 1.

Table 1. Specimen preparation conditions varying biopolymer contents, crosslinking

ratios, and drying/submerging periods
AG-to-soll Cato-AG ratio |\ 0 content, | Drying time Experimental
mass ratio, in mass, mc/ma W [%] [h] condition
malms [%] [%] °
05 0, 15, 25, 40, 20 0,1,6,12, 24, Submerged
' 50, 75 and 100 72 and168 after drying
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(b)

Fig.3 Experiments conducted on specimens. (a) uniaxial compressive stress test, (b)
water submergence test

2.2.2 Uniaxial compressive strength (UCS)

Fig. 3 (a) describes the uniaxial compressive test on specimens. The uniaxial
compressive strength (UCS) tests were performed using a LoadTrac Il load frame
(Geocomp, USA). The applied load was measured by a DBBP-1t load cell (Bongshin,
Republicof Korea), and the axial strain was continuously monitored using adisplacement
gauge connected to a data acquisition (DAQ) system (Green tech, Republic of Korea) at
a constant strain rate of 1 %/min, followingthe ASTM D2166/D2166M-16(ASTM, 2016).
Wet UCS tests were conducted on specimens with the same ma/ms and mc/ma ratios.
These specimens were dried for 0, 1, 6, 12, 24, 72, and 168 hours, submerged in water
for 24 hours, and then tested immediately in their wet state. The drying periods were
varied to observe the time-dependent crosslinking process and to simulate in-situ field
conditions.

2.2.3 Water durability test

To evaluate the water durability of the treated materials, both long-term immersion
tests andcyclic wetting-drying (W-D) tests were conducted. Specimens prepared without
an initial drying phase (0 h drying) and a designated ratio of me¢/ma= 40% were utilized
for all durability assessments. To investigate the long-term degradation behavior and
water resistance under continuous moisture exposure, the specimens were fully
immersed for a period of 8 days. Furthermore, to simulate environmental fluctuations and
assess cyclic resilience, the specimens were subjected to 4 consecutive wetting-drying
cycles. All specimens were submerged as shown in Fig. 3 (b).

3. RESULT AND ANALYSIS

3.1 Effect of calcium composition on the wet UCS of sand
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Fig. 4 Wet UCS with drying time and mc/ma

Fig. 4 illustrates the influence of calcium composition on the wet UCS of sand
specimens after various drying periods. The AG-only specimens (mc¢/ma = 0%) showed
the lowest compressive strength across all drying times, remaining below 40 kPa. The
undried specimen with me¢/ma=40% exhibited the highestUCS (85.95 kPa), representing
a 140.35% increase compared to the AG-only specimen under the same conditions
(35.76 kPa). This indicates that Caionsinduce ionic bonding between the sulfate groups
of AG, thereby forming a rigid gel network. In the initial, undried hydrogel state, this ionic
crosslinking effectively maintains strong cohesion between the soil particles.

However, as the drying time extended to long-term conditions (24, 72, and 168
h), the wet UCS of all specimens sharply decreased and converged to a range of 10 to
45 kPa. Notably, the wet UCS of the mc/ma=40% specimen, which initially recorded the
highest strength (85.95 kPa), drastically plummeted to 19.55 kPa, representing a
reduction of 77.25%.

3.2 Water durability under long-term submergence and wetting-drying cycles

To evaluate the long-term durability and environmental stability of the optimized
composite (mc¢/ma = 40%), the specimens were subjected to an 8-day long-tem
immersion test and a cyclic wetting-drying (W-D) test consisting of 4 cycles. Fig. 5
illustrates the variation in wet UCS underthese conditions compared to the baseline wet
UCS (24 h submergence, 85.95 kPa). Following the 8-day long-term immersion, the wet
UCS decreased by approximately 40.1% to 51.43 kPa. This reduction is attributed to the
prolonged swelling of the hydrogel matrix. Similarly, after 4 cycles of wetting and drying,
the compressive strength exhibited a 39.6% reduction, resultingin a wet UCS of 51.90
kPa.

