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ABSTRACT: In this study, we show the impact of a commercially available biopolymer, Xanthan Gum (XG), 

on the growth rate of grassroots and their combined effect on the shear strength of soils. The effects of XG on 

root growth were evaluated by scanning the roots of 6-week-old samples. The shear strength of the soils was 

measured using a custom-designed device capable of shearing soil specimens under low normal stresses, 

simulating surface soils exposed to erosion forces. The shear stress versus position of the 6-week-old sample was 

compared with freshly treated samples to assess the enhancement in strength because of root growth. The results 

demonstrated that varying biopolymer concentrations distinctly altered the average root diameter and the total 

root length. Biopolymer enhanced the growth of root diameter while inhibiting the growth of root length at higher 

concentrations. In comparison, at lower concentrations, it boosted root length with a slight reduction in root 

diameter. Biopolymer-treated soil with roots exhibited higher shear strength enhancement than untreated 

samples, with higher concentrations of XG further enhancing this effect. 

 

 

1 INTRODUCTION 

Vegetation is crucial in slope stabilization and erosion 

control (Reubens et al. 2007). Root remnants 

physically bind soil particles, creating mechanical 

barriers to soil and water movement, and changing soil 

erodibility (Li et al. 2011). Mechanically, roots 

reinforce soil with their tensile, frictional, and 

adhesive bonding properties (Ekanayake et al. 1997). 

Roots possess high tensile strength, contributing to the 

soil's cohesion (Ghestem et al. 2014).  

Traditionally, cement and lime are used as soil-

stabilizing agents. However, these products negatively 

impact the environment, causing carbon emissions and 

air and water pollution (Chang et al. 2015). 

Biopolymers, which are made and/or extracted from 

living organisms, have shown potential for soil 

strengthening, soil permeability control, erosion 

reduction, and even water treatment (Chang et al. 

2020; Fatehi et al. 2021). Previous studies indicate that 

biopolymers significantly affect soil permeability, 

strength, and durability (Chen et al. 2020). 

Biopolymers can act as a positive catalyst for plant 

germination by supplying extra minerals to seeds, 

thereby improving tensile strength and germination 

rates (Schachtman et al. 1998). Some biopolymers, 

rich in sugar molecules and elements like nitrogen and 

phosphorus, serve as nutrients for the soil, enhancing 

plant germination and growth (García-Ochoa et al. 

2000). Wang and colleagues (Wang et al. 2023) 

demonstrated that better soil water retention capacity 

correlates with improved germination and vegetation 

growth. 

Caution with the use of biopolymers is their 

potential physical and chemical degradation over time 

(Hiraishi et al. 2009), which limits their long-term 

effects on soil's mechanical characteristics. Sasar et al. 

(2024); and Aryal et al.(2024) discussed the durability 

of biopolymer-treated soil over time and with cyclic 

drying and wetting. Improvements in root 

development and tensile strength can counteract this 

degradation by increasing the soil's shear strength. The 

combined impact of biopolymers and grassroots on 

enhancing soil mechanical properties, including shear 

strength, has not been fully explored. 

In this study, we investigate the effect of XG at 

0.5% and 1.5% concentrations, relative to the soil's dry 

weight, on the soil's shear strength and the total length 

and average diameter of roots in 6-week-old samples. 

Shear tests were conducted to explore the role of plant 

roots in providing additional shear strength to a soil 

matrix reinforced by vegetation. Additionally, we 

observed an alteration in root length and diameter with 

a change in biopolymer concentration. The 1.5% XG 

enhanced the growth of root diameter while inhibiting 

the growth of root length, while the 0.5% XG boosted 

root length with a slight reduction in root diameter. 

 

2 MATERIAL AND METHOD 
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2.1 Pre-germination process 

Ryegrass seeds, a commonly used cold-season grass 

known for its environmental advantages, were pre-

germinated in water for a duration of 7 days. Other 

researchers have shown that plants with fibrous roots 

(i.e., grass) are more effective in improving erosion 

resistance of sandy soils.(Vannoppen et al. 2017) 

Therefore, ryegrass seeds are selected in this paper for 

their fibrous root structure and quick germination. This 

grass is usually used for controlling soil erosion, 

managing floods, and stabilizing dust (Wang et al. 

2023; Zhou et al. 2007). The seeds were pre-

germinated in five groups of five seeds each, placed on 

water-soaked paper towels. These groups were 

arranged in a square with a side length of 25.4 mm (1 

inch), with four groups at the corners and one in the 

center to prevent the roots from becoming entangled, 

as determined by preliminary studies. 

2.2 Biopolymer hydration and biopolymer-

sand mixing process 

The biopolymer was hydrated before being mixed with 

the soil. Initially, 300 g of de-ionized water was placed 

in a commercial blender, and XG was added in 2.5-

gram increments. Each increment was blended for one 

minute before the next was added until the desired 

biopolymer weight was reached.  

