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ABSTRACT 

 

Soil erosion potential depends on the physical, chemical, and mineralogical characteristics of the 

soils. When the induced shear stress exceeds the shear strength of the soil, the soil particles tend 

to erode, affecting the performance of civil infrastructure. This research study evaluates the erosion 

potential of fine-grained soils when stabilized with a silicon-based polymer, polydimethylsiloxane 

(PDMS). Polymers can greatly enhance physical condition of the soils by increasing adhesion 

between soil particles. Laboratory studies were performed to characterize the hydromechanical 

properties of the control soil and treated soil with different percentages of PDMS polymer by dry 

weight. Experiments using a modified Erosion Function Apparatus (MEFA) were performed to 

evaluate the erosion potential of control and treated soils for different flow conditions. Data show 

that the addition of PDMS polymer led to substantial reductions in soil erodibility and increases in 

the critical shear stresses required for the soils to erode. Coefficient of soil erosion, sediment loss 

and volume of eroded soil also decreased for PDMS treated soil samples as compared to controls. 

Experimental results indicate that adding 7% PDMS by dry weight of soil resulted in optimal 

erosion resistance performance. This is mainly attributed to Silanol polycondensation reactions 

between the PDMS and the soil particles. This study highlights the use of silicon-based polymer 

to stabilize fine-grained soils and protecting the topsoil from erosion. 

 

Keywords: Soil Erosion, Fine-Grained Soil, Polydimethylsiloxane 

 

1. INTRODUCTION 

 

Soil erosion involves separation of soil particles due to the stresses induced by wind or water. In 

scour type erosion processes, an increase in the fluid velocity of water or wind results in an increase 

in the shear stresses acting on soil particles. When the applied shear stress from the moving fluid 

mailto:tejo.bheemasetti@sdsmt.edu
mailto:tanzila.tabassum@mines.sdsmt.edu
mailto:bret.lingwall@sdsmt.edu
mailto:rashed.rahman@mines.sdsmt.edu


2 
 

overcomes the particle bond strength and/or the weight of the particle, soil particles glide over 

each other causing erosion (Briaud et al., 2001). Alternative erosion pathways to scour type also 

occur, examples include high-water erosion, wave induced erosion, and internal piping erosion 

within earth structures (Bryan, 2000). For the purposes of this paper, we focus on wind and water 

erosion of the scour type only, with emphasis on water erosion.  

In general terms, less compacted soils with high porosity are more prone to separation of 

loose soil particles due to fluid movements and are thus more erodible (Liu et al., 2012). Soils with 

less internal cohesion are likewise known to be more erodible. Many researchers have studied the 

correlation between soil properties and soil erodibility (Wischmeier and Mannering, 1969; Le 

Bissonnais et al., 1995; Dong-Sheng et al., 2006; Bonilla and Johnson, 2012). Earlier studies by 

Shields (1936) illustrated that the critical shear stress (shear stress at which soil erosion is initiated) 

of cohesionless soil is proportional to D50 (mean diameter of the soil particle size distribution).  

For cohesive soils, Grissinger (1966) presented the relation between the plasticity of fine-grained 

soil with its erodibility, where high plastic soils have low erodibility and low plastic soils have 

higher degree of erodibility. However, the erodibility of fine-grained soils is complicated by 

internal matric suction such that the critical shear stress increases as the soil dried below plastic 

limit and decreases as the moisture increases above plastic limit (Al-Durrah and Bradford, 1982; 

Shan et al., 2015; Singh and Thompson, 2016). The scour erosion of soil beyond the erodibility 

potential depends on actual velocity of the water or the critical shear stress at the water-

geomaterials interface (Fell et al., 2013).  

Current state-of-art practice on soil erosion control measures include the use of rock 

armoring, structural bulkheads, vegetation, geotextiles with or without vegetation, and soil-

cement. More innovative erosion control stabilizers have been recently proposed such as microbial 

biomineralization, fungal mycelium and polymers that reduce soil erodibility (Orts et al., 1999; 

Smets et al., 2007; Pheng et al., 2019; Wath and Pusadkar, 2019). Biomineralization via 

microbially induced calcite precipitation has received much attention in recent years in particular. 

