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Abstract

The increasing frequency of geotechnical disasters and climate-related land degradation underscores the need of resilient
soil erosion mitigation. This study investigates the effectiveness of Cr’"-crosslinked xanthan gum (CrXG), a cation-
crosslinked gelation biopolymer with time-dependent gelation and water-resistant properties, in mitigating hydraulic soil
erosion. Through the erosion function apparatus test, rheological analysis, and microscopic observations, results indicate
notable improvements in soil erosion resistance with CrXG treatment, elucidating distinct reinforcing mechanisms
attributable to the gel state of the biopolymer hydrogel. The addition of 0.25% CrXG to the soil mass significantly
improves critical shear stress and critical velocity, reducing the erodibility coefficient by four order magnitudes compared
to untreated sand. Within 48 h, the transition from a viscous to rigid gel state in CrXG, driven by cation crosslinking,
transforms the soil from high (II) to low (IV) erodibility class. Scour predictions using the program, based on river
hydrograph conditions, indicate a substantial delay in reaching a 1-m scour depth. This study highlights CrXG-soil
composite’s potential as an advanced geomaterial for mitigating geohazards such as floods and stream scouring, while
offering insights into its competitiveness with conventional soil stabilization techniques.
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List of symbols T Hydraulic shear stress (Pa)
XG Xanthan gum Vv Flow velocity (m/s)
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structures, such as bridge abutments, levee slopes, road
embankments, and culvert backfills, face risks of catas-
trophic failure, resulting in fatalities and substantial eco-
nomic loss. For instance, between 1960 and 1990, stream
scour was responsible for 60% of recorded bridge failures
in the United States, with annual highway repair costs
exceeding $50 million [46, 78].

To enhance erosion resistance in shallow soil deposits,
geotechnical engineers have explored various strategies
ranging from soft-to-rigid armoring methods like vegeta-
tion [7, 87], rip rap covers [1, 82], and concrete facing
[53, 81], to chemical soil stabilization using lime, cement,
gypsum, fly ash, and sodium silicate [38, 54, 71, 77].
However, these conventional methods often come with
limitations, including high cost, restricted applicability,
and potential environmental concerns [24].

As an environmentally conscious alternative, recent
investigations have focused on biological approaches, such
as microbial- and enzyme-induced calcite precipitation
(MICP and EICP) and microbial biofilm formation. Bio-
cementation induces CaCO; crystal formation, which
increases contact points and surface roughness in coarse
soils [20, 34]. This process enhances shear strength and
erosion resistance by facilitating interparticle locking
[19, 56, 60]. Similarly, microbial biofilms, comprising
bacterial cells and extracellular polymeric substances
(EPSs), encase soil particles, improving apparent cohesion,
reducing permeability, and enhancing erosion resistance
[18, 31, 68].

In contrast to endo-cultivated biological stabilization,
exo-cultured biopolymer-based soil treatment (BPST) uses
mass-produced biopolymers such as xanthan gum (XG),
starch, enzymes, and lignin. This approach allows for
controlled application and versatile soil stabilization [57].
XG, an anionic, highly viscous extracellular polysaccha-
ride produced by Xanthomonas campestris, is particularly
noteworthy. XG-based treatments create viscous hydrogels
that interact with charged clay surfaces, improving
undrained shear strength and enhancing the shear strength
of sand-clay mixtures [14, 15, 17]. Its high swelling
capacity and pore-filling properties effectively reduce
hydraulic conductivity, mitigating seepage and infiltration
in granular soils [11, 50]. These properties contribute sig-
nificantly to erosion resistance across various soil types
[26, 44], as demonstrated by multiscale experiments sim-
ulating levee overtopping conditions [42, 45].

Despite these benefits, XG’s hydrophilic nature limits its
durability under prolonged water exposure, leading to soil
collapse. To address this, gelation-type biopolymers, such
as thermo-gelling and cation-crosslinked biopolymers,
have been introduced [48, 83]. While thermo-gelling
biopolymers are effective in enhancing strength durability
under wet conditions, their field-scale application is
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challenging due to the need for precise high-temperature
control, affecting workability. In contrast, Cr’" crosslinked
xanthan gum (CrXG) offers a straightforward room tem-
perature gelation process [47]. The intermolecular
crosslinking between XG’s -COO groups and Cr’" ions
gradually increases gel rigidity and reduces water reactivity
by consuming hydrophilic sites, forming a robust gel net-
work resistant to long-term submersion [47, 76]. Addi-
tionally, CrXG allows control over gelation time through
adjustments in biopolymer and Cr’" concentrations, mak-
ing it highly suitable for field applications. Notably, a 1%
CrXG addition to cohesionless sand increased its ultimate
bearing capacity by 466% within two days and reduced
hydraulic conductivity by four orders of magnitude com-
pared to untreated sand [49].

However, the erosion resistance of CrXG, particularly in
both its viscous and stiff gel states under flowing water,
remains underexplored. Understanding its surface soil-
binding capabilities is crucial for evaluating its effective-
ness in protecting against surface and internal erosion in
waterfront geotechnical structures. Therefore, this research
aims to address these gaps by: (1) characterizing the effects
of different gel states on the surface erosion behavior of
sand, (2) exploring the mechanisms of soil erosion miti-
gation through rheological analysis and microscopic
observations, and (3) assessing the efficiency and com-
petitiveness of advanced biopolymer treatments.

