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1. Introduction 
 

Although many researchers have studied slope collapse 

caused by rainfall and strengthened water-impermeable and 

drainage functions, disasters caused by rainfall frequently 

occur in various regions (Doan 2023, Rajabian 2023). The 

results of studies based on unsaturated soil mechanics 

revealed that the failure mechanism of geostructures due to 

water infiltration is related to the reduction of shear strength 

with matric suction of unsaturated soils (Fredlund et al. 

1978, Karube and Kawai 2001, Rahardjo et al. 2007, Sun et 

al. 2008, Kim et al. 2010, Oh and Vanapalli 2018, Yu et al. 

2023). In practice, installing a water-impermeable layer or 

applying drainage techniques to prevent water infiltration 

into the ground and maintain the unsaturated state inside the 

ground is important for maintaining the stability of the 

geostructures (Heibaum 2016, Lee et al. 2023). Methods 

such as placing concrete and impermeable sheets on the 

surface of geostructures with a drainage system have been 

generally used to protect against water infiltration. Although 

these structural approaches were effective, they were costly 

and prone to problems due to maintenance and 

environmental considerations. 

On the other hand, although geomaterials that exist in 

nature generally become hydrophilic (wettable condition), it 

is well-known that hydrophobized natural geomaterials are  
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also widely distributed worldwide (Wallis and Horne 1992). 

The water repellency of natural geomaterials is mostly due 

to the chemical reactions of organic pollutants generated by 

the corrosion of plants, natural disasters such as forest fires, 

and environmental pollution such as oil spillages (Debano 

and Krammes 1966, Ritsema et al. 1998, Jaramillo et al. 

2000, Ritsema and Dekker 2000). The water repellency of 

the surface of natural geomaterials, which is related to the 

solid-liquid contact angle and the surface energy, affects 

infiltration, evaporation, erosion, and the hydrologic 

balance of the ground (Wallis and Horne 1992, Ritsema and 

Dekker 2000, Bauters et al. 2000, Doerr et al. 2006, Meek 

et al. 2020). 

As a countermeasure against a disaster like the slope 

failure due to rain infiltration, installing a highly water-

impermeable layer using hydrophobic (water-repellent) 

materials to the engineered slopes can be an effective 

method to prevent water infiltration into the slopes. 

Although there have been many studies on the surface 

properties of hydrophobic materials in the fields of soil 

science and chemical materials, the study on the 

applicability of impermeable ground materials in the field 

of geotechnical engineering was first attempted by Kim et 

al. (2021). Kim et al. (2021) investigated the water-

shielding performance and the hydrophobicity using six 

hydrophobic sandy soils in terms of dry density, mean 

particle size, surface condition, and layer thickness through 

the water infiltration head (WIH) test. Based on the results 

obtained, they specified the minimum layer thickness for 

the hydrophobic ground material to have the maximum 

water-shielding performance. They also proposed the 

selection criteria for geomaterials based on the relationship   
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Fig. 1 Water infiltration head (WIH) test 

 

 
Fig. 2 Relationship between dry density and WIH (After  

Kim et al. 2021) 

 

 

between the percentage of particle size less than 2 mm and 

WIH (i.e., water infiltration head, hw). However, since their 

test results were based only on the results obtained through 

the WIH test, it is necessary to verify whether their research 

results are valid in an engineered slope. 

In this study, based on the WIH test results of Kim et al. 

(2021), a series of laboratory embankment model tests are 

conducted for three effects: rainfall intensity, layer 

thickness, and particle size distribution, to evaluate the 

water-shielding performance of hydrophobic geomaterials 

and their applicability to actual engineered slopes. In Case 

1, three rainfall intensities of 20, 50, and 100 mm/h are 

applied. In Case 2, hydrophobic Toyoura sand is used to 

prepare the thinnest layer thickness of 0.5 cm. In Case 3, 

soil samples mixed with hydrophobic Toyoura sand and 

Silica sand No. 2 in a ratio of 4:6 are used. 

 

 

2. Literature review  
 

2.1 What is water infiltration head test? 
 
The water infiltration head (WIH) test measures the 

water head (hw, cmH2O) that hydrophobic materials can 

withstand without water infiltration as shown in Fig. 1. In 

the WIH test, the specimen size was 5.0 cm in diameter and 

5.0 cm in height, and a transparent circular tube made of 

acrylic material was used. The measured value was defined 

as the water infiltration head and can be used as a critical 

indicator to determine the hydrophobicity and water-

shielding performance of hydrophobic materials. 

