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ABSTRACT 

 

Vegetation can be considered as a sustainable and environmentally friendly reinforcement 

method. It has been widely applied in engineering design in order to reduce the amount 

of water infiltration on the soil. However, the understanding and studies related to 

vegetation have been limited. Therefore, vegetation effect on rainfall water infiltration 

should be studied elaborately. In this study, a column test apparatus is used to investigate 

the differences in the amount of infiltration and runoff water between bare soil and 

grassed soil. Test results reveal that the grass cover plays an important role in minimizing 

the water infiltration. Furthermore, soil-water retention and seepage behavior under 

unsaturated condition of grassed soil differ from bare soil. Finite element (FE) numerical 

seepage analyses were performed for column test experiments in order to clearly 

understand the mechanism of grass influence on rainfall water infiltration. The numerical 

analyses show a reasonable agreement with actual test results.  
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1 INTRODUCTION 

1.1 General background 

 Vegetation has been widely applied in engineering design methods because of its 

numerous benefits such as preventing the soil from erosion, improving the aesthetics of 

the environment and reinforcing the structure of the soil. However, the understanding of 

vegetation and related researches have been limited and its practices are much seen as an 

“art”, based on engineering experience and judgment, rather than an exact “science” 

(Coppins and Richards, 2007). The potential of vegetation in stabilizing soil slope through 

mechanical and hydrological effects has been recognized (Barker, 1995). The beneficial 

effects of mechanical root reinforcement of vegetated soils are focused on and well 

understood in many researches (Wu et al., 1988; Stokes and Mattheck, 1996; Greenwood 

et al., 2004), whereas the hydrological effects (i.e. rainfall infiltration water) gained 

relatively less attention.  

1.2 Research objectives 

In order to understand and identify the hydrological influence of vegetation on the rainfall 

infiltration, field monitoring program of two neighboring cut slopes were conducted. In 

addition, a column test apparatus is used to perform experiments in this study. The finite 

element (FE) analysis is used to simulate actual column test experiments. The main 

objectives of this paper are:  

1. Investigating the amount of infiltration and runoff in grassed soil as compared to 

bare soil. 

2. Identifying the influence of grass on soil-water characteristic curves and 

coefficient of permeability. 

3. Proposing a numerical simulation method considering the influences of grass cover.  

1.3 Outline of thesis 

The thesis consists of five chapters in total. The introduction and objectives of this 

research have been provided in the present in the current chapter. 

Chapter 2 presents general views of unsaturated soil, slope failure due to rainfall, and 
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the effects of vegetation on retaining matric suction and hydraulic conductivity of the soil.  

Chapter 3 presents the field measurement design of two neighboring soil slopes 

constructed in Hokkaido, Japan. The field instrumentation and field measurement data 

(i.e. volumetric water content, pore water pressure, ground temperature) of two 

unsaturated soil slopes are also described. 

Chapter 4 describes the materials and methods employed in this research. This 

chapter discusses the selected soil materials using for the experimental program and their 

physical and index properties. In addition, a column test apparatus, experiment setup, and 

experimental procedures are explained.  

Chapter 5 proposes simulation approach to consider the effect of grass on infiltration. 

Analytical analysis for column test are performed. In addition, the numerical analysis 

results are compared to experimental results in order to check the validity of proposed 

numerical procedures. 

In chapter 6, the conclusions and some recommendations for the future works are 

also given. 
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2 LITERATURE REVIEW 

2.1 Unsaturated soil 

 

The soil zone which is between the ground surface and the water table is referred to as 

the unsaturated soil zone by Fredlund et al. (2012) as shown in Figure 2.1. Generally, in 

geotechnical engineering, the zone which is subjected to negative pore water pressures 

has been widely referred as the unsaturated soil zone. In the unsaturated field, the ground 

surface climate is an important factor which determines the thickness of the unsaturated 

zone by controlling the depth from the ground surface to the groundwater table. Any soil 

near the ground surface will be subjected to negative pore water pressures and possible 

reduction in degree of saturation once it is in an environment where the water table is  

 

Figure 2.1 Subdivisions of unsaturated soil zone on the local and regional basis 

(Fredlund et al. 2012). 

 

below the ground surface. With consideration of the wide existence of unsaturated soil, it 

is necessary to investigate the difference of mechanical properties between the saturated 

soil and the unsaturated soil. 

