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The application of novel materials that enhance soil engineering properties while maintaining vegetation growth represents an innovative strategy for ecological protection engineering of expansive soil slopes. Laboratory tests, including wetting and drying cycle tests, direct shear tests, unconfined swelling ratio tests, and vegetation growth tests, were conducted to analyze the effects of xanthan gum on both engineering and vegetation-related properties of expansive soil. The feasibility of xanthan gum for soil improvement was systematically evaluated. The interaction mechanism between xanthan gum and expansive soil was elucidated through scanning electron microscopy (SEM) and X-ray diffraction (XRD) analyses. Results demonstrated that xanthan gum effectively inhibited crack development and strength loss. With increasing xanthan gum content, the crack area ratio decreased logarithmically by up to 58.62%, while cohesion increased by 82.96%. The unconfined swelling ratio exhibited a linear reduction, with a maximum decrease of 43.58%. Notably, xanthan gum accelerated seed germination rate but did not significantly affect long-term vegetation growth. Mechanistically, xanthan gum improved soil properties via two pathways: (1) forming bridging structures between soil particles to enhance cohesion and tensile strength; (2) filling soil voids and generating a polymer film to inhibit water-clay mineral interactions, thereby reducing hydration membrane thickness. These findings offer both theoretical insights and practical guidelines for applying xanthan gum in ecological protection engineering of expansive soil slopes.
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1 INTRODUCTION
Expansive soils are widely distributed special clays characterized by swelling upon water absorption and shrinkage upon drying. Repeated wetting and drying cycles readily induce extensive cracking. These cracks not only reduce the strength of the expansive soil but also provide preferential pathways for rainwater infiltration, being a major cause of shallow instability in expansive soil slopes (Ikeagwuani and Nwonu, 2019; Zhang et al., 2023a). Current methods for suppressing crack development include soil replacement, flexible reinforcement, lime-cement stabilization, and ion-exchange stabilization (Zhang et al., 2023b; Estabragh et al., 2014; Xu and Zhang, 2021). However, these methods are often costly in terms of time and expense, or may cause environmental pollution and hinder vegetation growth. Therefore, the search for an eco-friendly and novel expansive soil improvement material is crucial.
Biopolymers are macromolecular compounds synthesized by plants or microorganisms. In recent years, their widespread availability, eco-friendly nature, and superior properties have led to increasing interest in their application for improving the engineering characteristics of soil (Chang and Cho, 2019). Chang et al. conducted unconfined compressive strength tests on sand and clay soils modified with biopolymers such as gellan gum, demonstrating that biopolymers enhance soil strength by aggregating fine soil particles through hydrogen and electrostatic bonds (Chang et al., 2017; Chang et al., 2015a). This aggregation reduces porosity and increases binding forces, significantly improving unconfined compressive strength (Aguilar et al., 2016). Chen et al. performed shear and disintegration tests on soil modified with biopolymers such as guar gum, finding that the high viscosity of biopolymer solutions, upon drying, forms elastic polymer films that encapsulate and entangle soil particles, creating a three-dimensional network structure that enhances disintegration resistance and shear strength (Chen et al., 2019; Hataf et al., 2018; Maghchiche et al., 2010). As evidenced by previous studies, soil improvement using biopolymers fundamentally differs from traditional methods employing inorganic materials such as lime and cement. The latter primarily rely on hydration reactions to generate cementitious compounds like calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H), which solidify soils and enhance their engineering properties. However, these processes inevitably cause environmental pollution and inhibit vegetation growth. In contrast, biopolymers bind soil particles through electrostatic bonding and physical interactions. This approach not only improves soil engineering performance but also demonstrates superior environmental compatibility, thereby creating favorable conditions for vegetation establishment.
