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ABSTRACT 

 

Levees are essential for protecting lives and property from flooding, with over 90% of the USA 

consisting of earthen embankments averaging 60 years of age. Their failure can result in 

catastrophic damage and fatalities, emphasizing the need for sustainable treatments, such as 

biopolymers, to improve soil stability and reduce seepage. Xanthan Gum (XG) biopolymers have 

shown promise in enhancing soil performance, offering a natural, environmentally friendly 

alternative for levee reinforcement. This study investigates the effectiveness of XG biopolymers 

in seepage control, alongside the capability of wireless sensing spikes in monitoring soil moisture 

dynamics. Laboratory experiments were conducted on untreated sand, silica flour-treated sand, 

and 0.5% XG-treated sand to evaluate moisture propagation and retention under controlled 

infiltration conditions in a flume. Post-processed data provided spatial and temporal variations 

using Gaussian process regression (kriging). The results indicate that even a low concentration of 

0.5% XG significantly reduces seepage, enhancing soil stability and its suitability for levees and 

dams. Additionally, wireless sensing spikes, potentially drone-deployable, demonstrated an 

efficient and autonomous solution for real-time levee monitoring. These sensors provide critical 

data to support maintenance efforts, identify vulnerable sections, and issue timely warnings to 

prevent failures. 
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INTRODUCTION 

 

Biopolymers, particularly Xanthan Gum (XG), have gained considerable attention in geotechnical 

engineering for their ability to improve soil stability and moisture retention. XG is a biopolymer 

derived from bacterial fermentation, recognized for its high viscosity and ability to create strong 

gels when mixed with water (Zhang & Liu, 2023; Garcı́a-Ochoa et al., 2000). These gels 

effectively fill soil pores, significantly reducing permeability and hydraulic conductivity—up to 

four orders of magnitude lower than untreated soils (M. Lee et al., 2023). Due to its cost-

effectiveness, XG has been widely utilized in the food processing and petroleum industries (Zhang 

& Liu, 2023). The unique properties of XG make it a highly promising candidate for soil 

stabilization, especially in the context of critical infrastructure like levees and dams. 

A growing body of research supports the use of biopolymers like XG in soil stabilization. 

Ko & Kang (2018) conducted experimental studies on the stability of levees reinforced with XG-

treated soil, demonstrating notable improvements in soil strength and erosion resistance. Abdelaziz 

et al. (2019) investigated the adaptability of biopolymer-stabilized earth materials, highlighting 

their resilience in diverse environmental conditions. In another study, S. Lee et al. (2019) examined 

the tri-axial shear behavior of XG-treated sand, revealing enhanced shear strength and improved 

deformation characteristics. Chang et al. (2020) provided a comprehensive review of biopolymers 

in geotechnical engineering, emphasizing their potential for sustainable soil treatment. More recent 

studies by Kotey et al. (2024) and Czapiga et al. (2024) have further explored the optimal water 

content for the XG biopolymers and the breaching behavior of biopolymer-treated soils, offering 

critical insights into their practical applications in levee and dam management. 

Here, we present results from laboratory experiments that track moisture propagation 

through various soil mixtures using five wireless sensor packages developed at the University of 

South Carolina. This comparative analysis investigates moisture infiltration and retention across 

different treatment conditions, including untreated sand, sand treated with silica flour, and XG 

biopolymer. The findings aim to shed light on the effectiveness of these treatments in moisture 

retention, ultimately contributing to enhanced soil strength and resilience in critical infrastructure 

like dams and levees.  

 

METHODOLOGY 

 

Design and Development of Sensing Spike. The development of the wireless sensing spike 

packages was informed by the need to measure conductivity across soil layers in levee and dam 

infrastructure. Each sensing spike was designed as a modular, low-cost, and durable solution for 

real-time moisture monitoring (Chowdhury et al., 2024). The sensing spikes are an open-sourced 

project available on GitHub (ARTS-Lab, n.d.). The core of each spike consists of two concentric 

brass tubes—an outer and inner tube—separated by an insulating ABS plastic layer. This 

configuration allows the spike to function as a resistance sensor, with the conductivity between 

the tubes providing a direct measurement of the moisture content in the surrounding soil. 