Acco Sand, classified as well-graded sand with silt 

(SW-SM) in its natural state according to the Unified 

Soil Classification System, was used for this 

experiment. The prepared biopolymer gel was 

combined with 2000 g of washed Acco sand and mixed 

for 30 minutes in a kitchen mixer. This process was 

repeated in batches until the required amount of soil 

was prepared. After mechanical mixing, the 

biopolymer and sand were manually mixed for an 

additional five minutes to ensure uniformity. The 

mixture was then divided equally by mass into 

separate containers for compaction. Control 

specimens, consisting of sand mixed only with water, 

were prepared similarly. Fresh samples were ready for 

testing at this step. Table 1 summarizes the treatments 

used in this study. 

 
Table 1. Treatments used in the testing program. 

Treatments No. of samples 

6 weeks Control  3 

6 weeks 0.5% XG 3 

6 weeks 1.5% XG 3 

Fresh Control 3 

Fresh 0.5% XG 3 

Fresh 1.5% XG 3 

 

2.3 Soil compaction and cultivation processes 

The under-compaction method (Ladd, 1978) was used 

to compact the biopolymer-soil mixtures. The 

mixtures were compacted in containers (220 mm wide 

and 580 mm long) in five 28.2 mm layers to a height 

of 141 mm using a 203.2 × 203.2 mm tamper. After 

compacting all soil layers, 18 direct shear ring 

samplers (63.5 mm in diameter and 25.4 mm in height) 

were placed on the surface and pushed 5 mm into the 

soil to secure them. The compacted soil inside each 

sampler was then pushed to a depth of 10 mm using 5-

mm thick wooden sticks at designated seed locations. 

One pre-germinated group of five seeds was planted in 

each hole, with the roots trimmed to 10 mm for 

uniformity. Figure 1 shows the plan view of the seed 

arrangement and cultivation box.  

 

 
Figure 1: a) Seed arrangement, and b) cultivation box in 

experiments. 

 

A total tap water volume of 6.49 ml was watered 

in all samples. This volume is equivalent to the 

average daily rainfall in the United States reported in 

2023 (National Centres for Environmental 

Information., 2023).  

2.4 Scanning and growth measurement 

After 6 weeks of growth, the samples were extracted, 

and the roots were separated from the soil using the 

wet hand washing method (Schuurman et al. 1965) to 

measure the growth rate. The total length and average 

diameter of the grassroots were measured using 

WinRHIZO root-scanning software (Regent 

Instruments Inc., Ottawa, ON, Canada) (Pang et al. 

2011). Each sample was scanned five times to ensure 

repeatability. 

2.5 Shear tests 

Identical samples of those used in the wet hand 

washing method were prepared for shear tests. To 

extract samples for these tests, direct shear rings were 

pressed into the soil samples within the containers. A 

spoon was placed in the bottom to support the soil and 

minimize disturbance. The samples were 
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approximately 30 mm high, and the top 15 mm was 

removed to reach the seed location, resulting in 

samples 28.5 mm high. The above-ground parts of the 

plants were trimmed, and the samples were carefully 

pushed out of the rings. Automotive grease was 

applied to minimize interface friction between the top 

and bottom platen. The tests were conducted according 

to ASTM D3080 standards for direct shear tests, using 

a specially designed shear box. Since the focus was on 

shallow depths, a high-precision shear box capable of 

performing tests under very low to zero vertical 

stresses was developed (Figure 2). Data collection 

occurred at a rate of 1 sample per second using the 

ADMET 600 Series Load Cell - 11 LBF (50N) with a 

resolution of 0.001. Samples were consolidated under 

vertical pressures of 0.201, 0.268, and 0.335 kPa using 

dead loads. These pressure values were calculated by 

Figure 2: Set up for modified direct shear 
 

determining the effective stress at a depth of 15 mm, 

representing surface soils. The shear stress versus 

horizontal deformation results obtained for these three 

different normal stresses were averaged; as the stress 

was low, there wasn’t a difference in the results 

between the considered vertical stresses. The 

displacement rate for the shearing stage was set at 0.05 

mm/min, conservatively slow to ensure proper 

drainage. 

 

To account for the reduction in area during 

shearing, the area correction for circular direct shear 

was applied (Bareither et al., 2008). This correction 

factor is presented in Eq. (1). 

