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1. Introduction 
 

With the intensification of extreme climate change, 

increased precipitation rates and frequency have accelerated 

unexpected geotechnical engineering hazards (Chang et al. 

2019, Ma et al. 2021). In response, the demand for 

sustainable ground improvement methods, such as 

microbiologically induced calcium carbonate precipitation 

(MICP), enzyme-induced carbonate precipitation (EICP), 

and biopolymer-based soil treatment (BPST), have emerged 

as a promising approach (Lu et al. 2023; Pratama et al. 

2024). Markedly, BPST, which uses naturally derived 

polysaccharides from plants, microorganisms, or fungi, 

provides an environmentally friendly and cost-effective 

alternative for soil stabilization, offering a low carbon 

footprint throughout production and application.  

Among biopolymers, Xanthan gum (XG) has been 

particularly studied for its ease of workability and its 

effectiveness in enhancing soil engineering properties,  
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forming a highly viscous hydrogel even at low 

concentrations (Fatehi et al. 2021). Previous works have 

highlighted its benefits in improving dry unconfined 

compressive strength (UCS) (Chang et al. 2015a, Muguda 

et al. 2017), reducing permeability (Bouazza et al. 2009, 

Cabalar et al. 2017), increasing erosion resistance (Kwon et 

al. 2020), preventing desertification (Chang et al. 2015b, 

Tran et al. 2020), controlling dust (Chen et al. 2015), and 

enhancing durability (Qureshi et al., 2017), and compaction 

promotion (Latifi et al. 2017, Lee et al. 2022). Field-scale 

applications of XG have further demonstrated its 

effectiveness in enhancing levee slope erosion resistance 

(Chang et al.  2020, Kang et al. 2021, Kwon et al. 2023).  

Alongside promising enhancement on engineering 

parameters, the shear strength of XG‐treated soils was also 

examined to address the stress‐dependent shearing behavior. 

Works by Cabalar and Canakci (2011) identified the XG 

ratio as dominant in sandy soils, while Lee et al. (2017) 

demonstrated that even a 1% XG treatment can yield 

sufficient shear strength—with different gel states 

exhibiting distinct behaviors. For lean clays, increased XG 

content tends to enhance cohesion and reduce the friction 

angle (Cabalar et al. 2018), whereas in cohesionless soils, 

cohesion improves markedly with little change in friction 

angle (Soldo and Miletić 2019). Additionally, drying 

conditions and cyclic drying–wetting cycles also influence 

strength—drying enhances shear strength (Chen et al. 2019, 

Chen et al. 2020), although most of these gains are reversed 

upon re-wetting. Lee et al. (2020) and Zhang et al. (2024) 
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further highlighted that gel moisture state, surface asperity, 

and curing time play significant roles in the interfacial 

behavior and overall shear strength during moisture 

variations. In summary, studies on XG‐treated soils 

consistently show that the XG ratio, base soil type, and 

water content are key factors influencing shear strength. 

However, XG’s hydrophilic nature raises concerns about 

its durability, as re-exposure to moisture can cause 

significant strength loss (Lee et al. 2022). To address this 

limitations, recent studies have investigated rheological 

modifications of XG through crosslinking with multivalent 

cations, such as Na⁺, Ca²⁺, and Cr³⁺ (Lee et al. 2023a, Lee et 

al. 2023b, Lee et al. 2023c). Among these, Cr3+-crosslinked 

XG (CrXG) has demonstrated rapid enhancement of wet 

UCS in cohesionless sand while maintaining workability 

and sustained strength durability against long-term 

immersion, though its effectiveness diminishes under 

dehydrated curing conditions. Additionally, incorporating a 

preferred clay content in CrXG biopolymer-soil composites 

has been shown to enhance strength durability under 

accelerated and atmospheric weathering conditions, 

irrespective of curing environments (Bang et al. 2024). 

Despite these advances, a comprehensive understanding of 

the interactions between CrXG biopolymer and soils, and 

particularly their shear strengthening behavior in sand-clay 

mixtures, remains lacking. Gaining such insights is crucial 

for optimizing CrXG applications in slope surface 

protection to mitigate hydraulic and wind erosion 

effectively. 