The resistance is determined using a voltage divider circuit, where the sensing spike 

functions as one resistor (R1), and a 6.8 kΩ resistor (R2) serves as the second. The output voltage 

(𝑉out) and corresponding timestamps are processed by an Arduino Nano microcontroller and 

wirelessly transmitted to a base station via an nRF24L01+ transceiver module, enabling real-time 

data collection from multiple sensing spikes. The resistance of the soil (𝑅1) is then calculated using 
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the formula: 𝑅1 = 𝑅2 ⋅
𝑉in−𝑉out

𝑉out
. This resistance is inversely related to the soil's conductivity; higher 

moisture content reduces resistance, leading to increased conductivity and a corresponding rise in 

𝑉out. 

 

Laboratory Testing Setup. A rectangular soil sample, measuring 0.8 m in length, 0.27 m in width, 

and 0.15 m in height, was constructed within the transparent central section of a 4.9 m long flume 

at the Hydraulics Laboratory, University of South Carolina (Figure 1a). Two plates bound the 

sample; the right plate stabilizes the soil sample, while the left seepage plate has 5 mm holes 

(Figure 1b), positioned 60 mm above the flume bottom, to allow water to seep into the soil sample. 

Water is infiltrated through the drainage plate under a constant hydraulic head. A side weir was 

used to maintain the constant head (22 cm) throughout the entire duration of the experiments.  

Five wireless sensing spikes were strategically placed along the mid-width of the sample 

(13.5 cm). The spikes were positioned at distances of 5 cm, 20 cm, 35 cm, 50 cm, and 65 cm from 

the seepage plate, corresponding to locations [x1 to x5]. Blue dye was applied to the water flow, 

and two cameras (top and side), were used to record the moisture propagation. Figure 1 presents 

the laboratory setup, showing the testing flume, wireless sensing spikes, camera placements, 

seepage plate, and top and side views of the soil sample. 

The experiments considered various soil compositions, including untreated sand, sand 

treated with silica flour, and sand treated with XG biopolymer. The sand used in these experiments 

had a specific grain size distribution, characterized by D10 = 0.15 mm, D50 = 0.5 mm, and D90 = 

1.0 mm. Figure 2 presents the grain size distribution curve for the sand used in the experiments. 

Silica flour is a finely ground silica sand with particles smaller than 75 microns. The untreated 

sand served as the base case for the study (experiment 1), against which two other conditions were 

compared: sand treated with 10% silica flour by mass (experiment 2) and sand treated with 0.5% 

XG biopolymer by mass (experiment 3).  

 

 
Figure 1. Laboratory setup for the soil moisture seepage experiments, showing the testing 

flume, wireless sensing spikes, camera placements, seepage plate, and top and side views 

of the soil sample. 
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Figure 2. Grain size distribution curve for the sand used in the experiments. 

 

Sample Preparation and Mixing Procedure. The untreated sand sample was prepared by mixing 

60 kilograms of dry sand with 3 liters of water, achieving a 5% moisture content. The mixture was 

divided into smaller batches and mixed using an electric cement mixer to ensure uniform moisture 

distribution throughout the sample. For the silica flour-treated sample, 5.5 kilograms of silica flour 

(10% by weight) was mixed with 55.5 kilograms of dry sand. This mixture was then combined 

with 3.8 liters of water, resulting in a 7% moisture content.  

The biopolymer-treated mixture was prepared using the wet mixing technique, where the 

biopolymer was first dissolved in water before being applied to sand (Moghal & Vydehi, 2021; 

Kotey et al., 2024). The preparation involved 57 kilograms of sand, 2.9 liters of water (5% by 

weight), and 290 grams of powder XG (0.5% by weight). The quantities were divided into two 

batches to ensure thorough mixing and uniform distribution. The XG biopolymers were gradually 

added to the water with continuous stirring until a uniform, dense, gel-like consistency was 

achieved (Figure 3a to 3c). This gel was then thoroughly mixed with the dry sand (Figure 3d and 

3e) ensuring an even distribution of the XG biopolymer throughout the soil. 