The unique gel properties of biopolymers have prompted research into their application in soil and water conservation, particularly for desertification control. Fatehi et al. investigated the water retention properties of biopolymer-modified soil, revealing that the hydroxyl groups of biopolymers, upon binding with soil particles, form a gel network that significantly improves water retention capacity (Fatehi et al., 2024; Thombare et al., 2018). This effect increases with biopolymer concentration. Compared to natural soil, soils modified with β-glucan and xanthan gum provided a superior environment for vegetation growth, achieving germination and survival rates exceeding 97% (Chang et al., 2015b). These findings suggest that biopolymers hold promise as novel, environmentally friendly, and effective materials for the improvement of expansive soils.
Therefore, this study utilizes the eco-friendly biopolymer xanthan gum as an amendment material. Laboratory dry-wet cycle tests, direct shear tests, unconfined swell tests, and vegetation growth tests were conducted to analyze the effects of xanthan gum on the engineering and vegetative characteristics of expansive soil. The feasibility of xanthan gum amendment is explored. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analyses were employed to elucidate the interaction mechanism between xanthan gum and expansive soil. The results are intended to provide foundational data for promoting the application of xanthan gum and other biopolymers in the improvement of expansive soils.
2 EXPERIMENTAL PROGRAM
2.1 Experimental materials
The expansive soil used in the experiment was collected from the Shangsi-Tongzhong Expressway in Guangxi Zhuang Autonomous Region. Its basic physical properties are shown in Table 1, and its particle size distribution is shown in Figure 1.
TABLE 1 | Basic physical properties of expansive soil.
[image: Table 1][image: Figure 1]FIGURE 1 | Particle size distribution curve of expansive soil.
The xanthan gum (CAS: 11138-66-2) used in this experiment was a light yellow powder. It is a microbial exopolysaccharide produced by Xanthomonas campestris through fermentation using carbohydrates as the primary substrate. Its chemical structure is shown in Figure 2. As Figure 2 illustrates, Xanthan gum is primarily composed of D-glucose, D-mannose, D-glucuronic acid, and other components. It contains abundant hydroxyl groups (-OH), hydroxymethyl groups (-CH2OH), and carboxyl groups (-COOH). In aqueous solution, xanthan gum forms a viscous emulsion, exhibiting high viscosity at low concentrations. Upon drying and dehydration, it forms an elastic polymeric film, as shown in Figure 3.
[image: Figure 2]FIGURE 2 | Chemical structure formula of xanthan gum.
[image: Figure 3]FIGURE 3 | Xanthan gum solution and its polymer film. (a) Xanthan gum solution. (b) Polymer film or polymeric film.
2.2 Wetting-drying cycle tests
Based on previous research (Chang et al., 2017; Aguilar et al., 2016), the xanthan gum content (mass ratio of xanthan gum to expansive soil) was determined as 0%, 0.2%, 0.4%, 0.6%, and 0.8%. A “dry mixing method” was employed to prepare the xanthan gum-modified expansive soil samples. The predetermined mass of xanthan gum was uniformly mixed with dry expansive soil (passing a 2 mm sieve), followed by the addition of a certain amount of pure water. After thorough mixing, the mixture was sealed and allowed to stand for 72 h. To minimize the size effect and reduce experimental errors (smaller specimens are more prone to cracking), relatively large acrylic containers (35 cm × 25 cm × 4 cm) were used to prepare the wet-dry cycling specimens. The soil samples were compacted into the acrylic containers using a static pressure method, achieving a dry density of 90% and a moisture content of 24.6%, with a final thickness of 2 cm. A wet-then-dry sequence was adopted for the wet-dry cycling test. The wetting process involved uniformly sprinkling water onto the sample surface until the moisture content reached 36%, approaching saturation. The drying process involved placing the sample in a constant-temperature oven at 40°C for 24 h. The sample was removed and weighed every 3 h to determine the moisture content, and photographs were taken at fixed points. To ensure uniform stabilization of crack development across all specimens, the aforementioned wetting and drying processes were repeated to complete six wetting and drying cycles.