This study explores the differences in enhancement
efficiency and mechanisms between viscous and rigid gel
states by investigating the soil erosion resistance, rheo-
logical properties, and microscopic structure of biopoly-
mer-treated sand, aiming to assess their effectiveness as
erosion mitigation strategies. Specimens treated with non-
gelling viscous biopolymers (XG), cation-crosslinked
gelation biopolymers (CrXG), and high-temperature gela-
tion biopolymers (gellan gum, GG) were tested under
varying hydraulic shear stresses and biopolymer dosage.
Soil erosion parameters were measured using an erosion-
function apparatus (EFA) and linked to rheological prop-
erties to understand erosion mitigation mechanisms
depending on biopolymer hydrogel state. Long-term scour
predictions using SRICOS software under river hydrograph
conditions were also analyzed. This study highlights
CrXG’s potential as a novel geomaterial for mitigating
geohazards like floods and stream scouring, while offering
insights into its competitiveness compared to conventional
and bio-based soil stabilization techniques.
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Fig. 1 Grain size distribution and basic properties of jumunjin sand

2 Materials and methods

2.1 Soil

Jumunjin sand, a commonly used silica sand in Korea, was
selected as the host soil for this study. Classified as poorly
graded sand (SP) according to the Unified Soil Classifica-
tion System (USCS), it has a mean particle size (Dsg) of
0.506 mm. The particle-size distribution curve and detailed
soil properties are illustrated in Fig. 1. Based on the ero-
sion classification in Briaud (2008), SP soil falls between
“very high erodibility” and “high erodibility”.

2.2 Biopolymer: hydrogel preparation

Three biopolymers—XG, CrXG, and GG—were consid-
ered for hydrogel preparation and subsequent mixing with

Table 1 Description of soil specimens

soil. XG, known for its non-gelling yet highly viscous
nature in water, strengthens soil through interparticle
bonding [14] and reduces hydraulic conductivity via pore
filling effects [11]. Analytical grade purified XG powder
(Sigma-Aldrich, CAS: 11,138-66-2) was used to prepare
XG hydrogels, with biopolymer mass-to-water mass ratio
(my/my,) of 0.625%, 1.25%, 2.5%, and 5% using a labo-
ratory hand mixer.

CrXG, a crosslinked form of XG with Cr** cations, is
recognized for its rapid improvement in wet strength and
mitigation of water infiltration in coarse soils through
progressive gelation. Additionally, CrXG shows enhanced
durability against water-related degradation [47]. The
synthesis of CrXG gel involved combining XG hydrogel
with a Cr*t solution, made from chromium nitrate non-
ahydrate (Cr(NO;3);09H,0) and sodium chloride (NaCl) in
distilled water. Cr(NO5);99H,0 (Daejung Chemical Co.,
CAS: 7789- 02-8) was chosen as the crosslinking agent
due to its high solubility and effective crosslinking reac-
tivity among Cr’* compounds [5, 36]. The my/my, ratio for
CrXG gel were set at 0.625%, 1.25%, 2.5%, and 5%. The
final mixing ratio of XG:Cr(NO3);#9H,0:NaCl by mass
was maintained at 10:3:1, following the previous findings
that reported this mixing ratio as optimal for wet strength
performance [47].

GG, a thermogelation biopolymer synthesized by the
bacterium Sphingomonas elodea, exhibits changes in
thickness and solubility with temperature variation. When
heated above 110 °C in water, GG undergoes an ionotropic
sol—gel transition upon cooling, forming a dense and highly
viscoelastic gel that contributes to increased soil shear
strength [12]. Low acyl GG (Sigma-Aldrich, CAS No:

Specimen  Specimen Biopolymer Binder content  Initial water ~ Concentration  Dry Void Relative
number name type to soil mass content of binder gel density  ratio  Density
(Label) (Binder) (my/mg) [%] (mgmy,) (%]  (mp/my,) [%] [g/em’] [%]
1 Untreated - - 20 - 1.45 0.83 39
2 X12 Xanthan gum 0.125 0.625 1.44 0.84 35
3 X25 (XG) 0.25 1.25 1.46 082 44
4 X50 0.5 2.5 1.45 083 39
5 X100 1 5 1.44 084 35
6 CX12 Cr**-crosslinked Xanthan gum ~ 0.125 0.625 1.47 0.80 48
7 CX25 (CrXG) 0.25 1.25 1.43 085 31
8 CX50 0.5 2.5 1.44 0.84 35
9 CX100 1 5 1.44 084 35
10 CX12(48 h) 0.125 0.625 1.47 080 48
11 CX25(48 h) 0.25 1.25 1.46 082 44
12 GG25 Gellan gum 0.25 1.25 1.46 082 44
13 GG50 (GG) 0.5 2.5 1.48 0.79 51
14 GG100 1 5 1.44 0.84 35
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71010-52-1) was used prepare GG solutions with my/my,
ratio of 1.25, 2.5, and 5%, achieved by dissolving the
powder in distilled water heated to 110 °C [12].

2.3 Biopolymer-treated soil column preparation

A series of biopolymer-treated soil column specimens were
prepared for the flume-type erosion tests (Table 1) using
the wet-mixing method, where the hydrogel was prepared
first and then mixed with soil to improve workability and
ensure mixing homogeneity in biopolymer-soil composite
[14, 74]. Jumunjin sand, dried at 110 °C for 24 h, was
thoroughly mixed with XG, CrXG, and GG hydrogels to
achieve an initial water content (m,/m, = water mass in
hydrogel-to-soil mass ratio) of 20%. This process produced
biopolymer-treated sand with biopolymer-to-soil mass ratio
(my/mg) of 0.125%, 0.25%, 0.5%, and 1%. The mixtures
were compacted into Shelby tubes (inner and outer diam-
eters of 71 mm and 76.2 mm, respectively), resulting in
soil columns with a height of 200 mm and an initial void
ratio ranging from 0.79 to 0.85, which corresponds to a dry
density (pg) range of 1.43 to 1.48 g/cm®. The upper surface
of the column was carefully trimmed, and both ends of the
tube were sealed with paraffin film to prevent moisture
evaporation prior to conducting experiments. A total of 14
specimens were prepared, as summarized in Table 1.