Specifically, the water head at the moment when water 

permeates the surface of a specimen of the hydrophobic soil  

 
Fig. 3 Relationship between mean particle size and 

required thickness (After Kim et al. 2021) 

 

 

made under predetermined conditions is the WIH value. In 

the WIH test, water is dripped onto the surface of a 

specimen made at a specified dry density in an acrylic 

cylinder, and the head (hw) is increased until infiltration 

begins, and the head at the time of infiltration is measured. 

To establish criteria for applying hydrophobic geomaterials 

to engineered slopes, Kim et al. (2021) performed the WIH 

tests using silica sand No. 2 to No. 5 and Toyoura sand in 

three cases: Case 1: Dry density, Case 2: Layer thickness, 

and Case 3: Grain size distribution of geomaterials. 

 

2.2 Case 1: Effect of dry density 
 
In the study of Kim et al. (2021), to investigate the 

effect of dry density on the WIH, the dry density was 

changed to four values. The relationship between dry 

density and WIH is shown in Fig. 2. The WIH increases 

with increasing dry density for all samples. On the other 

hand, the WIH decreases with increasing average particle 

size for all dry densities. The change in the WIH due to 

differences in dry density and particle size is related to the 

voids between particles. It can be understood that when the 

dry density is large and the mean particle size is small, the 

voids become small, making it difficult for water to 

infiltrate, and thus exhibiting high water-shielding 

properties.  

 

2.3 Case 2: Effect of layer thickness 
 
In Case 2, the minimum layer thickness required to 

obtain sufficient WIH, that can maintain the maximum 

water resistance performance of hydrophobic ground 

materials, was examined. Determining the minimum water 

barrier thickness can reduce the amount of on-site 

impermeable material used, which will lead to reduced 

construction costs. For this, Silica sand Nos. 2 ~ 5 and 

Toyoura sand were used, and the dry density was set to ρd = 

1.50 g/cm3. Based on the WIH test using a test piece with a 

height (thickness) of 5 cm, specimens were repeatedly 

manufactured by decreasing the height of the specimens by 

0.5 mm each, and the WIH test was performed on each 

specimen. The specimen height when the minimum WIH 

value for the layer thickness of 5.0 cm obtained in Case 1 

was equal to the required layer thickness (Znt). From the  
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Fig. 4 Relationship between percentage of particle size 

less than 2 mm and WIH (After Kim et al. 2021) 

 

 

results, all samples had sufficient waterproofing properties 

when the layer thickness was 4.5 mm or less, as shown in 

Fig. 3. Therefore, these results showed that the thickness of 

the impermeable layer on site can be determined at 4.5 mm 

or more and that construction costs can be reduced. 

 

2.4 Case 3: Effect of grain size distribution of 
geomaterials 

 
In Case 3, the effect of the grain size distribution of 

geomaterials on water-shielding performance was 

examined. For this, the WIH tests were conducted with four 

mixing ratios (Toyoura sand: silica sand No. 2) of 2:8, 4:6, 

6:4, and 8:2 by weight. Fig. 4 shows the relationship 

between the percentage of particle size less than 2 mm and 

WIH. It was found that when the curvature coefficient (Cc) 

is under 1.0 and the content of 2.0 mm or less is over 40%, 

the WIH value is significantly high. Thus, it can be said that 

the curvature coefficient and the content of 2.0 mm or less 

are important measures for determining whether a 

hydrophobic geomaterial exhibits excellent water-shielding 

performance at an actual construction site. 

 

 

3. Laboratory embankment model test of 
hydrophobic impermeable layer materials 

 

In this study, to examine the water-shielding 

performance and applicability to engineered slopes of 

hydrophobic geomaterials as slope-filling materials, a series 

of laboratory model tests were conducted for three 

conditions based on the conditions of the WIH test (Case 1: 

Effect of rainfall intensity, Case 2: Effect of layer thickness, 

and Case 3: Effect of the grain size distribution of 

geomaterials) (Kim et al. 2021). In Case 1, three patterns of  

rainfall intensity (I) (20, 50, and 100 mm/h) were applied, 

and in Case 2, the layer thickness of a hydrophobic layer 

was set to 0.5 cm. Lastly, in Case 3, a mixed hydrophobic 

material with a mixing ratio (hydrophobic sand: silica sand 

No. 2) of 4:6 was applied as the slope layer material. 