Within the saturated soil and the air-dried soil, there are only two phases existed, i.e., soil 
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structure and other fluid in the voids. Such soils could be well explained by principles 

and concepts of classical soil mechanics. In unsaturated soil’s situation, however, it has 

commonly been considered to have more than two phases, i.e., soil structure, water, and 

air. Addition to those, the air-water interface (i.e., the contractile skin) has been realized 

to play an important role as an additional phase in unsaturated soils. Fredlund et al. (2012) 

suggested that when the air phase is continuous, the contractile skin will interact with the 

soil particles to provide an influence on the mechanical behaviour of the soil. Figure 2.2 

shows an element of unsaturated soil with a continuous air phase. 

 

 

 

  

 

 

 

 

 

 

 

Figure 2.2 Element of unsaturated soil with a continuous air phase (Fredlund et al. 

2012). 

2.2 Slope failures due to rainfall 

 

Rainfall-induced landslides are common in many regions under tropical or subtropical 

Climates (Lumb 1962; Brand 1984). Figure 2.3 shows the global landslide susceptibility 

map of rainfall-induced landslides produced by National Aeronautics and Space 

Administration (NASA) with a combination of surface landslide susceptibility and a real-

time space-based rainfall analysis system (Hong and Adler 2008). The red and orange 

indicate regions with high-potential landslide risk include the Pacific Rim, the Alps, the 

Himalayas and South Asia, Rocky Mountains, Appalachian Mountains, and parts of the 

Middle East and Africa. Based on the historical records, most catastrophic landslides and 

Air Soil particle

Water

Contractile skin

(Air-water interface)
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debris flows have occurred in Japan, China, India, Singapore, the United States, Italy, 

Brazil, and Venezuela. 

 

Figure 2.3 Global susceptibility map of rainfall-induced landslides. (Hong, Y. et al, 

2008). 

Figure 2.4a shows notable landslide triggered by the rainstorms in the March 4, 1995, La 

Conchita landslide. It occurred in the small residential community of La Conchita at the 

northwest of Los Angeles. This landslide was a reactivation of an ancient complex earth 

flow in marine sediments and badly damaged nine houses (Jibson, 2005).  

 

Figure 2.4 The landslides occurred in La Conchita, California. (a) The March 4, 

1995, rainfall-triggered La Conchita, California, landslide. (Courtesy of Robert L. 

Schuster, US Geological Survey.) (b) The January 10, 2005, remobilization of part 

of the 1995 landslide. 
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Because the slide moved at only a moderate rate (tens of meters in a few minutes), there 

were no casualties. On January 10, 2005, the left side of the 1995 La Conchita landslide 

remobilized due to a heavy rainfall. A high-velocity debris flow at an estimated velocity 

of 10 m/s destroyed 13 houses (Figure 2.4b).  

Ishikawa et al (2015) reported that according to the data for the last 14 years, the slope 

failure made up 62% of a total number of the causes for the urgent inspections at the 

national roads in Hokkaido. Figure 2.5 presents an example failure in Hokkaido. This 

slope failure occurred No. 38, Hikachi Pass, Hokkaido, Japan due to the heavy rain on 31 

August, 2016. 

 

 

Figure 2.5 Slope failure at Route No. 38, Hikachi Pass, Hokkaido, Japan on 31 

August, 2016. 

2.3 Vegetation’s effects on infiltration          

 

Figure 2.6 compares the measured cumulative water infiltration with time between bare, 

grass-covered and tree-covered soil during the 2 h of ponding (Leung. et al, 2015). The 

constant head of ponding water was 0.1m. In bare soil, water volume infiltrated is found 

to increase at a decreasing rate. After ponding for 1 h, the amount of water volume 

infiltrated appears to increase linearly with time, indicating that steady-state condition 
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was reached. Similar trend of variation is observed for both grass-covered and tree-

covered soil, and it is found that the volume of water infiltrated in these two types of 

vegetated soil was similar. 

 

Figure 2.6 Measured variations of the cumulative volume of water infiltrated and 

infiltration rate with time for bare, grass-covered and tree-covered soil (Leung et al, 

2015). 

 

Although the initial suction between bare, grass-covered and tree-covered soil were 

comparable, the volume of water infiltrated in both vegetated soil was less than that in 

the bare soil by up to 50% at steady state. This indicates that the presence of plant roots 

has a significant effect in reducing the volume of water infiltration. 

Rahardjo et al (2014) reported that both Orange Jasmine and Vetiver grass can be used as 

slope covers to minimize the infiltration of rain water into slopes. The field monitoring 

results show that Orange Jasmine and Vetiver grass covers were able to maintain the 

negative pore-water pressure within the slopes during rainfall (Figure 2.7). In other words, 

vegetation is an effective slope cover for maintaining the stability of slopes during rainfall. 
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Figure 2.7 Pore-water pressure measurement at various depths of: (a) original slope, 

(b) the slope with Orange Jasmine, (c) the slope with Vetiver grass, (d) factor of 

safety variation and (e) rainfall intensity from 7/29/2010 12:00 to 1/5/2011 17:50. 