Polysaccharides, polyacrylamide (PAM) and polyvinyl alcohol (PVA) are most common polymers 

used to control soil erosion. Granular PAM reduced soil erosion by 57% when mixed at 50 kg/ha 

compared to untreated soil (Yu et al., 2003; Ben-Hur, 2006; Inbar et al., 2015; Yakupoglu et al., 

2019). Siddiqi and Moore (1981) stated that acrylic polymer and styrene-butadiene latex can 

reduce erosion and increase compressive strength of soil. Interestingly, some erosion control 

measures reduce runoff (ex. vegetation) while most increase the runoff water (PAM is an example 

of one treatment that increases runoff potential). Thus, the water repellence property of polymer 

leads to avoid the soil particles to detach from each other and increase the surface runoff (Temple, 

1977). Therefore, this is evident that polymers can improve the micro-structure stability with its 

water repelling behavior and decrease erosion potential of soil as long as not used over large slope 

areas where an increase of runoff would have deleterious effects. 

Unlike other polymers, polydimethylsiloxane (PDMS) is a mineral-organic polymer 

containing carbon and silicon. Silicon based polymers provide excellent water sealant properties 

and maintain air permeability (De Buyl, 2001). This has been widely used as a lubricant, electrical 



3 
 

insulator, and as an antifoam agent (Lehmann et al., 1994). Despite the successful application and 

advantageous inherent material properties of this unique polymer, the use of PDMS in geotechnical 

engineering was least explored. This research study investigates the use of PDMS to stabilize fine 

grained plastic soil to reduce erosion rate, eroded volume and sediment loss under simulated flood 

conditions. The following sections present the details of the experimental studies including 

material characterization, mix-design, erosion tests. 

 

2. EXPERIMENTAL STUDIES  

 

2.1 Material Properties 

Fine grained plastic soils were considered in this study to investigate the erosion potential under 

simulated flood conditions. A series of experiments including particle size analysis, Atterberg 

limits, standard proctor compaction tests were carried out to determine the clay fraction, plasticity 

index and optimum moisture content of the soil. Table 1 presents the soil classification and index 

properties of the soil. The collected soil is classified as MH according to the Unified Soil 

Classification System (USCS). X-ray diffraction (XRD) studies were performed to evaluate the 

mineral content of the fine-grained soils. Figure 1 presents the XRD pattern of the fine-grained 

soil. XRD characterization studies indicated the clay mineral as Kaolinite. 

PDMS (Dowsil 593 fluid) was used to stabilize the soil to evaluate the erosion potential of 

the treated soils.  The physical and chemical properties of the PDMS is provided in Table 2. PDMS 

is a non-hazardous polymer with long-lasting or substantivity property with water-repelling 

behavior (Figure 6). Usage of water repellent polymer can prevent the risk of washing out of the 

soil in heavy flood, rainfall and reduce initiation of erosion. In this study, PDMS contents of 0%, 

3%, 5%, 7%, and 10%, by dry weight ratio of soil was used to treat the MH soil. 

  Table 1: Summary of laboratory test results and physical properties of soil 

 

Properties Candidate Soil 
ASTM Test 

Designation 

USCS MH D2487-17 

Course Fraction (%) 0 D422-63 

Fine Fraction (%) 100 D422-63 

Specific Gravity, Gs 2.37 D854-00 

Liquid Limit, LL (%) 55 D4318 

Plastic Limit, PL (%) 32 D4318 

Plasticity Index, PI (%) 22 D4318 

Shrinkage Limit (%) 29 D4943 

OMC (%) 29 D698 

Max dry density (KN/m3) 14.1 D698 
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Figure 1: XRD pattern of Kaolin 

 

Table 2. Physical and chemical characteristics of PDMS (Dowsil 593 fluid) 

 

Physical 

state 
Color 

Chemical 

nature 

Silicone 

content (%) 

Density 

(g/cc) 

Kinematic 

Viscosity (cSt) 