According to Marudova-Zsivanovits et al. (2007), the
gelation process in XG-Cr’" gel can be divided into two
phases: the initial 12 h, referred to as the rising period,
during which the gel stiffness increases, and the subsequent
48 h, known as the plateau period, during which the gel
stiffness remains constant. Because of this, the CrXG
hydrogel specimen was divided into two types based on the
curing time: early-stage and post-gelation. The early stage
CrXG specimens (No. 6, 7, 8 and 9), which were closer to
the viscous gel state, experienced early-stage gelation
lasting a maximum of 6 h. This period encompassed the
entire timeframe from specimen preparation to the con-
clusion of the erosion test. In contrast, the post-gelation
CrXG specimens (No. 10 and 11) were pre-cured for 48 h
prior to the erosion test. The curing effect was not con-
sidered for the viscous XG (No. 2, 3, 4 and 5) and ther-
mogelated GG specimens (No. 12, 13 and 14), as they did
not experience gelation over time. In summary, specimens
from No. 2 to No. 9 contained a viscous biopolymer
hydrogel, whereas specimens from No. 10 to No.14
included a rigid biopolymer hydrogel.

2.4 Erosion test using erosion function
apparatus (EFA)

To assess surface erosion resistance of biopolymer-treated
soil specimens, an erosion function apparatus (EFA)
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equipped with a P-wave monitoring system was employed
(Fig. 2) [10, 33]. Specimens were placed into the EFA
(Fig. 2a), with the upper portion of each specimen threaded
through the lower opening of the conduit. Once the conduit
was filled, a pneumatic piston raised the soil columns to
protrude 1 mm into the conduit’s lower surface (Fig. 2b).
These columns were then subjected to water flow velocities
ranging from 0.07 to 4.87 m/s, representing the EFA’s
operational limits.

Erosion time (), defined as the duration of water
exposure required to produce 1 mm soil erosion, was
measured through visual inspection and P-wave reflection
monitoring. Two pencil-type miniature ultrasonic trans-
ducers (VP-3, CTS Valpey Co.) with a 3 mm diameter
were affixed to the upper center of the flow channel. During
testing, a signal generator (DPR300, JSR Ultrasonics)
produced pulses on the source transducer, while reflected
P-waves were captured by the receiver transducer every 3 s
using a digital oscilloscope (DSO-X-3024A, Agilent)
(Fig. 3). Data processing involved applying a band-pass
filter with cutoff frequencies between 1.5 and 4.0 MHz to
improve signal clarity. The eroded height (Az, in mm) was



Acta Geotechnica

Raw signal

12
@ 9
()
£
- 6
[0
n
&
w 3

0

60 65 70 75
Time [us]

Fig. 3 Raw and filtered P-wave signals in EFA test

then calculated based on the change in arrival time (At,, in
s) and the P-wave velocity in water (Vp, 1480 m/s at 20 °C)
as follows [33]:

Az— %vp(m,,) (1)

Figure 4 depicts soil depth variation at the central
location of the soil specimen as estimated through P-wave
reflection monitoring under different flow velocities during
the EFA tests. The t was determined by averaging the time
at which soil depth change exceeded 1 mm with the time
recorded from visual inspection (Fig. 4a). In cases where
air bubbles interfered with P-wave signals [33], only visual
inspection was used to record . When surface erosion was
minimal but specimen fragments dislodged at higher flow
velocity, ¢ was recorded at the time of fragment detachment
(Fig. 4b). For specimens with negligible erosion even after
one hour, ¢ was set at 3600 s (Fig. 4c).

The EFA method analyzes soil erosion behavior through
erosion rate (z, in mm/h) and shear stress (t, in Pa). The z
was calculated by dividing the eroded depth by the time
needed for 1 mm erosion (t) as follows [10]:

1
£ =~ x 3600 (2)

Shear stress in the EFA was determined using the
Darcy-Weisbach equation as a function of flow velocity
(V), density of water (p) and friction factor (f) [35]:

1

Elapsed time [s]
(o]

|

Filtered signal

i

60 65 70 75
Time [us]

The Moody chart, modified for the rectangular pipe,
provided the friction factor as a function of pipe roughness
(¢) and the Reynolds number (Re) [61].

2.5 Measurement of rheological yield stress
of biopolymer hydrogels

Shear-thinning biopolymer hydrogels exhibit a reduction in
viscosity when subjected to an external shear force
exceeding the rheological yield stress (ty) [80]. 7y, which is
stress required to initiate flow or disrupt the integrity of a
gel structure, was measured using a rheometer (Rheolab
QC, Anton Paar) equipped with a 4-blade vane spindle. For
biopolymer hydrogels in a viscous state (e.g., XG and
early-stage CrXG gels in specimens No. 2 to No. 9), a shear
rate of 0.05 s~ ' were applied, and T, was calculated using
Eq. (4) as shown below [27]:

2 (H 1\
‘L'y:ﬁ B+§ Tmax (4)

where 1, = yield stress (Pa); D = vane width (m); H =
vane height (m); and 7T},,x = maximum torque (N-m).

Due to the excessively high 1, and stiffness of the
gelation type biopolymer hydrogels (specimen No. 10 to
No. 14), which make rheometer measurement impractical,
only viscous state biopolymers were evaluated.

@ Springer



Acta Geotechnica

€
E
=
a
[0}
©
)
12}
£
(0]
D
C
[
e
° L 0.13m/s  —©—0.33m/s
—6—-0.68 m/s 0.87 m/s
——1.02 m/s
_25 A A A
0 50 100 150 20(
Elapsed time [s]
5
€
£ -5
< Block
3 pulled out
o
B 15 |
2]
£
[0]
[
]
< 25
(&) 0.82 m/s
| —6—1.01m/s
—©—-1.11m/s
-35 n n n
0 50 100 150 200

Elapsed time [s]

€
E
e
2
2 .
8 I
B 4 bemmeeee . ss6
w
< | ) A
] 0.99 m/s 1
o _ L
§ ST o 205mis 0Ff
&) [ —6-3.08m/s
2 4.07 w5 _0'05100 120 140 160
I —6—4.78 m/s
25 PR S S T S S S T T S S S S S S
0 50 100 150 200

Elapsed time [s]

Fig. 4 Change in soil depth obtained by P-wave reflection monitor-
ing: a X25; b CX50; and ¢ CX25 (48 h)

2.6 Microscopic observations of biopolymer-
treated sand

Environmental scanning electron microscope (ESEM)
analysis was conducted using a Quattro S (Thermo Fisher
Scientific Inc.) to observe the microscopic structure of
viscous- and gelation-type biopolymer hydrogels within a
sand matrix under humid conditions. A piece of XG- and
CrXG-treated sand specimen was mounted on a circular
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ESEM stage and exposed to electron beams in a chamber
maintained at 100% relative humidity by controlling the
water vapor pressure at 750-770 Pa and the temperature at
2 °C.