 

3.1 Test apparatus and soil samples for model tests 
 
Fig. 5(a) shows a model test apparatus used in the model  

  
(a) Apparatus of model test (b) Rainfall apparatus 

Fig. 5 Test apparatus setup for model testing 

 

Table 1 Physical properties of the soil samples 

Sample 
Toyoura 

sand 
Masado Gravel 

Silica sand 
No.2 

Gs (g/cm3) 2.64 2.58 2.65 2.64 

wL (%) - 24.6 - - 

wp (%) - N.P - - 

ρd max (g/cm3) 1.64 1.88 1.67 1.57 

ρd min (g/cm3) 1.37 - 1.45 1.39 

D50 (cm) 1.69 0.38 4.65 2.90 

Fc (%) 0 18.4 0 0 

Cu 1.63 13.7 2.24 1.19 

Cc 0.97 - 0.84 1.07 

ksat (m/s) 1.45×10−4 1.40×10−6 2.44×10−3 2.16×10−3 

Note: Gs = specific gravity, wL = liquid limit, wp = plastic limit, ρd max & ρd 

min = maximum and minimum dry densities, D50 = mean particle size, Fc = 

passing percent under 75μm, Cu = uniformity coefficient, Cc = curvature 

coefficient, and ksat = saturated hydraulic conductivity 

 

 

test. The apparatus includes a water supply tank, a rainfall 

apparatus, and a soil tank. The inside of the soil tank was 

45.5 cm long, 47.0 cm high, and 15.0 cm wide. The 

thickness of the acrylic material was 20 mm. Fig. 5(b) 

shows the rainfall apparatus, which was 500 mm long, 45 

mm high, and 200 mm wide. To properly reproduce the 

rainfall phenomenon, 161 needles were installed at 20 mm 

intervals (7 needles per row, 24 rows total). Fig. 6 shows the 

grain size distribution curves of soil samples: Toyoura sand, 

Masado(i.e., weathered granite soil), Silica sand No.2, and 

Gravel. Table 1 summarizes the physical properties of 

Toyoura sand and Masado (i.e., weathered granite soil), 

Gravel (used as a material of drainage path), and Silica sand 

No. 2 used in model tests. 
 
3.2 Manufacturing method of hydrophobic 

geomaterials 
 

In this study, a hydrophobization reaction process using 

triethoxysilane was applied to produce hydrophobic 

geomaterials. Since the surface chemical groups of silica 

sand and Toyoura sand are mainly interfacial siloxanes (Si–

O–Si), the particle surfaces of these samples become 

hydrophobic due to the dehydroxylation of the surface 

hydroxyls in the hydrophobization reaction process using 

triethoxysilane (i.e., silanization process) (Vigil et al. 1994, 

Li et al. 2014). Here, Toyoura sand and Silica sand No. 2  
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Fig. 6 Grain size distribution curves of soil samples 

 

 

have silica (SiO2) contents of 92.6% and 98.0%, 

respectively.  

The silanization process was applied to the samples of 

Toyoura sand and silica sand No. 2 using a mixed chemical 

solution of n-octyltriethoxysilane (C14H32O3Si) and 

isopropyl alcohol to stably produce hydrophobic 

geomaterials. A mixed chemical solution of n-

octyltriethoxysilane (5 ml) and isopropyl alcohol (495 ml) 

was prepared for 500 g of soil sample. After the prepared 

soil sample was immersed in the mixed solution, the 

solution was then sealed and stored at room temperature 

(20–24°C) for 72h. In this process, a chemical reaction 

occurs in which a hydrogen coating is formed on silica with 

hydroxyl groups in the silanol group (SiOH). The chemical 

reaction of silica silanization is expressed in Eq. (1) as 

follows (Hayichelaeh et al. 2018). 

≡ Si―OH: Solid + C8H17Si(OC2H5)3: Liquid 

⇒ ≡ Si―O―Si(OC2H5)2C8H17: Solid + C2H5OH: Liquid 
(1) 

After this process, the soil sample treated chemically 

with two hydrophobizing polymers was put into a drying 

oven (110–120℃) for 24 hours to complete the 

hydrophobization treatment.  