To quantitatively analyze the geometry of the crack network, crack image recognition and analysis software (PCAS) was used to process the crack images (Figure 4). The specific operation procedures are as follows: ① Gray-scaling: The RGB values of each pixel were combined into a single grayscale value, with the difference between cracks and soil blocks represented by grayscale values (Figure 4b); ② Binarization: The “minimum cumulative difference” threshold selection method was used to determine the optimal threshold for the image, converting cracks into black and soil blocks into white (Figure 4c); ③ Noise reduction: Noise points in the image were identified and removed to avoid interference from black specks in non-crack areas (Figure 4d); ④ Crack network skeletonization: The crack network skeleton represents the centerline of each crack. Skeletonization reduces the computational burden for extracting morphological features of the crack network without altering the crack shape (Figure 4e); ⑤ Statistical analysis of crack morphological features: The pixels of each crack and soil block were identified and counted to obtain the crack area ratio (Figure 4f). The crack area ratio is a fundamental indicator reflecting the development of cracks in the soil. The crack area ratio is calculated as:
[image: image]
[image: Figure 4]FIGURE 4 | Processing flow for crack images: (a) Original image; (b) Grayscale image; (c) Binary image; (d) Denoised image; (e) Skeletonized image; (f) Crack Parameter Statistics.
In Equation 1, [image: image] represents the crack area ratio; [image: image] represents the area of the ith crack; and [image: image] represents the total sample area.
2.3 Direct shear tests under low stress conditions
After the wetting-drying cycles, the specimen surfaces were uniformly sprinkled with water to achieve saturation. Four samples were then collected from each specimen using a ring cutter (diameter 61.8 mm, height 20 mm) at predetermined locations (Figure 5). These samples were subjected to fast shear tests using a DJ-1 electric constant strain direct shear apparatus. A constant shear rate of 0.8 mm/min was maintained, and the applied normal stresses were 5 kPa, 15 kPa, 30 kPa, and 50 kPa. This stress range reflects the fact that expansive soil slope instability often involves shallow failures, with overburden pressures generally not exceeding 50 kPa (Hou et al., 2013). The test procedure followed the specifications outlined in the “Highway Geotechnical Testing Procedures” (JTG 3430-2020).
[image: Figure 5]FIGURE 5 | Sampling position of direct shear sample.
2.4 Unconfined swell tests
The swelling and shrinking properties of expansive soil are a major factor contributing to slope instability. Unconfined swell tests were conducted on expansive soil samples with varying concentrations of xanthan gum. The test procedure followed the specifications outlined in the “Highway Geotechnical Testing Procedures” (JTG 3430-2020). Data from the dial gauge were recorded at intervals of 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 3 h, 6 h, and 12 h, starting from the time of water addition. The test was terminated when the deformation was less than or equal to 0.01 mm within a 6-h period.
2.5 Vegetation growth tests
Baixi grass, a commonly used perennial slope protection plant, is characterized by a well-developed root system, drought and cold tolerance, and strong stress resistance. Therefore, it was selected as the subject of a vegetation growth experiment. Expansive soil samples with varying xanthan gum content were prepared and then layered into acrylic model boxes (30 cm × 30 cm × 10 cm) at 90% compaction. After the soil samples reached a height of 9 cm, 50 seeds were evenly sown onto the surface and a certain amount of water was sprayed. Subsequently, the model boxes were relocated outdoors. Vegetation coverage and root system quantity were measured at 15-day intervals, with all specimens maintaining consistent rainfall amounts and light exposure duration.
A custom MATLAB program was used to process the original color image (Figure 6) and extract the vegetation coverage. Vegetation coverage is defined as the ratio of the vertical projected area of vegetation stems and leaves to the total area of the statistical region. This value is not affected by overlapping stems and leaves. The calculation formula is:
[image: image]
[image: Figure 6]FIGURE 6 | Image processing flow.