Once prepared, both treated and untreated sand samples were placed in 5 cm thick layers 

within the flume. Each layer was compacted using 10 blows from a 7.5-kg hand tamper dropped 

from a height of 15 cm (Figure 3f). This compaction method was selected based on its effectiveness 

in achieving the maximum dry density of the samples, as demonstrated in previous studies 

(O’Donal, 2023). 

The 5% initial moisture content, for both the sand-only and XG biopolymer-treated 

samples, and the 7% for the silica flour-treated sample, represent the optimal water content for 

each mixture, at which the soil achieves its maximum dry density. This was determined through a 

series of Standard Proctor tests (ASTM, 2021), which involves compacting the soil at various 

moisture levels to find the point of maximum compaction. The selected moisture content values 

were based on previous studies and testing (O’Donal, 2023; Kotey et al., 2024). 

 

Data processing. The ordinary Kriging method was employed to interpolate data across all spatial 

points (Rouhani & Wackernagel, 1990). The positions of the wireless sensing spike packages are 

represented by coordinates [X] = [(x₁), (x₂), ..., (x₅)], and the corresponding voltage measurements 

are denoted as V = [v₁, v₂, ..., v₅].  
The kriging process was implemented using the PyKrige library (GeoStat-Framework, 

2024), which trained Gaussian variogram models based on the data, including sensor locations and 
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voltage readings. To ensure physically realistic results, a boolean operator was applied to the 

estimated voltages, setting any inferred values below zero to zero (V < 0 → 0). 
 

 
Figure 3. XG Biopolymer Mixing Procedure: (a) Weighing the biopolymer powder, (b) 

Gradually mixing the biopolymer powder with water, (c) The gel-like consistency 

achieved after mixing, (d and e) Adding and mixing the gel-like biopolymer slurry with 

dry sand, (f) Compacting the treated mixture in 5 cm layers within the testing flume. 

 

RESULTS AND DISCUSSIONS 

 

The moisture sensing experiments demonstrated the effectiveness of wireless sensing spikes in 

monitoring soil moisture across three soil compositions: (a) untreated sand, (b) sand treated with 

10% silica flour, and (c) sand treated with 0.5% Xanthan Gum (XG) biopolymer. These 

experiments revealed distinct moisture propagation behaviors and conductivity patterns for each 

soil type. Table 1 summarizes the resistance results at three key timestamps (TS1–TS3), while 

Figure 4 visually presents these findings. Panels (a, c, e) depict the variation in resistance over 

time for each soil composition, and panels (b, d, f) show the corresponding 1D kriging analysis of 

moisture distribution across spike locations at TS1, TS2, and TS3. 

For the untreated sand sample (Figure 4a), the test lasted approximately 44.2 minutes. 

Initial resistance across spikes was averaged at 231.3 kΩ and steadily decreased over time, 

indicating moisture propagation, until reaching full saturation at each spike location, with 

resistance values stabilizing at approximately 16.5 kΩ. This resistance is inversely related to the 

soil's conductivity; as moisture content increases, resistance decreases. The first spike reached 

saturation after 9 minutes, with the remaining spikes following between 14 and 44.2 minutes. Due 

to a sensor malfunction, Spike 5 did not produce results for this test. Table 1 provides detailed 

resistance readings at key timestamps: at TS 1 (35 s), the resistance readings were relatively high, 

with Spike 1 recording 190.9 kΩ, Spike 2 at 209.9 kΩ, Spike 3 at 296.1 kΩ, and Spike 4 at 

228.2 kΩ. By TS 3 (1700 s), moisture propagation led to significantly lower resistance, with Spike 