 

3.3 Test conditions for each case 
 

3.3.1 Case 1: Effect of rainfall intensity 
Rainfall infiltration occurs on embankment slopes under 

various rainfall conditions and is the main cause of slope 
failure. Slope failure is internally related to the type of 
ground layer soil and the mechanical and hydraulic 
properties according to various conditions, but external 
influences such as rainfall intensity and duration also have a 
great influence. In Case 1 of the laboratory embankment 
model test of this study, the water-shielding performance of 
the hydrophobic material layer was examined under three 
rainfall conditions: I= 20 mm/h for Case 1-1, I= 100 mm/h 
for Case 1-2, and I= 100 mm/h for Case 1-3. Here, three 
rainfall intensities of 20, 50, and 100 mm/h were set to 
represent extreme rainfall conditions, heavy rainfall such as 
showers, and general rainfall, respectively (Mirhosseini et 
al. 2013). The applicability of the impermeable layer of 
hydrophobic material to water infiltrating into the slope was 
investigated through these three rainfall intensities. On the 
other hand, according to the results of the WIH test by Kim 

 

Fig. 7 Schematic diagram of model test for Case 1 

 

   
(a) Base layer 

Installation 

(b) Installation of a 

drainage system 

using Gravel 

(c) EC-5 sensor 

installation 

   
(d) Hydrophobic 

layer installation 

(e) Surface layer 

installation 

(f) Installation 

complete 

Fig. 8 Production process of model test for Case 1 

 

Table 2 Test conditions for Case 1 

Case No. 1-1 1-2 1-3 

Thickness of surface layer (cm) 2.0 2.0 2.0 

Thickness of hydrophobic layer (cm) 3.0 3.0 3.0 

Initial dry 

density, 

ρdi (g/cm3) 

Surface layer 1.50 1.50 1.50 

Hydrophobic layer 1.50 1.50 1.50 

Drainage path (gravel) 1.64 1.64 1.64 

Rainfall intensity, I (mm/hr) 20 50 100 

Slope angle, Φ (°) 10 10 10 

Measurement time, t (h) 5 5 5 

 
 

et al. (2021), the hydrophobic Toyoura sand, which has the 

smallest mean particle size (D50-min), showed sufficient 

water impermeability as WIH value= 14.2 cm under a dry 

density of ρd=1.50 g/cm3. For comparison with the WIH 

test, in Case 1, the hydrophobic layer using Toyoura sand 

was prepared with the same dry density. 

As shown in Fig. 7, a model embankment for Case 1 

was comprised of a surface hydrophilic Masado layer of 2.0 

cm under a dry density of ρd=1.50 g/cm3 and the 

hydrophobic Toyoura sand layer (i.e., water repellent sand 

(WRS) layer) of 3.0 cm under a dry density of ρd=1.50 

g/cm3. EC-5 sensors were also installed in three places in 

the hydrophobic layer to evaluate rainfall infiltration 

behavior. Fig. 8 shows the production process of the model 

test for Case 1. A drainage system using Gravel was 

prepared under a dry density of ρd=1.64 g/cm3. The slope  
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Fig. 9 Schematic diagram of model test for Case 2 

 

Table 3 Test conditions for Cases 2 & 3 

Case No. 2 No. 3 

Thickness of surface layer (cm) 2.0 2.0 

Thickness of hydrophobic layer (cm) 0.5 3.0 

Thickness of Masado layer (cm) 3.0 3.0 

Initial dry 

density, 

ρdi (g/cm3) 

Surface layer 1.50 1.50 

Hydrophobic layer 1.50 1.50 

Lower layer 1.50 1.50 

Drainage path (gravel) 1.64 1.64 

Rainfall intensity, I (mm/hr) 100 100 

Slope angle, Φ (°) 10 10 

Measurement time, t (h) 5 5 

 

 

angle (Φ) is 10°. The model test was conducted for 5 hours. 

Table 2 summarizes the test conditions for Case 1. 

 

3.3.2 Case 2: Effect of layer thickness 
When installing hydrophobic geomaterial on a slope, the 

amount of soil used is determined by the layer thickness. 

Since the layer thickness is related to the construction cost, 

the thinner the layer, the higher the economic efficiency is 

evaluated. Thus, in Case 2, the water-shielding performance 

of a thin layer of hydrophobic material was investigated. As 

shown in Fig. 9, a model embankment was prepared 

consisting of a lower hydrophilic layer of 3.0 cm equipped 

with EC-5 sensors to determine rainfall infiltration, a 

middle hydrophobic Toyoura sand (i.e., WRS) layer of 0.5 

cm, and a 2.0 cm surface hydrophilic layer. In addition, to 

prevent water from infiltrating through the drainage path 

using Gravel on the right side of the model, a hydrophobic 

material (i.e., hydrophobic Toyoura sand) was placed with a 

thickness of 2.0 cm on the right side of the bottom layer.  