 𝐴𝐶𝑆 = [𝐴𝐼 190 × cos−1( 𝛿ℎ𝐷 )  − 2𝜋 × 𝛿ℎ𝐷 × √1 − (𝛿ℎ𝐷 )2]    (1) 

 

Where, 

 𝐴𝑐𝑠 = 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐴𝑟𝑒𝑎 

 𝐴𝐼 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐴𝑟𝑒𝑎 

 𝛿ℎ = 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 

 𝐷 = 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑠ℎ𝑒𝑎𝑟 𝑏𝑜𝑥 

 

3  RESULTS AND DISCUSSION 

3.1 Root growth study 

The average growth in root length across various 

samples is presented in Figure 3. The y-axis represents 

the total length recorded by WinRhizo. To ensure 

consistency in the results, each box and whisker plot  

has three samples, each of which has been scanned five 

times. Control samples have a median root length of 

1012 mm, which is longer than 1.5% XG samples (906 

mm) and less than 0.5% XG samples (1174 mm). This 

suggests that low concentrations of XG biopolymer 

promote root length growth. However, at higher 

concentrations, XG restricts the increase of root 

length. 

 
Figure 2: Average total length for different treatment type 

at 6 weeks age. 

 

Figure 4 presents the average root diameter across 

various samples. The control samples have an average 

root diameter of approximately 0.24 mm, with higher 

variability than the treated samples. In the 0.5% XG-

treated samples, the average root diameter decreases to 

0.23 mm and exhibits reduced variability. In contrast, 

the 1.5% XG-treated samples show an increased 

average root diameter of 0.28 mm. 

 
Figure 4: Average diameter for different treatment type at 

6 weeks age. 
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These observations indicate that after 6 weeks, 

lower XG biopolymer concentrations lead to longer, 

thinner roots, while higher concentrations result in 

shorter but thicker roots. This suggests that the XG 

biopolymer has a particular effect on root 

development. It causes a small decrease in root 

diameter at lower concentrations while increasing root 

length. Higher concentrations, on the other hand, 

encourage the growth of root diameter while 

preventing the increase of root length. 

3.2 Shear Stress  

Shear stress versus horizontal deformation plots for 

both fresh control samples and control samples with a 

6-week-old root are displayed in Figure 5(a). The 

average water content of freshly prepared samples was 

7.5%, whereas the average water content of the 6-week 

control sample was just 2%. When compared to fresh 

control samples, there is no significant variation in 

strength, yet the stress versus deformation graph of the 

sample with roots continues to increase up to 15 mm 

of displacement. While the fresh sample, i.e. without 

roots, shows comparable strength as the untreated 

samples with roots at the age of 6 weeks, the former 

sample appears to reach a contract strength reflecting 

the soil strength at the low vertical stress while the 

latter experiences a continuous increase in its shear 

strength. Such continuous increase in the shear 

strength suggests that the presence of roots contributes 

significantly to the soil strength, especially at high 

deformations.  

Figures 5(b) and 5(c) illustrate the comparison of 

shear stress versus horizontal deformation for 6-week 

aged 0.5% XG samples versus fresh 0.5% XG 

samples, and 6-week aged 1.5% XG samples versus 

fresh 1.5% XG samples, respectively. In the 0.5% XG 

sample, the peak shear stress increased from 2.25 kPa 

in the fresh sample to 4.5 kPa after 6 weeks of root 

aging. Similarly, in the 1.5% XG sample, the peak 

shear stress rose from 2.2 kPa in the fresh sample to 

5.75 kPa after 6 weeks. Both XG-treated samples with 

roots demonstrated a significant increase in shear 

strength compared to their fresh counterparts. To note, 

the average water content of freshly prepared XG 

samples after testing was 6.5%, and water content for 

6 weeks aged 0.5% XG and 1.5% XG samples were 

8.3% and 5.4% respectively. 

The sample with 0.5% XG exhibited greater root 

length growth and higher shear strength. Conversely, 

the sample with 1.5% XG showed an increase in root 

diameter, contributing to enhanced shear strength. 

These findings suggest that over time, the biopolymer 

promotes root growth in either length or diameter, 

depending on the concentration used, thereby 

increasing the shear strength and stability of the soil. 

 

Figure 5: Comparison of shear stress vs position of freshly 

prepared samples with samples having 6-week aged roots 

for (a) Control Samples (b) 0.5% XG Samples (c) 1.5% XG 

Samples 

 

4 CONCLUSION 

In this study, the impact of biopolymer on root growth 

and its effect on the shear strength of surficial soil was 

studied by a custom-designed direct shear device along 

with the analysis of the roots. Freshly treated samples 

were compared to samples with 6-week-aged roots. 

The experimental findings demonstrate that the shear 

strength of the treated samples increased significantly 
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with root growth compared to the fresh samples with 

higher concentrations of XG further enhancing this 

effect. In contrast, the untreated samples did not 

exhibit a noticeable increase in shear strength with root 

growth. This suggests that XG is an effective soil 

stabilizer and can significantly improve shear strength 

enhancing root growth. The combined effect of 

biopolymers and plant roots significantly enhances the 

shear strength of soil, contributing to improved slope 

stability and erosion control. Future research should 

focus on optimizing field applications of xanthan gum 

to maximize both soil stability and plant growth across 

different soil types and plant species. 
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