(Rahardjo et al, 2014). 
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3 SOIL SLOPE MEASUREMENT 

3.1 Outline of cut slopes  

In order to understand the grass influence on soil slopes, an instrumented field study is 

conducted on unsaturated soil slopes. Two neighboring cut slopes are constructed at 

Makomanai district, namely: grassed soil slope and bare soil slope.  

At first, two cut slopes were constructed (Figure 3.1a) with the same soil properties as 

shown in Table 3.1. After that, the component of above-mentioned mixed grass seeds 

were sprayed on the ground surface of one soil slope (the right soil slope in Figure 3.1). 

The height of grassed seeds component was 2 cm.  

 

 

 

 

Figure 3.1 Bare soil slope and grassed soil slope (a) before spraying grass seed and 

(b) when the grass growing. 

(a) 

(b) 
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The above-mentioned soil slopes were instrumented with tensiometers and soil moisture 

meters at different depths in order to measure the change in pore-water pressure and soil-

water contents against time. The location of installing these sensors are shown in Figure 

3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 (a) Location and (b) depth of installed instruments into two soil slopes. 

 

(a) 

(b) 
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In addition, climate variables such as air temperature, rainfall intensity, snow depth, wind 

speed and relative humidity are also measured at the top of two soil slopes. Based on the 

measurement data obtained from the field, the variation of soil water content, pore water 

pressure, and temperature within two soil slopes during freezing and thawing seasons are 

compared. Figure 3.3 shows the overview of instrument installed to measured weather 

variables in two soil slopes.  

 

Figure 3.3 Overviews of instruments measuring climate variables. 
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3.2 Field instrumentation 

3.2.1 Soil moisture meter  

 

Four sets of soil moisture meters were installed in the same arrangement on two soil 

slopes as shown in Figure 3.4. They were buried perpendicularly to the slopes at 1.1 m 

from the top and from the foot, respectively. The lateral distance between soil moisture 

meter and the edge of the slope is 1.5 m. Each set is composed of 6 soil moisture meters 

as indicated in Photograph 3.16, which measure the volumetric moisture contents at 0.2, 

0.05, 0.15, 0.25, 0.35, 0.45 m depth from the ground surface. Therefore, the total 

monitoring points for soil moisture at each soil slope reach 12. Each soil moisture meter 

has the size of 60 cm in length and 27.50 mm in diameter, and it is applicable for 

measurement under any conditions of oven dry to saturation. The area of measuring the 

soil moisture with single soil moisture meter is within the radius of 100 mm around. After 

installing the set of soil moisture meters into a bore hole at the desired location, the hollow 

between the soil and the instrument was filled with natural soil. 

 

 

 

Figure 3.4 Soil moisture meter. 
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The general specifications of soil moisture meter are shown in Table 3.1. 

 

Table 3.1 Specification of soil moisture sensors. 

Power supply 12V 

Current 

consumption (mA) 

Sleeping option 0.52  0.55mA 

Standby option 8  20mA 

During measurement 35  38mA 

Resolution 
Moisture value 1:10,000 

Temperature 0.3℃ 

Accuracy 
Moisture value <±2% 

Temperature <±2% 

Operating temperature range -20  60℃ 

Length 60 cm 

Number of sensors 6 (5,15,25,35,45,55 cm) 

Sensor diameter 27.5 mm 

 

3.2.2 Tensiometer  

 

 

Figure 3.5 Tensiometer. 

 

The tensiometer (CHG - 2100 AET) shown in Figure 3.5 is used to measure the pore 

water pressure of the soil. The specifications are shown in Table 3.2. In each slope, six 

tensiometers were buried at 0.2 m depth from the ground surface as shown in Figure 3.14. 
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The reading range of the tensiometer is around from 10 ~ -70 kPa. After ensuring the 

porous cup touched the bottom of bore hole, the soil, Komaoka volcanic soil, was filled 

up into the hole. 

 

Table 3.2 Specification of the tensiometer. 

Output signal 1～3VDC／-100～+100kPa 

offset ±40mV 

Response speed 5ms 

Wiring Red: Power supply, White: Output signal, 

Black: Ground. 

Power-supply voltage 9-14VDC 

Allowable overload PS 400kPa 

Accuracy FS ±0.5％ 

Operating Environment 10  50℃ 

Material Ceramic 

Sensor size Φ39mm x L20 mm 

Measurement range 10 kPa  -70 kPa. 