In Equation 2, [image: image] represents vegetation coverage; [image: image] represents the area of green pixels; and [image: image] represents the area of white pixels.
The MATLAB program calculates vegetation coverage using the following steps: 1) Enhancement: The dynamic range of the image pixels is stretched to improve visual quality and detail visibility. 2) Stem and Leaf Extraction: The RGB image is converted to Lab color space, and K-means clustering is used to classify pixels, extracting the stem and leaf areas and converting them to green, while other areas are converted to white. 3) Noise Reduction: Median filtering and bilateral filtering remove small green noise points. 4) Coverage Calculation: The total number of pixels and the number of green pixels are counted to calculate the vegetation coverage.
A HED-GX root scanner (optical resolution 4800x9600 DPI, error < [image: image]) was used to scan the morphological characteristics of Baixi grass root systems during development, as shown in Figure 7. The root system scans were analyzed using the WINRHIZO software to obtain root counts at different time points.
[image: Figure 7]FIGURE 7 | Root system quantification.
3 RESULTS AND DISCUSSION
3.1 Crack resistance of xanthan gum-modified expansive soil
3.1.1 Analysis of crack development
Figure 8 shows the changes in crack area ratio and water content during the first drying cycle for expansive soil samples with varying xanthan gum concentrations. All samples exhibited a sigmoidal increase in crack area ratio with increasing drying time (hours). Crack development was divided into three stages: ① a initiation stage (0–3 h), where evaporative water loss induced tensile stresses exceeding the bond strength of soil particles, initiating crack formation; ② a rapid propagation stage (3–21 h), characterized by stress concentration at crack tips, leading to increased crack width and length, and the emergence of secondary cracks, fragmenting the soil mass; and ③ a stabilization stage (21–24 h), where crack growth ceased, resulting in relatively stable soil fragments. Logistic regression analysis revealed a strong fit (R2 > 0.9) between crack area ratio and drying time for all xanthan gum concentrations.
[image: image]
In Equation 3, [image: image] represents drying time; [image: image], [image: image], [image: image], and [image: image] are all fitting parameters, varying with the xanthan gum dosage.
Figure 8 also shows that in the first stage of drying, the crack area ratio of the unmodified expansive soil and the xanthan gum-modified expansive soil are similar. However, the difference in crack area ratio rapidly increases in the second stage. After 24 h of drying, the crack area ratios of the untreated expansive soil and the soil with 0.8% xanthan gum are 3.34% and 1.47%, respectively, a difference of 55.98%. This indicates that xanthan gum primarily inhibits crack development in the second stage of drying. Comparing this to the expansive soil’s water loss curve reveals that the addition of xanthan gum slows the rate of water loss. At the same drying time, the water content of the expansive soil increases with increasing xanthan gum concentration. The average water loss rate of the expansive soil was calculated using Equation 3. Compared to the untreated expansive soil, the average water loss rate of the xanthan gum-modified expansive soil was reduced by up to 17.28%, while the residual water content increased by up to 53.62%. This shows that the addition of xanthan gum reduces the rate of water loss in the soil, providing a water retention effect.
[image: image]
[image: Figure 8]FIGURE 8 | Typical curves of crack area ratio and water content, and corresponding crack patterns: (a) Crack area ratio and water content as functions of drying time; (b) Crack development during desiccation.
In Equation 4, [image: image] represents the average drying rate of the sample; [image: image] is the sample mass at time [image: image]; and [image: image] is the sample mass at time [image: image].