According to the WIH test results of Kim et al. (2021), 

the results of the WIH test showed that all hydrophobic 

Silica sands with a mean particle size of 2.90 mm or more 

(i.e., Silica sand No. 2) have water-shielding performance if 

the layer thickness is greater than 0.45 cm. Here, the WIH 

value of Silica sand No. 2 is 1.0 cm. In particular, the 

hydrophobic Toyoura sand, which has the smallest mean 

grain size, showed sufficient water-shielding performance 

(i.e., WIH=14.2 cm) if the layer thickness is greater than 

0.15 cm. Thus, in Case 2, the middle layer of the  

   
(a) EC-5 sensor 

installation 

(b) Lower layer 

installation 

(c) Hydrophobic 
material (side) 

installation 

   
(d) Hydrophobic 

layer installation 

(e) Surface layer 

installation 

(f) Installation 

complete 

Fig. 10 Production process of model test for Case 2 

 

 
Fig. 11 Sample mixed with hydrophobic Toyoura sand 

and Silica sand No.2 in a ratio of 4:6 in Case 3 

 

 

hydrophobic Toyoura sand was prepared with the thinnest 

thickness of 0.5 cm that can be efficiently produced in the 

laboratory model test under ρd=1.50 g/cm3. The rainfall 

intensity condition is I= 100 mm/h, and the slope angle (Φ) 

is 10°. The model test was conducted for 5 hours. Table 3 

summarizes the test conditions of Case 2. Fig. 10 shows the 

production process of a model test for Case 2. A drainage 

system using Gravel was prepared under a dry density of 

ρd=1.64 g/cm3. 

 

3.3.3 Case 3: Effect of grain size distribution of 
geomaterials 

Although various sandy soils can be used as 

hydrophobic geomaterials, their grain size distributions are 

different. Since the water-shielding performance of 

hydrophobic materials is affected by the size of the soil 

particles, it is necessary to examine the water-shielding 

performance of the hydrophobic layer with respect to the 

change in particle size distribution.  

According to the WIH test results of Kim et al. (2021), 

it was reported that the water-shielding performance (WIH 

= 11.9 cm) was excellent when the content of soil particles 

smaller than 2.0 mm was 40% or more using a mixed 

sample of hydrophobic Toyoura sand and hydrophobic 

Silica sand No. 2. Thus, in Case 3, the effect of grain size 

distribution on the water-shielding performance of the 

hydrophobic layer was examined using a mixed 

hydrophobic material with a mixing ratio (Toyoura sand: 

silica sand No. 2) of 4:6 as shown in Fig. 11. Fig. 12 shows 

the grain size distribution curves of Toyoura sand, Silica 

sand No.2, and a mixed sample with a mixing ratio of 4:6 in 

Case 3. As shown in Fig. 13, a model embankment was 

created with a surface layer of 2.0 cm, a mixed hydrophobic 

material layer of 3.0 cm, and a lower layer of 3.0 cm for  
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Fig. 12 Grain size distribution curves of Toyoura sand, 

Silica sand No.2, and a mixed sample with a mixing ratio 

of 4:6 in Case 3 

 

 

Fig. 13 Schematic diagram of model test for Case 3 

 

   
(a) EC-5 sensor 

installation 

(b) Lower layer 

installation 

(c) Hydrophobic 

material (side) 

installation 

   
(d) Hydrophobic 

layer installation 

(e) Surface layer 

installation 

(f) Installation 

complete 

Fig. 14 Production process of model test for Case 3 

 

 

installing the EC-5 sensor. As in Case 2, hydrophobic 

Toyoura sand was installed on the side to prevent water 

from infiltrating the drainage path. To measure the rainfall 

infiltration, a lower layer was installed with three EC-5 

sensors under the mixed hydrophobic material layer. The 

rainfall intensity condition is I= 100 mm/h, and the slope 

angle (Φ) is 10°. The model test was conducted for 5 hours. 

The test condition for Case 3 is summarized in Table 3. Fig. 