3.2.3 Temperature and humidity sensor 

 

A small temperature/humidity sensor (CVS - HMP60HT - 03C) was installed at the crest 

of the slopes in order to measure the temperature and humidity in site (Figure 3.6). The 

specifications are shown in Table 3.3. The temperature and humidity are directly 

recording by connecting to the data logger. 

Table 3.3 Specification of temperature/humidity sensor. 

 Temperature sensor Humidity sensor 

Measurement range -40  +60℃ 0  100％ RH 

Output option 0-2.5V, 0-5V , 1-5V 

Accuracy  

0  +40℃ 

±0.5℃ 

(+10  +30℃) 

±3% 0  90%RH 

±5% 90  100%RH 

Operating temperature -40  +60℃ 

Size L71 mm × 12mm 

Weight 28g 

Power supply 5-28VDC, 1mA 
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Figure 3.6 Temperature and humidity sensor. 

 

3.2.4 Solar radiation meter 

 

In order to measure solar radiation, the solar radiation meter (Figure 3.7) is used. The 

specifications are shown in Table 3.4. This is also installed at the crest of the slopes, the 

reading of the solar radiation meter is integrated every 10 minutes and it is recorded in 

units of MJ. 

 

 

Figure 3.7 Solar radiation meter. 
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Table 3.4 Solar radiation meter. 

Accuracy ±0.5C 

Size 56x H70 mm 

Weight 600g 

Measuring angle 180 degrees 

Operating temperature -40C  +80C 

 

3.2.5 Wind speed and wind direction sensors 

 

In order to measure wind direction and wind speed, the wind direction and wind speed 

sensor (CYG - 3002) shown in Figure 3.8 are used. The specifications are shown in Table 

3.5. CYG - 3002 is a low-cost wind anemometer that combines a three - cup anemometer 

and an arrow - type wind direction gauge. This is also installed at the crest of the soil 

slopes. 

 

 

Figure 3.8 Wind speed and wind direction sensors. 
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Table 3.5 Specification of wind direction and wind speed sensor. 

 Wind speed sensor wind direction sensor 

Measurement range 40m/s 0  360° 

Wind speed 40m/s 

Output 0.75m/s /Hz + 0.2 0 10K Ohm 

±20% 

Accuracy 0.5m/s ±5deg 

Size Diameter 12cm 

 

Diameter 22cm 

 

Weight 113g 170g 

 

3.2.6 Rain gauge 

 

The rain gauge (CYG - 52203) shown in Figure 3.9 is used for this study. The 

specifications are shown in Table 3.10. It is the most common rain gauge that is widely 

used by the Meteorological Agency, power companies, etc. 

 

Figure 3.9 Rain gauge. 
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Table 3.6 Specification of rain gauge. 

Model 52203-20 

Size 180mm × h 300mm 

Receiving rainfall area 200 cm2 

Accuracy Within 2% (25 mm / hr) 

Within 3% (50 mm / hr) 

Output 24AC/DC 500mA 

Operating temperature -20C  50C 

Weight 1 kg 
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3.3 Results and discussions 

3.3.1 Climate data 

 

 

Figure 3.10 Climate data observed in field. 

The measure climate data (i.e., daily rainfall intensity, air temperature, relative humidity, 

daily average wind speed and solar radiation) is illustrated in Figure 3.10. The data was 

measured from 6 August 2017 to 2 December 2017.  

3.3.2 Volumetric water content 

 

The measured volumetric water content at different depths at both lower side and the 

upper side of bare soil slope and vegetated soil slope are presented in Figure 3.11 and 

Figure 3.12, respectively. It is noted that the water content at the lower side of vegetated 

soil slope is lower than in bare soil slope (i.e., at 5, 25, 35, 45 cm depths). At 55 cm depth, 

the water content of grassed soil slope is equal to that of bare soil slope. The influence 
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zone of grass is might be lower than 55 cm.  

 

 

Figure 3.11 Change in the volumetric water content at different depths in the lower 

side of bare and grassed soil slopes. 
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Figure 3.12 Comparison in the volumetric water content at different depths in upper 

side of bare and grassed soil slopes. 
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3.3.3 Matric suction 

 

In each soil slope, pore water pressure at 20 cm of three different locations are measured 

as have mentioned previously (Figure 3.2). The measured negative pore-water pressure 

is numerically equal to matric suction, since the pore-air pressure is assumed atmospheric. 

From the Figure 3.13, it is clear that the grass has an influence on retaining higher soil 

suction in soil slope during rainfall. The retaining soil suction is much significant in the 

center of soil slope compare to other two location (upper side and lower side).   