Liquid 
Colorless to 

pale yellow 
Silicone 100 1.025 700 

 

2.2 Erosion Function Apparatus and Sample Preparation 

 

Erodibility of soil is associated with the erosion rate and the hydraulic shear stress (τ) (Briaud et 

al., 2001). Several laboratory tests set up have been developed in the past to evaluate the erosion 

potential of fine-grained soils. Moore and Masch Jr (1962) proposed rotating cylinder apparatus 

for evaluating the erosion potential of fine-grained cohesive soil. Rohan et al. (1986) proposed a 

drill hole apparatus to improve the rotating cylinder test to evaluate the erosion of cohesive soils. 

This drill hole apparatus is similar to the pinhole test equipment and Moody diagram has been used 

to find out the  friction factor of the eroded surface. Briaud et al. (2001) developed Erosion 

Function Apparatus (EFA) to evaluate the relationship between the soil erosion rate and water 

velocity or interfacial shear stress.  

Previous Erosion Function Apparatus (EFA), constructed by Briaud in 2001, had 

rectangular pipe of 101.6 X 50.8 mm cross section area and was 1.22 m long. The Shelby tube 

with a 76.2 mm outside diameter (ASTM 1999a) was used to observe the bed erosion behavior of 

soil sample. In this study, a modified Erosion Function Apparatus (MEFA) is developed to observe 

erosion potential of fine-grained plastic soil and the schematic diagram of this experimental setup 

is shown in Figure 2.  This test set consists of a 1.27 m long rectangular pipe with a cross section 

area of 177.8 mm X 140 mm.  A pump with valve is fixed to circulate and regulate the rate of flow 

of water with a mean velocity range of 0.5-5 m/s. A circular hole with 62 mm outer diameter is 

provided on the bottom side of the rectangular pipe to accommodate the Shelby tube samplers. 

During the test, one end of the Shelby tube with soil sample is placed fastened with the bottom of 

a rectangular pipe. A hydraulic jack is placed at the bottom end of the sampling Shelby tube that 
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pushes the soil until it exposes 1 mm into the rectangular pipe and get exposed to water flow. A 

watertight connection is stablished at the joint of Shelby tube and rectangular pipe. 

 

  

(a) (b) 

Figure 2. Schematic (a) 3D and (b) cross section diagram of MEFA  

 

In this study, control untreated soil and treated soil with four dosages of PDMS 3%, 5%, 

7%, and 10% by dry weight of soil were used to evaluate erosion potential modifications by PDMS 

treatment. Mechanical mixing procedures were used to mix soil with PDMS. Once the soil was 

mixed with polymer, it was statically compacted inside a 62-mm diameter Shelby tube. All 

untreated and PDMS treated samples were prepared at the optimum water content at 90% to 95% 

maximum dry density. Untreated and treated samples were sealed during the three days curing 

period. All samples were then immersed in the water until they absorbed the maximum amount of 

water to become saturated. Erosion tests were carried out on the samples using MEFA. 

At first, 1 mm soil sample is exposed to the water flow at 0.8 m/s for an hour or until the 1 

mm soil gets eroded. The time taken for the 1 mm soil erosion was recorded and the velocity was 

increased from 0.8 m/s to 1.5 m/s to record the time taken for eroding a new 1 mm soil sample. 

Same procedure is followed up to 5 m/s for different velocities. Sediment loss for untreated and 

treated samples were measured by weighing the soil before and after each test run for each velocity. 

For each flow velocity, erosion rate (kg/s/m2) is achieved by dividing the sediment loss by the area 

(diameter 62 mm) of the soil sample and the time required to do so. 

2.3 Scanning Electron Microscopy and Contact Angle 

Stabilization and bonding mechanisms of untreated and PDMS treated samples were observed 

using Scanning Electron Microscopy (SEM). The samples were dried in an oven and gold coated 

before placing it in Zeiss Supra40 SEM. The repellency between soil surface and water with and 

without PDMS can be characterized using the contact angle between the particles. The water 

repellency mainly results from surface tension, surface energy and interfacial energy of contacted 

materials. Large contact angle between water and soil particles occurs when the interaction 

between them is not strong and the surface energy is low. In this research, contact angles were 

calculated for both untreated and treated samples to evaluate the water repellency with an increase 
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in the dosage of PDMS. The contact angle was measured using Goniometer equipment. This 

contact angle is measured through the liquid, where a liquid-vapor interface meets a solid surface. 