3.1.2 Evolution of crack area ratio
The evolution of crack area ratio in expansive soil with different xanthan gum contents is shown in Figure 9. Figure 9 shows that the crack area ratio of both the untreated and xanthan gum-modified expansive soil generally follows the same trend with the number of wetting-drying cycles, and can be divided into three stages: ① Rapid growth stage ([image: image]): Due to the heterogeneity of the soil and the varying local water loss rates, stress concentration occurs at multiple points on the soil surface, leading to the generation of numerous cracks. ② Slow growth stage ([image: image]): After the first wetting-drying cycle, the soil structure at the original crack locations is damaged, and the tensile strength of the soil is weakened. In subsequent wetting-drying cycles, these cracks easily reopen, and new cracks grow based on the existing ones, resulting in a slow increase in the crack area ratio. ③ Stabilization stage ([image: image]): After the fifth wetting and drying cycle, the crack network in the specimen was essentially mature, the crack propagation rate significantly decreased, and the crack area ratio tended to stabilize. Least squares fitting of the curves reveals a logarithmic relationship between crack area ratio and the number of wetting-drying cycles, the coefficient of determination R2 > 0.9:
[image: image]
In Equation 5, [image: image] and [image: image] are fitting parameters that vary with the xanthan gum content.
Figure 9 further reveals that the crack area ratio of expansive soil modified with xanthan gum exhibits a relatively gentle growth trend. Under the same number of wetting and drying cycles, its crack area ratio is consistently lower than that of the unmodified expansive soil, with the crack area ratio decreasing as the xanthan gum content increases. After six wetting and drying cycles, the crack area ratios of expansive soil with 0.2%, 0.4%, 0.6%, and 0.8% xanthan gum content were 4.93%, 3.96%, 3.28%, and 2.71%, respectively, representing reductions of 24.73%, 39.54%, 49.92%, and 58.62% compared to the unmodified expansive soil. This indicates that the addition of xanthan gum effectively reduces the promoting effect of wetting and drying cycles on crack development in expansive soil.
[image: Figure 9]FIGURE 9 | Relationship between crack area ratio and number of wet-dry cycles.
Figure 10 presents images of the crack networks in unmodified and xanthan gum-modified expansive soil specimens following six wetting-drying cycles. The untreated specimens displayed a prominent network of primary and secondary cracks, predominantly intersecting to form “T” and “Y” junctions, resulting in a fragmented structure characterized by quadrilateral and pentagonal soil blocks. The addition of xanthan gum resulted in a marked decrease in both the width of primary cracks and the density of secondary cracks. At xanthan gum contents exceeding 0.6%, the degree of soil structure disruption was significantly reduced, with cracks exhibiting a tendency to close upon rewetting.
[image: Figure 10]FIGURE 10 | Image of final cracks in a xanthan gum-modified expansive soil sample. (a) 0% (b) 0.2% (c) 0.4% (d) 0.6% (e) 0.8%.
3.2 Strength characteristics of xanthan gum-modified expansive soil
Figure 11 shows the shear strength envelopes of expansive soil with varying xanthan gum content. Figure 11 demonstrates that the shear strength envelope of the expansive soil shifts significantly upward with increasing xanthan gum content, indicating that xanthan gum effectively increases the shear strength of the expansive soil samples. Curve fitting of the shear strength envelopes yields curves showing the changes in cohesion and internal friction angle (Figure 12). Figure 12 reveals that xanthan gum significantly affects the cohesion of the expansive soil, while its effect on the internal friction angle is relatively minor. Compared to unmodified expansive soil, the cohesion of the xanthan gum-modified expansive soil increased by a maximum of 82.96%, while the internal friction angle increased by only 6.42% at most. This is primarily because the addition of xanthan gum affects the bonding forces between soil particles (ionic/electrostatic bonds, covalent bonds, hydrogen bonds, and van der Waals forces) and improves the structural integrity of the samples after wet-dry cycles (i.e., reducing the crack area ratio), while having little effect on the roughness of the soil particle contact surfaces and the interlocking effect between particles.
[image: Figure 11]FIGURE 11 | Shear strength envelope.
[image: Figure 12]FIGURE 12 | Effect of xanthan gum content on shear strength parameters.