This study investigates the shear strength parameters of 

CrXG-treated sand-clay mixtures, focusing on the influence 

of curing time, clay content, and changes in moisture state 

under varying environmental conditions. Direct shear tests 

(DST) are conducted to evaluate the effects of clay content 

on the shear strength behavior of CrXG-treated soil 

composites over time, comparing strength evolution across 

different moisture states (initially wet, dried, and 

resubmerged) for untreated (UT), XG-treated, and CrXG-

treated specimens. Furthermore, microscopic analysis of 

CrXG-treated specimens is employed to elucidate inter-

particle bonding within the soil-binder matrix, providing 

valuable insights for optimizing CrXG applications in 

sustainable geotechnical solutions.  

 
 

2. Materials and methods 
 
2.1 Used soil 
 

To examine the effect of fine content in sand-clay 

mixtures, Jumunjin sand and kaolinite clay were selected as 

host soils. Jumunjin sand is classified as poorly-graded sand 

(SP) according to the Unified Soil Classification System 

(USCS). Its particle size distribution of sand particles is 

shown in Fig. 1, with a mean particle size (D50) of 507 μm. 

X-ray diffraction (XRD) analysis indicates that sand 

primarily comprises 72% quartz, 22% microcline, and 6% 

albite.  

The kaolinite clay, sourced from Belitung Island, 

Indonesia, has is D50 of 3.7 μm classified as highly plastic  

 

Fig. 1 Particle size distribution curve of Jumunjin sand 

and kaolin clay 

 

 

 

clay (CH) according to the USCS. Composed mostly of 

kaolinite (89%) and a minor fraction of illite (11%), this 

kaolinite has plastic and liquid limits of 24% and 70%, 

respectively. Detailed soil properties are summarized in 

Table 1.  

 

2.2 Biopolymers 
 

Xanthan gum (XG) is an ionic polysaccharide 

biopolymer produced by Xanthomonas campestris. Its 1,4-

linked β-D-glucose backbone features anionic trisaccharide 

side chains, which readily attract water molecules to form a 

three-dimensional hydrophilic hydrogel network (Casas et 

al. 2000, Peppas 1986). This hydrogel exhibits swelling 
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Table 1 Basic soil properties of Jumunjin sand and kaolinite

clay 

Jumunjin sand 

Specific gravity 2.65 

Mean particle size [μm] 507 

Coefficient of uniformity 1.94 

Coefficient of curvature 1.09 

Maximum void ratio 0.89 

Minimum void ratio 0.64 

USCS SP 

Kaolinite 

Specific gravity 2.65 

Mean particle size [μm] 3.7 

Liquid limit [%] 70 

Plastic limit [%] 24 

Plasticity index [%] 46 

Specific surface area, SSA [m2/g] 22 

USCS CH 
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and viscous characteristics, enhancing soil stabilization 

through interparticle coating, bridging, and pore-filling 

mechanisms (Chang et al. 2015a). 

When cross-linked with Cr³⁺ cations, XG transitions into 

a rigid hydrogel (CrXG) with increased intermolecular 

connectivity. This cross-linking induces hydrophobic 

behavior, preventing reactivation under immersed 

conditions (Bueno et al. 2013). In this study, research-grade 

XG powder (CAS No. 11138–66-2; Merck, USA) and 

chromium nitrate nonahydrate (Cr(NO₃)₃·9H₂O, CAS: 

778902-08; Daejung Chemical Co., Korea) were used. 

Sodium chloride (NaCl) was included to enhance the 

binding between XG and Cr³⁺ by mitigating repulsive forces 

(Pelletier et al. 2001, Rochefort and Middleman 1987). 

 

2.3 Specimen preparation 
 

Three sand-clay mixtures (CSMs) were prepared with 

kaolinite mass fractions of 0%, 15%, and 30%, denoted as 

CSM0, CSM15, and CSM30, respectively. Jumunjin sand and 

kaolinite clay were oven-dried, mixed at the desired ratios, 

and classified under the USCS as poorly-graded sand (SP) 

for CSM0 and silty and clayey sand (SC-SM) for CSM15 

and CSM30. Detailed soil properties of the CSMs are 

detailed in Table 2. 