14 shows the production process of the model test for Case 

3. A drainage system using Gravel was prepared under a dry 

density of ρd=1.64 g/cm3. 

 

 
Fig. 15 Results measured by the EC-5 sensors for Case 1-

3: The saturated volumetric moisture content (θsat) of the 

2-cm-thick WRS layer was 0.432, but there was little 

change (due to noise) in the volumetric water content 

because no rainfall infiltration occurred during the 5-hour 

test 

 

 
Fig. 16 Internal condition after removal of the surface 

layer for Case 1 

 

 
Fig. 17 Results measured by the EC-5 sensors for Case 2: 

Under the condition of the presence of a ground layer (θsa

t = 0.419) beneath the 5-mm thick WRS layer, there was 

little change (due to noise) in the volumetric water 

content because no rainfall infiltration occurred during 

the 5-hour test 

 
 
3.4 Test results of each case 
 

3.4.1 Result of Case 1: Effect of rainfall intensity 
Fig. 15 shows the result measured by the EC-5 sensors 

for I= 100 mm/h for Case 1-3, the strongest rainfall 

condition. Measurements were performed for 5 hours at 

rainfall intensities of 20 mm/h, 50 mm/h, and 100 mm/h. As 

shown in Fig. 15, no response was observed from the EC-5 

sensors at any rainfall intensity after the measurement was 

completed. Although subtle changes due to noise were  
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Fig. 18 Internal condition after removal of the surface 

layer for Case 2 

 

 
Fig. 19 Results measured by the EC-5 sensors for Case 3: 

Under the condition of having a ground layer (θsat = 

0.419) below the mixed soil WRS layer, there was little 

change (due to noise) in the volumetric water content 

because no rainfall infiltration occurred during the 5-hour 

test 

 

 

detected during the measurements, there is no response to 

rainfall infiltration. Because the saturated volumetric water  

content (θsat) of the WRS layer is 0.432, these subtle 

changes can be ignored. On the other hand, water infiltrates 

into the surface layer immediately after the start of the 

experiment, and the surface layer was completely wet when 

the experiment was finished as shown in Fig. 16. 

Meanwhile, the hydrophobic layer underneath was dry for 5 

hours. From these results, it was found that rainwater did 

not infiltrate into the hydrophobic layer even under the 

extreme condition of a rainfall intensity of 100 mm/h, and 

the excellent water-shielding performance of the 

hydrophobic layer could be demonstrated in Case 1. 

 

3.4.2 Result of Case 2: Effect of layer thickness 
Fig. 17 shows the results measured by the EC-5 sensors 

for Case 2. After 5 hours of measurement with a rainfall 

intensity of 100 mm/h, no response was observed from the 

sensors (Nos. 1, 2, and 3) for testing. Here, the saturated 

volumetric water content (θsat) of the lower layer is 0.419. 

Water infiltrated into the surface hydrophilic layer 

immediately after the experiment started, and the surface 

hydrophilic layer was completely wet after the experiment 

ended as shown in Fig. 18. While the hydrophobic Toyoura 

sand and the lower hydrophilic layers were dry. It was 

found from this result that even if a very thin hydrophobic 

layer of 0.5 cm (ρd= 1.50 g/cm3) is formed, rainwater does 

not infiltrate under the hydrophobic layer, maintaining 

excellent water-shielding performance. It is expected that 

the construction costs for hydrophobic geomaterials could  

 
Fig. 20 Internal condition after removal of the surface 

layer for Case 3 

 

 

be reduced by decreasing the thickness of the hydrophobic 

layer when applied to engineered slopes. 

 

3.4.3 Result of Case 3: Effect of grain size distribution 
of geomaterials 

The results of the volumetric water content measured by 

the EC-5 sensor are shown in Fig. 19. The measurement 

was made for 5 hours with a rainfall intensity of 100 mm/hr, 

but no response was observed from the EC-5 sensors (Nos. 

1, 2, & 3) until the endpoint. As in Cases 1 & 2, some 

fluctuations are also detected in Case 3. Since the saturated 

volumetric water content (θsat) of the lower layer is 0.419, it 

can be understood that this is due to noise during 

measurement. Water infiltrated the surface layer 

immediately after the experiment began, and after the 

experiment ended, the surface layer was wet as shown in 

Fig. 20. 

On the other hand, the soil layer where the sensors were 

installed and the hydrophobic material on the side were dry. 