3.3 Influence of xanthan gum on the swelling properties of expansive soils
Figure 13 presents the curves showing the relationship between the unconfined swell rate of expansive soil and the xanthan gum content. Figure 13a shows that the free unconfined rate curves for expansive soil samples with varying xanthan gum contents all exhibit three stages: rapid swelling, decelerated swelling, and slow swelling. During the rapid swelling stage, the moisture absorption and swelling rate of the xanthan gum-modified expansive soil is significantly lower than that of the unmodified soil, and this rate decreases with increasing xanthan gum content. This indicates that xanthan gum has a filling and binding effect, blocking some water infiltration pathways and restricting the deformation of soil particles. Figure 13b shows that the unconfined swell rate of expansive soil decreases with increasing xanthan gum content, indicating that xanthan gum inhibits direct contact between water and clay minerals, thus reducing the swelling of the clay minerals. Linear regression analysis (least squares method) of the data in Figure 13b reveals a strong linear relationship (R2 = 0.97) between unconfined swell rate and xanthan gum content.
[image: Figure 13]FIGURE 13 | Relationship between unconfined swell rate and xanthan gum content. (a) Trend of unconfined swell rate over time (b) Varying xanthan gum contents.
3.4 Influence of xanthan gum on vegetation growth
Figure 14 shows the temporal evolution of vegetation coverage and Baixi grass root quantity in expansive soil model boxes with varying xanthan gum content. In the early growth stage (0–30 days), the vegetation coverage and root quantity in the xanthan gum-modified expansive soil were significantly greater than the unmodified expansive soil, exceeding the latter by a maximum of 54.14% and 50.00%, respectively. However, this difference diminished as the vegetation matured, becoming negligible after 60 days. This suggests that xanthan gum accelerates seed germination by improving water retention, but does not provide sustained growth benefits because it lacks the nutrients of fertilizer or the growth-stimulating properties of hormones.
[image: Figure 14]FIGURE 14 | Relationship between vegetation biomass and time.
4 INTERACTION MECHANISM OF XANTHAN GUM AND EXPANSIVE SOIL
Scanning electron microscopy (SEM) was used to analyze the microstructure of both unmodified and xanthan gum-modified expansive soil, with the results shown in Figures 15, 16. Figure 15 reveals that the unmodified expansive soil has a rough surface with large inter-particle pores. In contrast, the xanthan gum-modified expansive soil exhibits a smoother surface with smaller inter-particle pores, indicating that xanthan gum promotes aggregation and densification of the soil particles. Figure 16a shows that the xanthan gum binds the expansive soil particles together, forming a three-dimensional polymer reinforcement network that significantly enhances the inter-particle tensile strength and overall integrity. Figure 16b shows that after drying, the xanthan gum solution forms a polymer coating on the surface of the expansive soil particles, effectively preventing direct contact between water and the soil particles.
[image: Figure 15]FIGURE 15 | Comparison of expansive soil microstructure before and after modification. (a)Microstructure of unmodified expansive soil. (b) Microstructure of modified expansive soil.
[image: Figure 16]FIGURE 16 | Microstructure of xanthan gum-modified expansive soil. (a) Xanthan gum binding soil particles (b) Xanthan gum-encapsulated soil particles.
Figure 17 presents the XRD results for expansive soil samples with varying xanthan gum content. The main mineral components of the expansive soil are identified as quartz, calcite, montmorillonite, illite, and kaolinite. Comparison of the XRD patterns for expansive soil samples with and without xanthan gum reveals no new diffraction peaks, nor any significant changes in peak intensity. This indicates that no chemical reaction, such as mineral synthesis or decomposition, occurred between the xanthan gum and the expansive soil. The interlayer spacing (d001) of montmorillonite crystals was calculated before and after xanthan gum addition using Bragg’s equation. The d001 spacing remained constant at 12.8 Å, indicating that no ion exchange occurred between the xanthan gum and the expansive soil.