Specimens were categorized into three treatment types: 

untreated (UT), XG-treated, and CrXG-treated. UT 

specimens were dry-mixed at the given sand-to-clay ratio, 

adjusted to an initial water content of 20%, and compacted 

directly into shear box molds (60 mm diameter × 20 mm 

height) with dry unit weight of 1.58 ± 0.08 g/cm³. For 

biopolymer treatments, both XG and CrXG were prepared 

with a fixed XG-to-soil mass ratio of 1% and an initial 

water content of 20%, following previous studies that 

identified these conditions as optimal for achieving 

effective mixing workability and strength performance 

(Cabalar and Canakci 2011, Fatehi et al. 2023, Seo et al. 

2021, Vydehi et al. 2022).  

For XG-treated soil specimens, the hydrogel was 

prepared by dissolving powdered XG in deionized water at 

an XG-to-water mass ratio (mx/mw) of 5%. The prepared 

XG hydrogel was thoroughly mixed with the CSMs and 

then either molded into specimen rings or directly into the 

shear box, depending on the experimental requirements. 

Since XG‐treated soils do not exhibit progressive 

strengthening over time under constant water content, 

specimens were molded at the target density directly in the 

shear box and tested immediately after molding; 

alternatively, air‐dried specimens were cast in cylindrical  

 

 

molds and naturally cured for 28 days prior to testing. For 

resubmerged conditions, air‐dried cylindrical XG specimens 

were placed in the shear box and submerged in deionized 

water for 24 hours before direct shear testing to account for 

the hydrophilic behavior of XG.  

For CrXG treatment, an aqueous Cr³⁺ solution 

(comprising 30% Cr(NO₃)₃·9H₂O and 10% NaCl by XG 

mass) was blended with the XG hydrogel at a final ratio of 

10:3:1 (XG:Cr(NO₃)₃:NaCl) to facilitate crosslinking (Lee 

et al. 2023c). The resulting CrXG hydrogel was thoroughly 

mixed with the CSMs, molded into cylindrical molds, and 

cured in a sealed container to prevent moisture loss during 

curing. It should be noted that in this study “wet curing” 

refers to maintaining the target water content without 

submerging the specimens, and without drying, as CrXG‐

treated soils develop via Cr3+-XG gelation. After 28 days, 

the specimens were air-dried for an additional 28 days to 

prepare for testing under 'dried' conditions. Finally, the 

dried samples were submerged in deionized water to 

evaluate their performance under the “resubmerged” state, 

as CrXG-treated specimens demonstrated self-standing 

durability when saturated. The detailed experimental 

procedures and conditions are summarized in Table 3. 

 

2.4 Direct shear test 
 

Direct shear (DS) tests were performed to evaluate the 

shear behavior and strength of biopolymer-treated soil 

specimens. The experiments utilized a laboratory direct 

shear testing machine (HM-5750D.3F, Humboldt Mfg. 

Co.), equipped with a shear load frame and LVDTs for 

precise measurement of vertical and horizontal strains. 

Vertical confining stresses (σvc) of 50, 100, 200, and 400 

kPa were applied until the specimens reached a constant 

vertical strain. Shear loading was conducted in accordance 

with ASTM D3080 (ASTM, 2023) standards, using a 

constant horizontal displacement rate of 0.6 mm/min 

(equivalent to 1% strain per minute) until a maximum 

horizontal strain of 15% was achieved. For each testing 

condition, three replicate tests were conducted, and the 

average values of peak and residual shear strengths were 

reported. 

 

2.5 Microscopic observation via scanning electron 
microscopy 

 

To investigate the microstructure and evaluate the effect 

of CrXG treatment at varying clay contents, scanning 

electron microscopy (SEM) analysis was performed.  