1 at 13.9 kΩ and Spike 4 at 16.9 kΩ, indicating near-complete saturation. Figure 4b shows these 

trends, illustrating the spatial distribution of moisture at the three timestamps through 1D kriging 

analysis. 
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For the 10% silica flour-treated sand sample (Figure 4c), the initial average resistance 

across spikes was lower at 36.8 kΩ. The test lasted 92 minutes, during which resistance gradually 

declined at a slower rate than in the untreated soil sample, indicating a more controlled and gradual 

moisture infiltration. By the end of the test, near-saturation was achieved, with an average final 

resistance of 14.5 kΩ across all spikes. Similar to the untreated sand, the decreasing resistance 

values confirm increasing soil moisture content and the approach to full saturation. Table 1 

provides resistance values at key timestamps: at TS 1 (50 s), the resistance values ranged from 

32.8 kΩ to 43.0 kΩ. By TS 3 (4005 s), moisture propagation resulted in lower resistance values, 

with spikes showing progressive decline from the nearest to the farthest spike. Figure 4d presents 

the corresponding kriging analysis, illustrating the spatial distribution of moisture at three key 

timestamps (TS1–TS3). 

In contrast, the 0.5% XG biopolymer-treated sand exhibited distinct behavior (Figure 4e). 

Table 1 provides detailed resistance readings at key timestamps: at TS 1 (45 s), resistance ranged 

from 6.4 kΩ to 22.1 kΩ across the five spikes. By TS 3 (4000 s), resistance had increased, with 

spikes recording values between 23.1 kΩ and 47.3 kΩ. Figure 4f illustrates the corresponding 

kriging results, showing maximum resistance levels by TS 3.  

This trend contrasts with the untreated and silica flour-treated samples, where resistance 

decreased over time due to progressive moisture infiltration. The initially lower resistance values 

in the XG-treated soil (averaging 12.7 kΩ) suggest higher conductivity at the start of the test, which 

can be attributed to the ionic components of XG. When mixed with water, XG releases ions into 

the pore water, increasing the ionic concentration and enhancing electrical conductivity (Mallick 

& Sarkar, 2000). Additionally, the gel-like matrix of XG facilitates ionic connectivity, further 

contributing to the initially high conductivity.  

 

Table 1. Resistance (kΩ) measurements for the five wireless sensing spike packages at the 

three TS for the untreated sand, the 10% silica flour-treated, and 0.5% XG biopolymer-

treated sand tests 

Time stamp (s) 
Resistance (kΩ) 

Spike 1 Spike 2 Spike 3 Spike 4 Spike 5 

Untreated 

sand 

TS 1 35 190.940 209.902 296.194 228.250 - 

TS 2 970 14.069 15.007 20.445 22.167 - 

TS 3 1700 13.906 15.007 20.165 16.978 - 

10% silica 

flour 

TS 1 50 36.908 43.073 32.808 33.504 37.801 

TS 2 1750 15.775 16.572 13.847 29.542 36.148 

TS 3 4005 15.775 16.996 14.294 13.006 12.673 

0.5% XG 

biopolymer 

TS 1 45 14.721 22.167 9.211 6.460 10.859 

TS 2 1450 21.085 39.785 18.417 10.338 18.500 

TS 3 4000 29.114 47.386 23.139 16.544 17.656 
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Figure 4. Moisture test results for three soil compositions: (a, b) untreated sand, (c, 

d) sand treated with 10% silica flour, and (e, f) sand treated with 0.5% Xanthan Gum (XG) 

biopolymer. Panels (a), (c), and (e) display resistance variations over time, while panels (b), 

(d), and (f) show the 1D kriging interpolation of resistance data at three key timestamps 

(TS1–TS3). 
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As the experiment progressed, resistance increased in the XG biopolymer-treated soil, 

indicating that XG’s hydrophilic nature retained moisture within the soil matrix, thereby restricting 

further seepage (M. Lee et al., 2023). This limited water movement, along with the gradual 

depletion of free ions, led to a steady rise in resistance and a progressive decline in conductivity. 