[image: image]
[image: Figure 17]FIGURE 17 | X-ray diffraction patterns of expansive soil with varying xanthan gum contents.
In Equation 6, [image: image] is a multiple of the wavelength; [image: image] is the wavelength (in Å); [image: image] is the interplanar spacing (in Å); [image: image] is angle of incidence (in °).
Combining SEM and XRD test results and the properties of xanthan gum shows that it improves the poor engineering properties of expansive soil mainly in two ways.
4.1 Mechanisms of bonding and adhesion
Xanthan gum contains abundant functional groups such as carboxyl (-COOH) and hydroxyl (-OH), which interact with clay minerals through electrostatic bonding or hydrogen bonding to form stable spatial network structures. These structures restrict the deformation of surrounding soil particles via their tensile strength, thereby enhancing interparticle cohesion (Maghchiche et al., 2010). Stronger cohesion correlates with higher tensile resistance and suppressed crack initiation. Through deprotonation (-COO-) groups attract cations (Na+, K+, Al3+) from clay minerals and share them with negatively charged clay surfaces, forming ionic bonds that alter soil particle surface charge characteristics and promote aggregation. Chang et al. (2015c) observed this phenomenon in SEM tests, where xanthan gum consolidated fine soil particles into aggregates, significantly increasing the unconfined compressive strength of red clay. Additionally, as a viscous polymeric emulsion, xanthan gum encapsulates soil particles, fills pores, and establishes a stable three-dimensional network structure through its inherent adhesiveness, thereby improving soil integrity and inhibiting crack development, as illustrated in Figure 18.
[image: Figure 18]FIGURE 18 | Mechanism of xanthan gum inhibiting crack development in expansive soil. (a) Unmodified expansive soil (b) Xanthan gum-modified expansive soil.
4.2 Pore-filling and film-forming mechanisms
Upon dissolution in water, xanthan gum forms a viscous colloidal gel that operates through two primary mechanisms: filling interpartarticle pores to reduce water migration velocity and mitigate tensile stress fields between soil particles, while simultaneously encapsulating soil surfaces to inhibit clay-water interactions. This combined action decreases hydration membrane thickness and suppresses soil expansibility. During the evaporative dehydration of xanthan gum-modified soil, a continuous polymeric film develops on particle surfaces. This film acts as a moisture barrier during subsequent wetting cycles, preventing direct water-particle contact and reducing dissolution of cementing agents, thereby decelerating strength degradation rates. Chen et al. (Chen et al., 2019) experimentally confirmed that the resultant elastic biopolymer films enhance the soil’s anti-slaking capacity and significantly improve shear strength parameters.
5 CONCLUSION

(1) The addition of xanthan gum effectively improved the crack resistance and reduced the swelling of expansive soil. The crack area ratio and free swell rate both decreased with increasing xanthan gum content. Compared to the unmodified expansive soil, the crack area ratio of the modified expansive soil was reduced by a maximum of 58.62%, and the unconfined swell was reduced by a maximum of 43.58%.
(2) The addition of xanthan gum significantly impacts the cohesion of the soil, while its effect on the internal friction angle is relatively small. The cohesion of the soil increases with increasing xanthan gum content, reaching a maximum increase of 82.96%, while the internal friction angle only increased by a maximum of 6.42%
(3) Xanthan gum significantly improved seed germination in expansive soil by increasing water retention. Despite this initial benefit, no significant differences in vegetation cover or root biomass were detected between the treated and untreated soils after a 120-day growth period.
(4) Xanthan gum modifies the poor engineering properties of expansive soil in two ways. First, it forms “bridging” structures with soil particles through bonding and adhesion, increasing the soil’s overall cohesion and tensile strength. Second, its filling and film-forming actions prevent water from contacting soil particles, reducing the thickness of the clay mineral hydration film. These findings can inform the application of xanthan gum in ecological slope protection for expansive soils.
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