2.7 SRICOS-EFA

The Scour Rate in Cohesive Soil (SRICOS) method,
introduced by Briaud et al. (1999), predicts scour depth
over time using hydrograph data and erosion function (t—z2
relations) derived from EFA experiments. This method was
employed to evalaute the effectiveness of biopolymer-soil
treatments in scour mitigation, with further details outlined
in Briaud et al. (2001). A simplified scenario was modeled
with three circular piers in the Seomjingang River, an area
severely affected by flooding in 2020 in Korea [65]. The
modeled river segment has a stream width of 130 m
(Fig. 5a). The riverbed was simulated with with two layers:
an upper 1 m-thick layer treated with biopolymer-soil, and
a lower 9 m-thick layer of untreated soil (Fig. 5b).
Hydrograph data (discharge in m*/s) from 2004 to 2022 for
Seomjingang River in Gokseong-gun, Jeollanam-do,
Korea, was obtained from the Water Environment Infor-
mation System of Korea [62], as depicted in Fig. 6. Over
the 19-year period, discharge fluctuated significantly due to
seasonal heavy rainfall, with a mean discharge of 26.5 m>/
s, a peak discharge of 4906 cm?/s in August 2020, and a
standard deviation of 107 m?/s.

3 Results and analyses

3.1 Effect of biopolymer treatment on erosion
time under variable water flow condition

Figure 7 shows the time required to achieve 1 mm erosion
in untreated sand and sand treated with the three different
biopolymers across varying flow velocities (detailed data
are available in Table S1). The solid gray line at t = 3600 s
represents cases where a minimal erosion (< 1 mm)
occurred within 1 h. Figure 8 contrasts surface erosion
behavior between untreated sand and CX12(48 h).

For the untreated sand (Fig. 7a), minimal erosion was
observed at flow velocities (V) of 0.07 to 0.10 m/s, with a
significant erosion initiating at V = 0.11 to 0.16 m/s. These
findings align with previous findings (V ranging from 0.1
to 0.2 m/s) [33, 44] and suggest that untreated jumunjin
sand, prone to erosion under water flow, is vulnerable at
velocities common during rainfall (0.05 to 0.30 m/s) on
slope and along rivers 0.4 to 1.5 m/s [73, 86], untreated
jumunjin sand is prone to erosion under water flow.

Biopolymer-treated sand demonstrated greater resis-
tance to erosion compared to untreated sand, with
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variations depending on biopolymer type and dosage (my/
mg). Untreated sand exhibited rapid erosion rapidly at
V =0.16 m/s (Fig. 8a), while minimal XG treatment (m,/
mg = 0.125%) extended erosion time to 590s at
V =0.17 m/s (Fig. 7a). Increasing the XG dosage to 1%
further delayed erosion, extending erosion times beyond
1000 s at V = 0.4-0.7 m/s, showcasing enhanced erosion
resistance with higher XG viscosity. However, for all XG-
treated soils, erosion still initiated below V = 1 m/s.

In contrast, early-stage Cr’" crosslinking-induced XG
gelation in CrXG-treated sand showed minimal erosion at
V < 1 m/s (Fig. 7b), attributable to partial thickening by
localized bonding between COO- groups and Cr’* ions
during gel mixing [64]. At V = 1-1.5 m/s, XG and CrXG
exhibited similar erosion times (under 100 s at m,/m,.
= 0.5% and 1%), likely due to the shear-thinning proper-
ties of both hydrogels [23]. This indicates that adding Cr>™
delays erosion onset in XG-treated sand, but without sig-
nificant variation in erosion time once erosion begins, as
the shear force disrupts further intermolecular bonding
[23].

CrXG-treated sand cured for 48 h (Fig. 7c) showed
substantially increased erosion resistance compared to the
early stage gelation. Erosion time increased from 195 s
(CX12) to 3600 s (CX12(48 h)) at V = 1.0 m/s (Fig. 8b).
CX12(48 h) required twice the flow velocity to initiate
erosion compared to CX12, and CX25(48 h) remained
intact at V = 4.8 m/s. This enhanced erosion resistance is
attributed to the transition of CrXG hydrogel from a high-
viscosity to high-rigidity state, strengthening the gel net-
work through bonding between XG molecules and Cr’"
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[29], thereby limiting deformation and improving the ero-
sion resistance of the soil.

GG-treated sand (Fig. 7d), which transitions to a rigid
gel upon heating (110 °C) and subsequent cooling, exhib-
ited erosion resistance comparable to that of 48-h cured
CrXG-treated sand. Unlike XG-treated sand, GG-treated
specimens at my/mg of 0.25%, 0.5%, and 1% exhibited
erosion times of 8, 49, and 3600 s, respectively, even at
V =2 m/s. GG-treated sand with my/m, of 1% showed
minimal erosion, similar to 48-h cured CrXG-treated
specimens, until reaching V ~ 4.5 m/s.