Over time, drying and consolidation processes further amplified this trend, reducing moisture 

content and, consequently, the soil’s ability to conduct electricity (Moghal & Vydehi, 2021). The 

retention of moisture within the soil matrix limited water propagation, causing localized drying, 

particularly in regions with minimal water movement, as demonstrated by the before-and-after 

images in Figure 5.  

As the soil consolidated over time, the reduction in pore space further decreased the 

availability of free water for ion conduction. Since electrical conductivity is highly dependent on 

moisture content (Rhoades et al., 1976), the diminished free water reduced ion mobility, leading 

to a steady increase in resistance. Additionally, material polarization within the biopolymer matrix 

may have further hindered ion mobility (Downey et al., 2017). This effect is evidenced by the 

resistance measurements in Figure 4e, which show a continuous increase in resistance throughout 

the test. The combined effects of moisture retention, soil consolidation, and material polarization 

highlight the biopolymer’s influence on soil behavior and its potential as an effective seepage 

control measure. 

 

  
(a) (b) 

Figure 5. Condition of the 0.5% XG biopolymer-treated sand sample before (a) and 

after (b) the test, showing no water propagation, demonstrating the biopolymer’s 

effectiveness in preventing seepage. 

 

Each soil composition exhibited distinct moisture propagation and resistance patterns. The 

untreated and silica flour-treated sands showed a steady decrease in resistance over time, indicating 

moisture infiltration and eventual saturation. In contrast, the XG-treated soil displayed a unique 

behavior, with initially low resistance due to ionic release, followed by a gradual increase over 

time. This behavior suggests that XG’s moisture retention capacity restricted seepage, leading to 

localized drying, while material polarization within the biopolymer matrix further contributed to 

the increasing resistance. The silica flour-treated soil demonstrated hybrid behavior, exhibiting 

gradual moisture propagation with lower final saturation levels, highlighting the variability in soil 

responses based on treatment type. Overall, these results highlight the effectiveness of XG 

biopolymers in reducing seepage and enhancing soil stability, making them a promising solution 

for improving the resilience of critical infrastructure such as levees and dams. Additionally, the 

findings reinforce the capability of wireless sensing spikes in accurately monitoring soil moisture 

dynamics, providing real-time data for proactive maintenance and early-warning systems. 
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CONCLUSION 

 

This study demonstrated the effectiveness of Xanthan Gum (XG) biopolymers in reducing seepage 

and enhancing soil stability, alongside the capability of wireless sensing spikes in monitoring soil 

moisture dynamics. Laboratory tests on untreated sand, sand treated with 10% silica flour, and 

sand treated with 0.5% XG biopolymer revealed distinct moisture propagation and resistance 

trends. Laboratory tests on untreated sand, sand treated with 10% silica flour, and sand treated 

with 0.5% XG biopolymer revealed distinct moisture propagation and resistance trends. 

The XG-treated soil exhibited low initial resistance due to ionic release, followed by a 

gradual increase, indicating moisture retention and restricted seepage. In contrast, untreated and 

silica flour-treated sands showed a steady resistance decline, reflecting gradual moisture 

infiltration and full saturation. These findings suggest that even a 0.5% XG concentration can 

significantly improve soil stability, making it a viable solution for levee and dam reinforcement. 

Additionally, wireless sensing spikes effectively captured real-time resistance trends, 

demonstrating their potential for continuous levee monitoring. However, calibration is needed to 

correlate resistance with actual saturation levels.  

Future research should investigate the impact of varying XG concentrations on seepage 

control, the long-term stability and durability of XG-treated soils, and the potential for integrating 

biopolymers with other soil stabilization techniques, to enhance levee performance under diverse 

environmental conditions. Additionally, extended field studies are essential to validate these 

laboratory findings, assess real-world performance, and determine the practical feasibility of 

biopolymer treatments in large-scale levee and dam applications. 
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