This measures the wettability of a solid surface by a liquid via the Young equation (1). The water 

droplets were analyzed by DROP-image Advanced v2.4 software to estimate the water contact 

angle. 

 𝛾𝑆𝐺 −  𝛾𝑆𝐿 −  𝛾𝐿𝐺 𝑐𝑜𝑠 𝜃𝐶 = 0          (1) 

 

where γSG is the vapor interfacial energy, γSL is the solid-liquid interfacial energy, γLG is the liquid-

vapor interfacial energy (i.e. the surface tension) and θc is the equilibrium contact angle.  

 

2.4 Interpretation of Observations 

This section presents the equations for interpreting the test results based on the recorded 

measurements. The average erosion rate δm at given velocity v is obtained using equation (2), 

and the shear stress is obtained using equation (3).  

δm = 
4𝑚𝛿𝑡𝜋𝑑2            (2) 

where m (kg) is the amount of soil eroded during a selected time interval δt (sec) for each velocity; 

d (m) is the diameter of the soil sample exposed to the flood erosion test.  

τ = 
18 𝑓𝜌𝑣2           (3) 

where τ is the shear stress on the wall of the pipe; f is the friction factor obtained from the Moody 

diagram depending on the Reynolds number R and pipe roughness ε/D; ρ is the mass density of 

water (1,000 kg/m3); and v is the mean flow velocity of pipe. As the MEFA has a rectangular cross 

section pipe, D is taken as the hydraulic diameter; D = 4A/P where A is cross-sectional flow area; 

P is wetted perimeter; and the factor 4 is used to ensure that the hydraulic diameter is equal to the 

equivalent diameter of a circular pipe. For a partially filled rectangular pipe, hydraulic diameter of 

the rectangular cross section pipe is   𝐷 =  4𝑎𝑏(2𝑎+𝑏)            (4) 

where a and b are the dimensions of the sides of the rectangle. As the pipe is partially filled, the 

wetted perimeter consists of the three sides of the duct that is two on the side (a) and the base (b).  

3. RESULTS AND DISCUSSION 

 

3.1 Relation of Erosion Rate with Velocity and Shear Stress 
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This section presents the tests results from MEFA tests and analysis were performed to evaluate 

the relation of erosion rate with velocity and shear stress. Several rapid erosion tests under gradual 

increment of hydraulic shear stress over a short period of time have been performed on untreated 

and PDMS stabilized soil samples. Figure 3 (a) and (b) presents change in surface erosion with 

change in velocity and shear stress for both untreated and PDMS treated soil samples. 

(a) (b) 

Figure 3. Erosion rate for untreated and treated samples 

Figure 3 shows that there is a linear relationship between soil erosion rate and hydraulic shear 

stress or velocity. The slopes of these lines are the coefficient of soil erosion. The coefficient of 

soil erosion decreases, and critical shear stress increases with the increasing dosages of polymer 

additive. The coefficient of soil erosion decreases 89 times from untreated to 7% PDMS. It is also 

observed that the critical shear stress increased from 0 N/m2 to 10 N/m2 for 7 wt.% PDMS. In this 

research, the critical shear stress of soil shows an increasing trend as the amounts of polymer 

additive are increased. The erosion resistance of treated soil increased compared to untreated soil 

because of the enhancement of cohesion attributed to condensation and hydrosilylation of Si-H 

bonds across the clay particles. This mechanism has been explained by Wilson et al. (2002). The 

correlation is good and tend to indicate encouraging relationship between shear stress and erosion 

rate. However, with PDMS content more than 7%, the erosion rate increased. This can be due to 

the increase in the hydrosilylation of PDMS, which makes soil more saturated and the 

condensation between the soil particles is reduced. The critical shear stress is thus reduced, and 

the soil particles get eroded easily with lower water flow velocity.  