Table 2 Details of soil composition of sand-clay mixtures 

Label Composition [%] Gs D10 OMC γdmax 

 Sand Clay [-] [mm] [%] [g/cm3] 

CSM0 100 0 2.623 0.4012 11.1 15.55 

CSM15 85 15 2.623 0.0081 13.0 17.72 

CSM30 70 30 2.629 0.0011 14.0 17.93 

* Gs : specific gravity; D10 : effective diameter; OMC: optimum moisture content; γdmax: maximum dry unit weight 
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Images were captured using a JSM-IT800 Field Emission 

SEM (Jeol Ltd., Japan). CrXG-treated specimens dried for 

28 days were fixed onto the specimen mount using carbon 

conductive adhesive. To prevent surface electron charging 

and enhance image resolution, the specimens were coated 

with a platinum sputtering layer. 

 

 

3. Results and discussion 
 

3.1 Effect of curing conditions and soil compositions 
on direct shear strength behavior of CrXG-treated soil 

 

In this section, the effects of curing time and clay 

content on the shear behavior of CrXG-treated CSMs were 

evaluated. Fig. 2 presents the shear stress and vertical strain 

responses versus horizontal strain for UT and CrXG-treated 

soil specimens. For CSM0 at σvc = 50 kPa, the peak shear 

strength (τf) progressively increases with curing time, 

consistent with findings by Lee et al. (2023c) (Fig. 2(a)). 

While UT specimens show strain-hardening behavior 

without a distinct peak, the CrXG-treated specimens display 

brittle peak characterized by reduced peak strain (εf) and 

increased residual stress (τr) over time. The enhanced τf and 

τr observed in CrXG-treated specimens are primarily 

attributed to the stiffening CrXG gels, which form particle-

bridging and coating layers within sand matrix (Lee et al. 

2023c). This shear strengthening effect is further 

corroborated by the vertical strain responses. At σvc = 50 

kPa, CrXG-treated specimens showed a pronounced 

dilation that surpasses the response of UT specimens (Fig. 

2(d)). The increased dilatancy indicates that the 

agglomeration of sand particles by rigid CrXG gel clusters 

increases resistance within the sand matrix to dilate, 

contributing to improved shear strength. However, at σvc = 

400 kPa, 1-day-cured CrXG specimens exhibit lower τf and 

τr compared to UT specimens. This behavior is attributed to 

high swelling capacity of freshly formed CrXG gels, which 

reduce interlocking by hinder consolidation at vertical 

loading stage (Babatunde et al. 2023, Judge et al. 2022). 

While gel stiffening occurs with extended curing, both τf  

 

 

and τr remain lower than those of UT specimens. These 

findings suggest that the strengthening impact of cured 

CrXG gels is more pronounced at lower σvc levels, whereas 

confinement effects dominate over gelation-induced 

strengthening at higher σvc levels.  

The addition of clay significantly influences the gelation 

dynamics in XG-Cr3+ gels, altering the shear strength 

characteristics of CrXG-treated specimens. For both CSM15 

and CSM30, a notable increase in τf is observed at σvc = 50 

kPa, while τr shows minimal variation (Figs. 2(b) and 2(c)). 

However, the differences in strength between specimens 

cured for 1, 7 and 28 days are less pronounced compared to 

CSM0, suggesting an earlier completion of the gelation 

process. The clay particles likely interfere with the 

crosslinking reactions between XG polymers and Cr3+ ions, 

restricting further gelation and leading to reduced stiffening 

over time (Garver et al. 1989).  

At σvc = 400 kPa, τf and τr show noticeable improvement 

in CSM15, while no significant changes are evident in 

CSM30. As reported by Chang and Cho (2018), the 

inclusion of clay particles in biopolymer matrices induces a 

conglomeration effect, effectively creating secondary 

particles. This behavior enhances particle interlocking, 

contributing to increased shear strength and dilation in 

CSM15. Conversely, in CSM30 with higher clay content, the 

impact of CrXG treatment on τf and τr is negligible across 

curing times, and vertical strain remains largely unchanged 

(Fig. 2(f)). These findings support the hypothesis that 

increasing clay content further impedes XG-Cr3+ 

crosslinking, thereby reducing the effectiveness of gelation 

(Bang et al., 2024). 