Despite these reductions, the specimens retained approximately 60% of their initial
wet strength, without experiencing structural collapse or slaking (Fig. 6). This residual
strength was still higherthan that of the AG-only specimen tested without prior drying.
Taken together, the retained wet strength and absence of visible slaking highlight the
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enhanced stability conferred by Ca2*-mediated ionic crosslinking. Furthermore, even
though the stress reduced about 40%, the values fall within the lowerrange previously
reported for lightweight geomaterials considered for low-stress filling applications (Gao
et al., 2013).The rigid gel network effectively resisted complete dissolution and fatigue
failure,confirming thatthe optimized calcium-treated biopolymer soil possesses sufficient
long-lasting water resistance.
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Fig. 5 Compressive strength of the treated specimens (mc¢/ma=40%) undervarious test
conditions. The red solid line indicates the baseline strength of the pure agar specimen
(mc/ma=0%) under the wet condition.
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3.3 AG-Ca crosslinking mechanisms

The hydro-mechanical strengthening and enhanced water resistance of the sand
treated with the agar-calcium system appears to be governed by the formation of a dual-
gelation network. Agar gum (AG) is chemically composed of two major fractions, i.e.,
agarose and agaropectin as shown in Fig.1, with distinct physical properties. Agarose,
which constitutes the primary neutral linear backbone of agar, undergoes a
thermodynamic coil-to-double-helix transition upon cooling. These helical dimers
spontaneously aggregate through hydrogen bonding to establish a physical gel scaffold,
giving the binder its fundamental thermo-gelling properties. On the other hand,
agaropectin is a branched, heterogeneous fraction that carries negatively charged
functional groups, primarily ester sulfate groups. When divalent calcium ions are
introduced, they act as inorganic crosslinkers that selectively coordinate with these
anionic sulfate sites on the agaropectin chains. This ionic crosslinking creates a dense,
localized polyanionic—cationic gel network that physically constrains the hydrophilic
swelling of the agar matrix and prevents water molecules from expanding or dissolving
the binder.

Consequently, while agarose provides strong water durability, the Ca-AG ionic
bridges improve the chemical structure. This synergistic mechanism preserves the
structural integrity of the biopolymer coating at the soil contact zones under submerged
conditions, thereby maintaining the higher wet uniaxial compressive strength than the
AG-only specimen.

4. CONCLUSIONS

This study investigated the effectiveness of Ca crosslinked AG in enhancing the
uniaxial compressive strength (UCS) and water resistance of sand underboth dry and
wet conditions. A series of UCS tests were systematically conducted on specimens
prepared with various Ca-to-AG ratio in mass (mc</ma) and subjected to different drying
and submergence protocols.

The incorporation of Ca into the AG matrix enhanced the UCS of the treated sand.
This improvement is primarily attributed to the formation of a robust Ca-induced
crosslinked network, which strengthens interparticle bonding and increases the overall
load-bearing capacity of the soil composite.

Unlike conventional hydrophilic biopolymers that rapidly degrade upon moisture
exposure, the AG-treated sand demonstrated water resistance. The biopolymer matrix
effectively prevented water-induced disintegration, successfully maintainingits structural
integrity and residual mechanical strength even under fully submerged conditions.

These findings highlight the potential of the AG—Ca crosslinking method as a
sustainable soil treatment agent, particularly in environments where both mechanical
strength and water durability are essential, such as tunnels and underground spaces.
Although the current study demonstrated a relatively low compressive strength limited to
under100 kPa, this was primarily due to the low baseline dosage applied (ma/ms = 0.5 %).
Increasing this ratio is expected to yield higher structural strength. Therefore, further
research is required to evaluate the mechanical behavior at higher biopolymer contents
andto comprehensively assessthe material properties through additional methods, such
as direct shear tests.
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