3.2 Effect of biopolymers on erosion rates
and erosion resistance parameters

Critical shear stress (t.), defined as the maximum hydraulic
stress (7) required to initiate erosion, and critical velocity
(vo), the maximum velocity that soil can withstand without
eroding, are key parameters for assessing soil erodibility.
To analyze the effect of biopolymer treatment on soil
erodibility, 7. and v, were determined using a z — 7 plot on
log—log scale. An erosion rate threshold of 1 mm/h was set
on the y-axis, with 7. (and v.) identified as the average of
the last t value where 7 = 1 and the first 7 value where
z > 1 [31, 75]. Erosion curve were modeled based on a
power relationship between z and t—7t. (excess shear
stress) as follows [40, 84]:

Z'dec_%)G (5)

1Pa

where kq is the erodibility coefficient (mm/hr), indicating
the sensitivity of z to shear stress increment, 7. is the
critical shear stress (Pa), and 0 is the power exponent
describing the curve shape related to the erosion mode.
Due to minimal erosion observed in the CX25(48 h) even
at the maximum flow velocity in EFA (~ 4.8 m/s), erosion
parameters for CX25(48 h) could not be determined by
conventional method, so a maximum shear stress of
80.5 Pa was used as 1. for subsequent analysis. The erosion
parameters are summarized in Table 2 based on Briaud
(2008) erosion category chart.

Figure 9 shows erosion curves for untreated and
biopolymer-treated sand. Untreated sand, categorized as
‘very high erodibility (I)’, exhibited a 7. of 0.06 Pa, v, of
0.11 m/s, and kq of 386,290 mm/hr (Fig. 9a). While z
reached 42 mm/h at t of 0.11 Pa for untreated sand, all
biopolymer-treated sands showed significantly reduced z at
comparable t levels. Viscous biopolymer hydrogels, XG
and early stage CrXG, increased 7. up to 1.40 Pa and
5.03 Pa (v, up to 0.61 m/s and 1.17 m/s) at my/mg; = 1%,
moving erodibility class to ‘high erodibility (II)’ (Fig. 9b).
The difference in effectiveness between XG and CrXG



Acta Geotechnica

Table 2 Summarized EFA test results: erosion parameters and erosion category

Specimen Flow Shear stress  Critical Critical shear Erodibility Power Erosion category adopted from
velocity velocity stress coefficient exponent Briaud (2008)
v [m/s] Z [Pa] Ve [m/s] 7. [Pa] kg [mm/ 0[-1
hr]
Untreated 0.07 ~ 0.16 0.02 ~ 0.11 0.11 0.05 386,290 1.74 Very high (I)
X12 0.07 ~ 037 0.02 ~ 0.57 0.15 0.10 5031 1.95 Very high (I)
X25 0.13 ~ 127 0.08 ~ 5.89 045 0.82 29 2.44 High (1)
X50 019 ~ 1.85 0.16 ~ 123 0.53 1.10 28 1.26 High (1)
X100 035 ~ 181 048 ~ 11.7 0.61 1.40 26 1.55 High (II)
CX12 0.15 ~ 1.50 0.10 ~ 8.16 0.77 241 10 2.28 High (II)
CX25 054 ~ 122 112 ~ 540 095 3.40 172 1.68 High (II)
CX50 082 ~ 142 248 ~ 733 0.98 3.52 85 1.25 High (II)
CX100 0.66 ~ 1.61 1.65 ~ 938 1.17 5.03 254 2.20 High/medium (II-IIT)
CX12(48h) 093 ~ 2.68 3.17 ~ 273 1.11 452 47 1.40 High/Medium (II-III)
CX25(48h) 1.00 ~ 478 3.62 ~ 80.5 4.78 > 80.5 N/A? N/A Low (IV)
GG25 0.10 ~ 2.08 0.05 ~ 155 1.14 4.84 37 0.98 High/Medium (II-11I)
GG50 099 ~ 3.00 3.64 ~ 320 1.60 9.31 12 1.05 Medium (III)
GG100 1.83 ~ 487 12.1 ~ 83.7 4.65 76.6 N/A N/A Medium/Low (III-IV)

* N/A = Not available for erosion curve fitting due to negligible erosion

stems from initial gel thickening due to intermolecular
bonding during CrXG gel mixing, as discussed in Sect. 3.1.
CrXG-treated sand cured for 48 h exhibited even higher
1. and v, values due to enhanced gelation (Fig. 9c).
CX12(48 h) shifted to ‘high-to-medium erodibility (II-1II)’,
and CX25(48 h) to ‘low erodibility (IV)’. GG-treated sand
showed similar improvements, reaching 7. of 9.31 Pa (v..
= 1.60 m/s) at my/mgs = 0.5%, positioning the erosion
curve in ‘medium erodibility (IIT)’ category (Fig. 9d).

3.3 Effect of biopolymer content
on the efficiency of erosion resistance
improvement

To evaluate the effect of biopolymer content on erosion
resistance efficiency, Fig. 10 presents normalized erosion
resistance parameters (Table 3). Experimental results
confirmed that increasing m/mg improves 7. and v, across
all biopolymer types (Fig. 10a, b). Reductions in kg were
less pronounced but showed decreases of 3 to 4 magnitudes
compared to untreated sand (Fig. 10c), consistent with
findings by Kwon et al. (2020). Cr’" crosslinking-induced
gelation significantly increased improvement efficiency,
with XG treatment showing efficiency increases from 1.7
to 15 for 7. (and 1.4 to 4.2 for v.) as my/mg rose from 0.125
t0 0.25%. In contrast, 48-h cured CrXG treatment showed a
higher efficiency increase, from 82 to 1467 (and 10 to 45
for v.). This difference is attributed to the continuous

crosslinking in XG-Cr’™ gel network, which restricts
deformation and increases structural strength. Higher XG
content also enhances improvement efficiency by provid-
ing more active crosslinking sites and reducing branch
distances, promoting faster gelation and stronger gels [67].
Additionally, CrXG treatment achieves similar improve-
ments with only a quarter of the GG biopolymer content,
aligning with previous studies comparing the unconfined
compressive strength and direct shear cohesion of CrXG-
and GG-treated sands [49].