Fig. 3 presents the direct shear strengths of UT, XG, and 

CrXG-treated CSMs, where the experimental data were fitted 

using the Mohr-Coulomb failure line. The derived cohesion 

(cd) and friction angle (ϕd) are shown in Fig. 4, which 

illustrates the evolution of shear strength parameters with 

curing time. Overall, direct shear strength exhibits a linear 

increase with overburden stress across all soil compositions 

and biopolymer treatments. For CSM0 (Fig. 3(a)), the 

Mohr-Coulomb (MC) failure envelopes for UT, XG, and 1-

day cured CrXG-treated specimens show minimal  

Table 3 Experimental program in this study 

Test Base soil type Treatment Curing condition Curing time [day] Confining stress [kpa] 

DST 

CSM0, CSM15, CSM30 Untreated Initial state  

50, 100, 200, 400 

CSM0, CSM15, CSM30 CrXG 1% 

Initial state  

↓ 

Wet curing state 
0, 1, 4, 7, 14, 28 

↓ 

Air dried state 
28 

↓ 

Resubmerged 
1 

CSM0, CSM15, CSM30 XG 1% 

Initial state 

↓ 
 

Air dried state 

↓ 
28 

Resubmerged 1 

SEM CSM0, CSM15, CSM30 CrXG 1% Air dried state 28 - 
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differences initially. However, time-dependent strength 

development in CrXG-treated specimens shifts the failure 

envelope upward, with cohesion (cd) increasing 

significantly up to 14 days of curing (Fig. 4(a)). A notable 

observation is the contrasting effects of CrXG treatment 

depending on confinement levels. At low confinement (σvc 

≤ 100 kPa), CrXG treatment shows a higher improvement 

efficiency, increasing cohesion from nearly zero to over 44 

kPa after 28 days of curing. 

Conversely, at higher confinement (σvc ≥ 200 kPa), 

CrXG-treated specimens exhibit smaller 𝜏f values compared 

to UT specimens, despite slight time-dependent stiffening in 

the CrXG hydrogel. These results align with previous 

findings indicating that the cementation effect of CrXG gel 

diminishes as vertical confinement increases (Lee et al. 

2023b). This behavior can be attributed to the 

compressibility of CrXG hydrogel within the sand matrix, 

which affects interlocking mechanisms at higher σvc.  

 

 

Fig. 5 shows the initial vertical strain (before shearing) 

under confinement for UT and CrXG-treated CSMs. At low 

σvc, CrXG-treated CSM0 exhibits lower initial settlement 

compared to UT specimens (denoted by the hatched area). 

As curing progresses, the initial vertical strain diminishes in 

both low and high σvc, indicating that the stiffer CrXG gel 

resists compression more effectively than UT specimens. 

This increased stiffness, however, reduces shear strength, 

which is primarily driven by interparticle friction under 

high σvc conditions. Ultimately, this behavior results in a 

reduction of internal friction angle (ϕd) of CrXG-treated 

CSM0 from 32° to 24° (Fig. 4(b)), highlighting the reduced 

efficiency of CrXG treatment under high confinement 

conditions 

CrXG treated CSM15 exhibited gradual strength 

development across all stress ranges, characterized by an 

increase in cohesion (cd) while maintaining a constant 

internal friction angle (ϕd). The improvement across all σvc  

 
Fig. 2 Direct shear test results for UT and CrXG-treated CSMs at different curing times: (a)-(c) direct shear stress vs. 

horizontal strain relationship; (d)-(f) vertical strain vs. horizontal strain relationship 
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levels resulted in cd increasing from 9 to 34 kPa, with most 

strength development casing within 4 to 7 days of curing 

(Fig. 4(a)). This early completion of gelation compared to 

CSM0 suggests that the CrXG-clay matrix forms a stiffer 

structure than pure CrXG gel, inducing greater shear 

resistance even under higher σvc. In contrast, XG treated  

 

 

CSM15 displayed reduced shear strength across all σvc 

ranges (Fig. 3(b)). This decrease aligns with previous 

studies, which hypothesize that repulsive forces between 

XG and clay particles disrupt inter-particle bonding, 

ultimately weakening the shear strength (Cabalar et al. 

2018, Nugent 2011). 