The mixed hydrophobic material layer showed some 

infiltration in the hydrophobic Silica sand No. 2 section, but 

no infiltration in the hydrophobic Toyoura sand section. 

Thus, it was found that water does not infiltrate beneath the 

mixed hydrophobic layer and that it is exerting a water-

shielding performance. Moreover, from the results of the 

sample mixed with hydrophobic Toyoura sand and Silica 

sand No.2 in a ratio of 4:6, it can be determined whether the 

water-shielding performance is achieved based on a content 

ratio of soil particles of 2.0 mm or less at the actual 

construction site. Therefore, it can be understood that if the 

content ratio of soil particles of 2.0 mm or less is 40% or 

more, the hydrophobic layer exhibits water-shielding 

performance when applied to engineered slopes. 

 

 

4. Case-specific review and implications 
 

In this study, the applicability of hydrophobic materials 

to impermeable layers was examined through laboratory 

embankment model tests for three cases. In Case 1, the 

impermeable layer of hydrophobic materials did not allow 

rain infiltration even under the extreme condition of 100 

mm/h rainfall intensity. Thus, it can be said that it can be 

used as an impermeable layer material for rain infiltration. 

On the other hand, from the results of Case 2, it was found 

that rain infiltration did not occur even under the extreme 

condition of I= 100 mm/h for an impermeable layer 

thickness of 5 mm. From this result, it is judged that it is 

possible to construct an impermeable layer thickness of 5 
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mm or more for an actual engineering slope. However, 

since it is more difficult to construct an actual slope with a 

layer thickness of 5 mm as in this study, it would be better 

to design a layer thickness thicker than this for on-site 

constructability. 

Finally, from the results of Case 3, the water-shielding 

performance of the mixed hydrophobic materials was 

confirmed. In particular, since the water-shielding 

performance of mixed hydrophobic materials is not affected 

by the fine-grained content, a hydrophobic ground material 

with a higher fine-grained content would be able to be 

made. However, since the shear strength generally 

decreases as the fine-grained content increases, additional 

shear strength tests for mixed hydrophobic materials should 

be conducted for application to engineering slopes. The 

experimental results using Toyoura sand and silica sand in 

this study can be used as a reference for the applicability to 

actual field slopes and the selection of hydrophobic 

materials. Unfortunately, however, there are still few useful 

research results on hydrophobic materials in the field of 

geotechnical engineering. Therefore, additional experiments 

on hydrophobic materials should be conducted because 

many ground materials can be hydrophobic materials and 

the range of choices is wide. 

 

 

5. Conclusions 
 

In this study, to evaluate the water-shielding 

performance of hydrophobic geomaterials and their 

applicability at actual engineered slopes, a series of 

laboratory embankment model tests based on the WIH test 

results of Kim et al. (2021) was performed on three effects: 

(1) Case 1: Rainfall intensity, (2) Case 2: Effect of layer 

thickness, (3) Case 3: Effect of grain size distribution of 

geomaterials. From the results of this study, the following 

conclusions are drawn. 

(1) In Case 1, the laboratory embankment model tests were 

conducted under three rainfall intensity patterns (i.e., 20 

mm/h, 50 mm/h, and 100 mm/h). As a result, rainwater 

did not infiltrate into the hydrophobic layer at any 

rainfall intensity, and the excellent water-shielding 

performance of the hydrophobic layer was revealed. 

Thus, it was found that the installation of a hydrophobic 

layer is effective as a measure against slope collapse due 

to rain infiltration. 

(2) In Case 2 for the effect of layer thickness, the very thin 

hydrophobic layer of 0.5 cm under the rainfall intensity 

of 100 mm/h for 5 hours was applied. Since rainwater 

did not infiltrate below the hydrophobic layer, it was 

found that excellent water-shielding performance was 

maintained. Thus, it is expected that the construction 

costs could be reduced by decreasing the thickness of 

the hydrophobic layer. 

(3) In Case 3 for the effect of the grain size distribution of 

hydrophobic geomaterials, a mixed hydrophobic 

material with a mixing ratio (Toyoura sand: Silica sand 

No. 2) of 4:6 was used. No rainwater infiltration 

occurred downward in the mixed hydrophobic material 

layer. Thus, if hydrophobic materials involved the 

content ratio of soil particles of 2.0 mm or less is over 

40%, the hydrophobic layer could exhibit water-

shielding performance when applied to engineered 

slopes. 
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