4 Discussions

4.1 Mechanism of enhancement in viscous-
and gelation-type biopolymers

Saturated soil particles are detached at fluid-particle
interfaces through lifting and drag forces [52]. Experi-
mental findings indicate that adding viscous- and gelation-
type biopolymers increases soil resistance to water flow by
raising the energy required for erosion, which involves
breaking interparticle bonds and achieving full suspension
in the flow [38]. Three possible mechanisms contribute to
this enhancement: (1) acting as a viscous fluid damper, (2)
serving as a bonding bridge to enhance interparticle con-
tact, and (3) filling pores to reduce seepage-induced ero-
sional forces. Figure 11 provides a conceptual schematic
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Fig. 9 Erosion curve of viscous- and gelation-type biopolymer-treated sand: a XG; b CX; ¢ Cured CX; and d GG

illustrating the role of viscous- and gelation-type biopoly-
mer hydrogels in the soil matrix under water flow. Using a
spring-dashpot system (Kelvin-Voigot model) as an anal-
ogy, the viscoelastic behavior of pore-filling biopolymer
hydrogels is represented, with distinct differences in spring
constants and damping coefficients (i.e., ¢, > k, for viscous
hydrogels, and c, <k, for gelation-type hydrogels)
[22, 63]. Figure 12 presents ESEM images of viscous-
(XG) and gelation-type (CrXG) biopolymer-treated sand
specimens under humid conditions (relative
humidity = 100%).

In its initial viscous hydrogel state, XG hydrogel dis-
plays negligible tensile strength. As it dehydrates beyond
20% my/my,, XG hydrogel transitions to a rigid film with a
tensile strength of approximately 5 MPa (Fig. Sla) [37].
This explains why no significant increase in peak shear
strength or cohesion intercept is observed for XG-treated
sand in its initially wet state during direct and triaxial tests,
as XG chains lack direct interaction with electrostatically
neutral sand particles [37, 51]. However, viscous XG-
treated sand demonstrates increased ductility, indicating
that greater strain energy is required for failure compared
to untreated sand [49]. In this context, the presence of a
viscous fluid (Fig. 12a), characterized by a relatively high
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¢y and low k,, within the sand’s pore likely impedes par-
ticle movement (deformation) and dissipates excess
energy, acting as a viscous damper rather than providing
tensile strength through interparticle bonding (Fig. 11a).

Figure 13 illustrates the relationship between 7. of sand
treated with viscous gel-type biopolymers (XG and early
stage CrXG) and 7, of the viscous biopolymer hydrogel
(Table 4). This t, represents the critical point at which the
hydrogel loses its damping effect. The 7. of the treated
sand shows a proportional increase with the 7, of the
treating hydrogel (for T, > 3.38 Pa) in a logarithmic rela-
tionship, expressed as:

7. = 0.871In(z,) — 1.06(R2 = 0.86) (6)

This finding supports the hypothesis that the viscous
biopolymer hydrogel loses its damping effects as its stor-
age modulus decreases, especially when flow-induced
stress exceeds the hydrogel’s t,, ultimately leading to the
loss of particle-holding particles.

In contrast, GG and 48-h cured CrXG hydrogels in a
rigid gel state exhibit tensile strength even in a wet state
(Fig. S1b) [13, 47]. Coating particles with these rigid
hydrogels, characterized by relatively low ¢, and high k,,
forms bonding bridges (Fig. 11b), as observed in ESEM
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images (Fig. 12b). This increases particle contacts and
requires additional shear stress cycles (energy) to break
them. Furthermore, the formation of sand-biopolymer
aggregates likely increases the mean grain size, which is
proportional to the critical shear stress of non-cohesive
soils, thereby increasing the energy required to suspend
eroded particles [10].

Finally, the pore-filling effect in both viscous- and
gelation-type biopolymer hydrogels restricts seepage flow,
reducing soil permeability through pore clogging [31]. The
improved strength durability of gelation-type biopolymer-
treated sand during water infiltration, due to its reduced
water reactivity, also supports its superior erosion resis-
tance compared to viscous biopolymers [47]. Conse-
quently, the combined effect of inhibited particle
displacement and reduced infiltration results in an
increased 7. and a decreased ky value.

4.2 Competitiveness of CrXG treatment
for erosion mitigation

4.2.1 Comparison with other bio-based soil improvement
methods

The effectiveness of CrXG treatment in enhancing 7. was
compared with various bio-based soil improvement meth-
ods previously evaluated through EFA tests (Fig. 14). Bio-
based techniques include exo-cultivated methods, such as
direct mixing of biopolymers, enzymes, and lime
[43, 75, 77], and endo-cultivated methods, like MICP and
EPS formation, which introduce liquid inoculum into the
soil medium [31, 32, 70]. Results indicate that most bio-
based methods achieve at least a two-fold increase in 7. for
sandy soils compared to untreated soil. However, EPS and
MICP demonstrate relatively modest improvements due to
difficulties in achieving homogeneous distribution and
substantial treated volume with endo-cultivation methods
[19]. In contrast, XG and XG-based compound biopolymer
treatments yield substantial increases in 7., ranging from 2
to 28 times that of untreated sand.
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Table 3 Normalized erosion resistance parameters of untreated and
biopolymer-treated soil

Specimen Normalized erosion parameter [-]

Vlveo * T/t kalkqo
Untreated 1 1 1
X12 1.4 1.7 13 x 1072
X25 42 15 7.6 x 107
X50 49 20 7.3 x 107
X100 5.6 26 6.8 x 107
CX12 7.2 44 2.5 x 107
CX25 8.9 62 45 x 107
CX50 9.1 64 22 x 107
CX100 11 92 6.6 x 107
CX12 (48 h) 10 82 12 x 107
CX25 (48 h) 45 1467 N/A
GG25 11 88 9.5 x 107
GG50 15 170 3.1 x 107
GG100 43 1395 N/A