 
Fig. 3 Relationships between peak and residual direct shear strength (τf and τr) and overburden stress (σvc) for UT, XG, and 

CrXG treated specimens. Mohr–Coulomb failure lines are shown: solid lines indicate UT-, dotted lines indicate XG-, and 

dashed lines indicate CrXG-treated specimens. (a), (d) CSM0; (b), (e) CSM15; and (c), (f) CSM30 
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For CSM30, the effects of XG and CrXG treatments on 

shear strengths were markedly different. CrXG-treated 

specimens exhibited slight improvements in shear strength, 

showing increased cd and a small reduction in ϕd, a behavior 

consistent with CSM0. In contrast, XG-treated specimens 

experienced significant reductions in shear strength, 

 

 

 

particularly at σvc > 100 kPa, where ϕd dropped drastically 

from 28.7° to 10.4° (Fig 3c). This decline is attributed to the 

combined effects of XG-clay particle repulsion and the high 

swelling characteristics of both the XG hydrogel and clay 

matrix, which become more pronounced with increased clay 

content. Residual shear strength showed distinct trends  

 
Fig. 4 Peak and residual shear strength parameters variations by curing time. (a) cohesion (cd), and (b) internal friction 

angle (ϕd) 

 

Fig. 5 Time dependent initial vertical strain under vertical confinement of UT and CrXG treated specimens 
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depending on the presence of clay particles (Figs. 3(d)-3(f) 

and Fig. 4). In CSM0, CrXG treatment maintained 

approximately 50% of the cd while retaining a constant ϕd, 

whereas CSM15 and CSM30 lost most of the improvements 

in both cd and ϕd post-shearing. This marginal change in 

residual shear strength is likely due to the fragmentation of 

CrXG gel into smaller particles at large strains, rendering 

the gel's contribution negligible (Lee et al. 2017). 

 

 

3.2 Shear strength evolution in XG- and CrXG-
treated CSMs across different moisture states 

 
This section introduces the evolution of shear strength 

across different moisture states (initially wet, dried, and 

resubmerged) in XG and CrXG-treated CSMs. Fig. 6 

illustrates the relationship between peak shear stress and 

overburden stress for XG and CrXG-treated specimens  

 
Fig. 6 Peak direct shear strength-overburden stress of XG treated specimens under gel state variation; (a) CSM0; (b) 

CSM15; and (c) CSM30; Peak direct shear strength-overburden stress of CrXG treated specimens under gel state variation; 

(d) CSM0; (e) CSM15; and (f) CSM30 
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under varying moisture states. Fig. 7 presents the 

corresponding peak shear strength parameters from Mohr- 

Coulomb failure line, with detailed results summarized in 

Tables 4 and 5, respectively.  

XG-treated CSMs exhibit significant variations in shear 

strength across different moisture states due to the 

transformation of XG from a viscous hydrogel to a plastic 

solid and ultimately to a dissolved state (Figs. 6(a)-6(c)). 

The initial low shear strength of XG-treated specimens 

compared to UT specimens is attributed to the repulsive 

interactions between XG and clay particles, which disrupt 

inter-particle bonding and weaken shear resistance due to 

the viscous nature of the XG hydrogel (Cabalar et al. 2018, 

Nugent 2011). Upon drying for 28 days, shear strength 

increases notably as the condensed XG-clay matrix cements 

coarse particles, resulting in enhanced cd values of 163, 

217, and 223 kPa for CSM0, CSM15, and CSM30, 

respectively (Fig. 7(a)). This improvement effect is more 

pronounced in the presence of clay particles, owing to direct 

ionic bonding between XG side chains and electrically 

charged clay particles (Cabalar and Canakci 2011, Chang et 

al. 2015a, Chen et al. 2019). However, when XG-treated 

CSMs are re-exposed to water, shear strength diminishes 

 

 

drastically.  For instance,  XG-treated  CSM0  shows a 

dramatic reduction in cd from 163 kPa to 3 kPa after re-

submersion. This water susceptibility has also been 

demonstrated through cyclic wetting-drying tests, where 

XG-treated sand-clay mixtures lost their unconfined 

compressive strength after repeated cycles (Lee et al. 2022, 

Soldo and Miletic 2022) This strength degradation results 

from the dissolution and swelling of the hydrophilic XG 

hydrogel, which weakens the matrix structure. In the 

presence of water, the functional groups or side chains of  

XG molecules are reactivated, causing the swollen XG 

hydrogel to lose particle bridging capacity and act as a 

lubricant, promoting particle sliding (Lee et al. 2017). 