 

3.2 Surface Eroded Volume and Sediment Loss 

 

Wallace and Wallace (1986) stated that soil loss decreases significantly when mixed with 

polymeric adhesives. In this research, the volume of eroded soil and sediment loss of the untreated 

and treated samples were obtained by collecting the amount of soil that eroded after flow of water 

for each velocity. Total eroded volume of the control and stabilized soil samples decreased rapidly 

with increase in additive content as shown in Figure 4. However, the total amount of soil erosion 
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increased when the PDMS content is more than 7%. This can be attributed to increase in moisture 

content in soil with the addition of PDMS which also limits the interparticle bridging. The amount 

of eroded volume of soil in PDMS treated soil was much lower than those in untreated soil. The 

total volume of eroded soil reduced up to 90% for 7% PDMS treated samples (Figure 4 (a)).  Such 

observation was also found in other soil stabilization studies (Poesen, 1981; Brunori et al., 1989; 

Reddi et al., 2000). From Figure 4 (b), it is evident that the sediment loss for PDMS treated samples 

is lower than the untreated sample over time. For first 110 mins the sediment loss is zero for 7% 

PDMS treated sample while for untreated sample, the sediment loss is maximum 0.03 kg. 

 

  

(a) (b) 

Figure 4. (a) Surface eroded volume and (b) sediment loss of untreated and PDMS treated soil  

 

3.3 Microscopic behavior  

 

Figure 5 (a) and (b) show the morphology of the untreated and 7% PDMS treated soil samples, 

respectively. Figure 5 (a) shows that untreated soil particles are distinct with clear boundaries 

between them. Whereas, the soil particles in treated soils as shown in Figure 5 (b) are attached 

together with precipitated condensing material (PDMS). SEM images showed that PDMS act like 

a condensing agent to bind the particles together and created a water repelling layer (Figure 6) to 

form an erosion resistant surface. Contact angle measurements for untreated and PDMS treated 

soil samples confirmed that PDMS enhanced the hydrophobicity of soil (Figure 6). Greater the 

degree of contact angle greater the hydrophobicity (Rios et al., 2007). The water-soil surface 

contact angle for 7% PDMS is 120.3°, whereas the untreated soil the contact angle is near zero. 

Water-soil surface contact angle is higher because, separate water molecules were absorbed by the 

untreated soil mineral surfaces. The enhanced hydrophobicity for PDMS treated samples are due 

to the formation of Si-H group during the mixing of clay soil and PDMS.  
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 (a) (b) 

 

Figure 5. Micro features of (a) untreated and (b) 7% PDMS treated soil 

 

 

 

 

 

 

  

(a) (b) (c)  

 

Figure 6. Water-soil surface contact angle for (a) untreated, (b) 7% PDMS and (c) 10% PDMS 

treated samples  

 

4. CONCLUSIONS 

This research summarizes an experimental method for evaluating the critical shear stress and the 

coefficient of soil erosion of chemically stabilized fine-grained soil. A modified Erosion Function 

Apparatus (MEFA) is designed and built to conduct tests to study the effectiveness of PDMS 

stabilizer. It was found that these stabilizers reduced the coefficient of soil erosion by 89 times and 

significantly increased the critical shear stress from 0 N/m2 to 10 N/m2. Based on the series of 

erosion tests performed on different dosages of PDMS polymer, a threshold vale of 7% PDMS 

was established which presented low erodibility. It was also observed that PDMS significantly 

increased the erosion resistance by its hydrophobic behavior and this mechanism is proved by 

water-soil surface contact angle. Water repellant coupled with hardened surface of the stabilized 

soil helped to prevent the soil particles from detachment. PDMS treated samples reduced the 

amount of soil loss and sedimentation up to 90%. The overall results suggest clearly that the PDMS 

stabilized soil effectively protects soil surface from erosion due to not only an increase in shear 

strength but also by increased bond between the soil particles. 
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