* ve0, Tco» and kqg are critical velocity, critical shear stress, erodibility
coefficient for untreated sand, respectively

These findings establish XG-based soil treatment as a
viable solution for mitigating both surface and internal
erosion in levee structures, as demonstrated in a large-scale
experiment [42, 45]. Furthermore, CrXG treatment pro-
vides significantly improvement in 7. over to untreated
sand, with over 100-fold enhancement relative to XG
alone, driven by the transition from a viscous to a rigid gel.
Lime, a conventional soil stabilizer, raises 7. in sandy soil
from 0.52 to 1.2 Pa after 7 days of curing, increasing fur-
ther to 114 Pa after 28 days through hydration. Although
the final 7. of CrXG-treated soil may be lower than that

hydration, CrXG biopolymer treatment offers distinct
early-stage construction benefits, enabling rapid rein-
forcement and temporary erosion mitigation in soil
applications.

4.2.2 Scouring depth prediction

The erosion resistance observed in the EFA experiments
was assessed under controlled conditions with constant
flow velocities, which may not fully reflect the variability
in flow conditions caused by seasonal changes in natural
environment (Fig. 6). To address this, SRICOS software
was used to predict scour depth and evaluate the perfor-
mance of biopolymer-soil treatments under variable flow
velocities, providing a more realistic representation of
riverbed dynamics.

Figure 15 shows the predicted scour depth over 19 years
for Seomjingang river, accounting for variations in dis-
charge, water velocity, and depth. Significant increases in
scour depth were noted during periods of seasonal heavy
rainfall, particularly on days 247, 2448, and most notably
6094, when discharge peaked at 185 times the average,
corresponding to the major flood event in August 2020. For
untreated soil, the time to reach a 1-m scour depth was
173 days. Biopolymer treatments showed effective miti-
gation of scouring around piers, with XG treatment
extending the time to reach a 1-m scour depth by factors of
1.3 to 7.9, depending on the my/m;. CrXG treatment
demonstrated superior performance, delaying the 1-m
scour depth by up to 35 times. After 19 years, the final
scour depth for both untreated and viscous-type biopoly-
mer-treated soils was 5.24 m, whereas gelation-type
biopolymer-treated soils showed a 31% reduction in final
scour depth (3.61 m) even after the extreme flood event.
Due to curve-fitting issues in SRICOS, the CX25(48 h)
erosion
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resistance in EFA tests, could not be evaluated; however, it
is anticipated that CX25(48 h) would likely result in a
lower scour depth compared to other biopolymer
treatments.

It should be noted that there are certain limitations. The
scour predictions assume an ideal scenario with uniformly
distributed biopolymers in a 1-m depth layer and no per-
formance degradation over time. In practice, these pre-
dictions must account for in-situ mixing heterogeneity and

long-term durability. Although the host soil used in this
study closely resembles Seomjingang Riverbed soil, char-
acterized by low fine content (< 1%) and poorly graded
coarse particles [85], future studies should evaluate the
erosion resistance of CrXG-treated soils using natural riv-
erbed materials for more accurate field application
assessments.

4.3 Implementation and limitations

4.3.1 Technical and environmental considerations for CrXG
applications

Potential applications of CrXG treatment in sandy soils
primarily focus on erosion protection around riverbeds,
slopes, embankments, bridge abutments, and culverts. For
reinforcing surfaces, CrXG-soil composite can be applied
through compaction or pressurized spraying methods.
Studies on XG-based biopolymers have highlighted the
importance of achieving homogeneity in biopolymer-soil
mixtures, which is critical for both compaction and pres-
surized spraying applications [48, 74]. Monitoring mixture
uniformity and strength over time is essential to ensure
effective field application of CrXG treatment. In pressur-
ized spraying, the time-dependent flow properties of CrXG

Table 4 Critical shear stress of viscous biopolymer-treated soil specimens and rheological yield stress of its gel

Biopolymer Xanthan gum (XG) Cr*"-crosslinked xanthan gum (CrXG)

Specimen X12 X25 X50 X100 CX12 CX25 CX50 CX100
my/mg [%] 0.125 0.25 0.5 1 0.125 0.25 0.5 1
Critical shear stress [Pa] 0.10 0.82 1.10 1.40 2.41 3.40 3.52 5.03
my/my, [%] 0.675 1.25 25 5 0.675 1.25 2.5 5
Yield stress of gel [Pa] 3 10 21 54 32 54 298 741
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gel must also be carefully managed, as they impact
workability like pumping efficiency and adhesion [55].
For erosion protection around interfaces or within soil
structures, CrXG-soil composite can serve as backfill
material around culverts or pipelines through in-situ
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mixing and compaction. Pressurized injection methods,
akin to those used in chemical grouting, may be used for
rapid reinforcement in situations like embankment leaks or
voids. The shear-thinning behavior of early stage CrXG gel
allows it to penetrate pore spaces and fill cavities in sandy
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soils effectively, with injectability influenced by both
injection pressure and gel concentration [50]. Achieving
gel saturation within pores is crucial for optimal erosion
mitigation performance in these applications.

It is worth noting, however, that the effectiveness of
CrXG treatment may be limited in clayey or marine soils.
The anionically charged surfaces of clay particles can
attract Cr°+ cations, creating competition between the XG
hydrogel side chains and clay surfaces for Cr’" in the
presence of water [30]. This competition can disrupt the
crosslinking-induced gelation process between XG and
Cr’*, resulting in a reduced crosslinking rate and density
[69], which ultimately diminishes the strengthening effect
in clay-rich environments [3]. Similar interference has been
reported in other cation-polymer systems, such as chitosan
and polyacrylamide [41, 69]. Consequently, while Cr’'-
crosslinked XG can improve erosion resistance in clayey or
marine soils relative to untreated conditions, its perfor-
mance may not match the level of efficacy achieved in
sandy soils.