Although some cd is retained in CSM15 and CSM30 due to 

hydrogen bonding with clay particles, the internal friction 

angle (ϕd) decreases across all compositions (e.g., from 29° 

to 25° for CSM30) (Fig. 7(b)). These comparable ϕd values, 

regardless of soil composition, imply the dominant role of 

the swollen XG-clay matrix in hindering interparticle 

friction during shear loading. 

CrXG-treated CSM0 (Figs. 6(d)-6(f)) exhibited 

contrasting shear strength behavior across different 

moisture states. For CSM0, the time-dependent curing effect  

 
Fig. 7 Peak shear strength parameters of XG- and CrXG-treated CSMs depending on moisture state; (a and b) cohesion 

(cd), and (c and d) internal friction angle (ϕd) 
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Fig. 8 SEM images of 28 days dried CrXG specimens; 

(a) CSM0, (b) CSM15, and (c) CSM30 

 

 

 

was noted, exhibiting cd increases from 1 kPa to 17 and 44 

kPa after 1 day and 28 days curing, respectively. Unlike that 

shear strength enhancement in XG-treated CSM0, shear 

strength diminishes upon drying and consequent re-

submergence. As reported in Lee et al. (2023a), crosslinked 

polymer tends to be characterized by irreversible volumetric 

shrinkage upon drying due to less water affinity, resulting 

fissure and loss of interparticle connection in sand matrix, 

as also observed in SEM images (Fig. 8(a)). Moreover, 

water absorption of residual polymer chains induces partial 

gel softening after re-submergence (Chang et al. 2016, Lee 

et al. 2023c). 

In the presence of clay particles (Figs. 7(b) and 7(d)), 

the formation of CrXG-clay matrices within sand particles 

significantly alters the shear strength behavior of CSM15 

and CSM30 under varying moisture states. With the 

inclusion of clay, both cd and ϕd increase for dried CrXG-

treated CSM15 (cd = 49 kPa) and CSM30 (cd = 71 kPa), 

surpassing CrXG-treated CSM0. This improvement is 

attributed to the transformation of a thin CrXG gel layer 

around sand grains (Fig. 8(a)) into a CrXG-clay matrix that 

effectively agglomerates sand particles (Figs. 8(b) and 

8(c)). Although the improvement efficiencies for dried 

CrXG-treated CSMs were lower than those of XG-treated 

CSMs (cd > 200 kPa), it is notable that CrXG-treated 

CSM15 and CSM30 sustain higher shear strength than both 

UT and XG-treated CSMs after submergence. Among the 

CrXG-treated specimens, CSM15 exhibits minimal strength 

reduction upon rehydration compared to CSM30. This 

behavior is attributed to the competitive intermolecular 

bonding between Cr³⁺ and clay particles in CSM30, which 

leaves free clay particles unbound to XG or Cr³⁺. These 

unbound particles contribute to additional swelling, leading 

to a sharp decrease in cd for CSM30.  

In summary, while CrXG-treated CSM0 exhibits 

superior wet-state shear strength and XG-treated CSM30 

demonstrates the highest dry strength, CrXG-treated CSM15 

emerges as the optimal mixture in terms of shear strength 

sustainability. The relatively stable performance of CrXG-

treated CSM15 has been validated through cyclic wetting-

drying durability tests, retaining over 90% of unconfined 

compressive strength after eight cycles (Bang et al. 2024).  

 

100 μm

100 μm

100 μm

(a) 

(b) 

(c) CrXG-clay matrices

CrXG-coated

surfaces

CrXG-clay

grain coating

CrXG-clay

pore filling

Table 4 Peak and residual shear strength parameters of XG treated specimens 

 Peak behavior  Residual behavior 

 cd (KPa)  ϕd (KPa)  cd (KPa)  ϕd (KPa) 

 CSM0 CSM15 CSM30  CSM0 CSM15 CSM30  CSM0 CSM15 CSM30  CSM0 CSM15 CSM30 

Untreated 0.7 9.3 7.1  31.9 28.9 28.7  5.8 8.8 6.9  27.6 27.4 28.7 

Wet 

Curing 

1 d 17.1 28.9 16.5  26.6 27.6 28.2  9.5 10.7 9.0  26.7 26.3 28.9 

4 d 35.1 34.5 17.2  25.4 28.5 28.2  12.8 9.2 11.9  25.2 29.4 28.4 

7 d 47.1 34.4 21.0  24.1 28.9 28.3  19.5 10.5 11.4  24.6 28.6 28.4 

14 d 48.4 36.5 30.5  22.9 28.5 26.5  21.4 9.9 13.9  24.0 29.0 27.8 

28 d 43.8 33.5 26.4  23.9 28.5 26.6  21.9 7.9 9.8  24.2 28.7 28.3 

Dried (28 d) 16.1 48.8 70.9  27.5 32.7 32.2  6.6 7.2 5.8  26.5 30.4 33.9 

Resubmerged (1d) 9.0 24.2 13.2  26.3 28.2 28.4  5.1 9.0 5.7  26.5 28.0 29.2 
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These findings suggest that incorporating 15% clay content 

forms a CrXG-clay matrix that provides stable and 

competitive strength retention under weathering conditions, 

highlighting its potential for geotechnical engineering 

applications.  
 

 

4. Conclusions 
 

This study investigated the evolution of shear strength in 

XG- and CrXG-treated biopolymer-soil composites with 

varying fine contents (0–30%) and moisture state changes 

(initially wet, dried, and re-submerged). Direct shear tests 

and microscopic imaging were conducted to elucidate the 

underlying shear strength behaviors and parameters. The 

key findings are summarized as follows: 

 The shear strength of CrXG-treated soil composites is 

influenced not only by soil composition and curing 

time but also by confining stress levels. In pure sand 

(CSM0), CrXG treatment enhances shear strength at 

low confinement (50 kPa) but reduces it at high 

confinement (σvc over 200 kPa) compared to UT 

specimens. This behavior results from the rigid CrXG 

gel’s ability to prevent particle deformation through 

mechanical bonding, while its reduced compressibility 

mitigates interlocking-induced friction resistance, 

leading to an increase in cd and a decrease in ϕd. 

 Adding clay particles accelerates the completion of 

CrXG crosslinking, resulting in less significant shear 

strength variation over curing time. CrXG-treated 

CSM15 demonstrated effective shear strength 

enhancement across all confining stress levels, 

attributed to the agglomeration effects of the CrXG-

clay matrix between sand particles. In contrast, 

excessive clay content in CSM30 resulted in minor 

shear strength improvements under both low and high 

confinement due to inhibited crosslinking efficiency.  

 XG-treated CSMs exhibit significant shear strength 

variations across moisture states. Upon drying, XG-

treated CSMs showed marked increases in cd and ϕd, 

but most of their shear strength was lost when re-

submerged, due to the reactivation of XG polymers. 

CrXG-treated CSMs, particularly those containing 

clay particles, retained shear strength after drying and 

rewetting. Notably, CrXG-treated CSM15 preserved 

strength across all conditions, demonstrating that 15% 

fine content represents an optimal composition for 

achieving both shear strength and durability under 

varying environmental conditions. 

While this study focused on specific fine contents and 

moisture states, the findings elucidate the shear strength 

behavior and parameters of CrXG-treated sand-clay 

mixtures under diverse conditions expected in geotechnical 

applications. Among the composites tested, CrXG-treated 

CSM15 demonstrated superior shear strength sustainability, 

highlighting its potential for geotechnical engineering 

applications, particularly in scenarios involving atmospheric 

drying and wetting cycles. Future studies are recommended 

to expand the applicability of CrXG treatment by exploring 

particle size distributions, soil grading conditions, and 

natural soil compositions to enhance its practicality in field 

applications. 
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