Additionally, to facilitate the above field applications,
further in-depth research is required to assess the envi-
ronmental impact of Cr'", particularly its leaching
behavior under soil-water conditions. Cr3+, the most
stable and naturally occurring form of chromium, plays a
vital role in metabolic functions [66] and is widely used
due to its lower toxicity and limited water solubility
compared to Crét [4]. Nevertheless, chromium nitrate,
used in this study, is noted in the Material Safety Data
Sheet (MSDS, ThermoFisher Scientific) for its potential to
cause long-term adverse effects in riverine ecosystems.
Although the oxidation of Cr’* to Cr®" is infrequent in
natural soil and aquatic environment [2, 28], prolonged
water exposure may lead to the leaching of Cr’" ions
crosslinked within polymer network, posing risks to sen-
sitive riparian zones. Consequently, further investigation
into the leaching and sorption characteristics of Cr*" in
CrXG-soil composite is necessary. Based on these insights,
implementing effective control and management strategies
will be critical to minimize environmental risks associated
with CrXG applications in soil stabilization.

4.3.2 Economic feasibility

To evaluate the economic feasibility of CrXG soil stabi-
lization for erosion control, a comparative cost analysis
was conducted against conventional methods. Commercial
chemical grout, such as acrylic- and silicate-based solu-
tions, range in cost from US$ 2/m> to US$ 72/m> [39]. In
contrast, a 0.2-m thick reinforced soil layer using hydrated
lime (at 2% to soil mass) incurs a cost of approximately
US$ 10/m* [77]. Materials required for MICP, including
microorganisms, urea, and reagents, range from US$ 0.5/

m® to US$ 9/m?, with total implementation costs from US$
75/m? to US$ 500/m> [21]. Enzyme treatment, following a
process similar to lime stabilization, have material costs of
US$ 1.6/m’, totaling US$ 11.6/m” [77]. For CrXG treat-
ment, assuming a surface protection layer using a 0.2-m
thick reinforced soil (my/mg of 0.25%), the estimated
material cost (excluding installation) is US$ 3.3 for the
treatment of 300 kg of soil based on unit prices of XG,
Cr(NOs)3, and NaCl (Table S2) [79]. Following an in-situ
mixing approach similar to lime stabilization, the total cost
for CrXG treatment is estimated at US$ 13.3/m”. With
further advances in production scalability and raw materi-
als purity control [16], CrXG treatment has the potential to
become a competitive option when compared to other bio-
based materials, such as MICP (US$ O.5—9/m3) as well as
traditional erosion control measures like filled sandbags
[25]. While this study suggests that CrXG treatment could
offer an effective and cost-conscious approach to mitigat-
ing surface erosion, a large-scale pilot study remains
essential to fully assess its feasibility in terms of con-
struction efficiency, equipment requirements, and post-
construction maintenance costs.

5 Conclusions

This study investigated the impact of biopolymers on the
erosion resistance of sandy soil under flowing water,
focusing on how different biopolymer gel states influence
erosion resistance. Three types of biopolymers: non-gelling
viscous type (XG), cation crosslinking-induced gelation
type (CrXG), and high-temperature thermogelation type
(GG), with biopolymer content ranging from 0.125 to 1%
by soil mass. CrXG-treated sand specimens were prepared
under two conditions one at an early stage (< 6 h) and the
other after 48 h of curing to account for the time-dependent
gelation of CrXG. The study utilized an erosion function
apparatus (EFA) with P-wave monitoring, rheological yield
stress measurements, and ESEM observations. Addition-
ally, SRICOS software was used to predict pier scour depth
based on a 19-year hydrograph of a Korean stream. Key
conclusions from this study are as follows:

XG, CrXG, and GG at my/mg ranging from 0.125 to 1%
improved erosion resistance of sand. Improvement
efficiency followed the order: XG < early stage
CrXG < GG < 48-h cured CrXG at equivalent my,/myg
conditions, with greater erosion mitigation observed at
higher my/mg levels. Adding 0.25% CrXG to the soil
increased 7. by 62-fold and v, by ninefold within 6 h.
After 48 h of curing, Cr’* crosslinking converted the gel
from a viscous to a rigid state, which further enhanced .
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and shifted the soil erosion category from ‘very high
erodibility’ to ‘low erodibility’.

A strong correlation was observed between the 7. of sand
treated with viscous-type biopolymer and the rheological
7, of the hydrogel, suggesting that the viscous-type
biopolymer hydrogel (XG and early stage CrXG) acts as
a damper by dissipating erosional energy. However,
under higher flow conditions, it loses this damping
effect, allowing particle detachment to initiate. Mean-
while, gelation-type biopolymer hydrogel (48-h-cured
CrXG and GG), provides intergranular bonding effect
with grain coating to sand in a rigid gel state, increasing
energy required to break interparticle bonding and bring
the eroded particles to suspension.

Pier scour depth prediction using SRICOS showed that
biopolymer treatments effectively mitigated scouring,
with XG treatment extending the time to reach a 1-m
scour depth by up to 7.9 times, depending on the dosage.
CrXG treatment showed superior performance, delaying
the 1-m scour depth by up to 35 times. After 19 years,
the final scour depth was 5.24 m for untreated and
viscous-type biopolymer treated soils, while gelation-
type biopolymer treated soils reduced scour depth by
31% to 3.61 m, even under extreme flood conditions.

While this study focused on a specific soil type, the
findings elucidate the influence of different gel states on
surface erosion behavior of sand, the relationship between
rheological yield stress and erosion resistance, and the
efficiency and competitiveness of cation-crosslinked gela-
tion biopolymer treatment. Further research is needed to
evaluate CrXG’s efficacy in natural soils, particularly clay-
rich soil, and to investigate environmental implications of
Cr*" leaching under soil-water conditions. Additionally,
large-scale pilot studies are recommended to assess long-
term durability, construction efficiency, and to refine
optimal configurations and design parameters for practical
field applications.
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