 

 

Figure 3.13 Change in the matric suction at different locations in bare and grassed 

soil slopes. 
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3.3.4 Ground temperature 

 

 

Figure 3.14 Change in the ground temperature at different depths at the upper side 

of bare and grassed soil slopes. 
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Figure 3.15 Change in the ground temperature at different depths at the lower side 

of bare and grassed soil slopes. 
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The ground temperatures at different depths (i.e., 5, 15, 25, 35, 45, and 55 cm) in three 

locations of two soil slopes are shown in Figure 3.14 and Figure 3.15. The ground 

temperatures into two soil slopes are relatively equal when the air temperature is high. 

However, when the air temperature is lower than 15C, the ground temperature in grassed 

slope is higher than bare soil slope. The difference is much significant when the air 

temperature is lower than 0C during the winter season. 

3.3.5 Summary 

From the above measurement results, it is clear that the grass cover has significant 

influences on retaining soil suction into soil slope. The water content into vegetated soil 

slope is also lower than in bare soil slope. These influences increase the stability of soil 

slope by enhancing the shear strength of soil.  

It is understood that in the seasonal cold region like Hokkaido, the frozen water into soil 

has a remarkable influence on the stability of slope during thawing season. When the 

temperature is high (i.e., higher than 0C), the frozen water into soil start melting and it 

is added to rainfall, snow melt water infiltrating from the ground surface. This leads to 

the decrease in soil suction and hence the shear strength of soil is reduced. As can be seen 

from the measurement data, the ground temperature in grassed soil slope is higher 

compared to bare soil slope during freezing season. In another word, the frozen water into 

vegetated soil might be lower than in bare soil. As a result, this has the positive effect on 

stabilizing the slope during thawing season. 
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4 COLUMN TEST 

4.1  Materials 

 

Much of Japan is covered by volcanic soils, which have been produced since the 

quaternary period due to volcanic activity (Ishikawa et al, 2016). Even in Hokkaido, a 

cold and snowy island in northern Japan, volcanic soils are widely distributed over 40% 

of the total area. Volcanic soils are known to show different behaviour from that of clay 

or sand, and have been the subject of much research, as they have caused complicated 

geotechnical engineering problems (Miura and Yagi 2003). Therefore, a volcanic soil, 

namely Komaoka soil, is focused on in this study. 

Three types of grass, which are common in cold region like Hokkaido, were selected for 

this study. They are Kentucky Bluegrass, Creeping Red Fescue, and Tall Fescue. The 

component of those grassed seeds was sprayed over the original Komaoka soil. Thereafter, 

the soil containing grass is referred as grassed soil. 

In addition, Toyoura sand is used in Column test in order to consider the infiltration 

through unsaturated layered soils.  

 

 

 

Figure 4.1 Sampling Komaoka soil at field cut slope in Hokkaido, Japan. 

 

Soil sampler 
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Komaoka soil is sampled from the cut slope in Hokkaido, Japan (Figure 4.1) in order to 

measure the index properties (i.e., porosity, specific gravity, dry density). Whereas the 

index properties of Toyoura sand are referred to the research of Tokoro, 2011. 

The index properties of both Komaoka soil and Toyoura sand are presented in Table 4.1. 

Table 4.1 Soil properties. 

Parameters          Toyoura sand       Komaoka soil      Grassed soil 

Specific gravity (Gs)    2.65 g/cm3             2.445 g/cm3            2.445 g/cm3 

Dry density (d)        1.56 g/cm3             0.794 g/cm3           0.794 g/cm3 

Porosity (n)            0.412             0.675            0.675 

 

The grain size distribution of Toyoura sand and Komaoka soil are presented in Figure 4.2.  

 

Figure 4.2 Grain size distribution of Komaoka soil and Toyoura sand. 
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4.2 Methods 

4.2.1 Column test apparatus 

4.2.1.1 Outline of column test apparatus 

 

Figure 4.3 shows the schematic diagram of column test apparatus. It has a cylindrical 

shape with a total height of 1050 mm and a uniform internal diameter of 200 mm. 

Artificial rainfall is simulated by spray nozzle which is mounted on the top of column test 

apparatus. The spray nozzle is connected to the controlled water pressure system. 

Therefore, the value of simulated rainfall is controlled by adjusting water pressure. In this 

paper, the applied rainfall intensity is equivalent to water flux of 6.48  10-3 m3/ hour. 

Before doing an experiment, the uniformity of raindrops over the cross-sectional area of 

column test apparatus was examined. Five ceramic cups with diameter of 5 cm were 

distributed uniformly on the surface of the soil at an elevation of 650 mm to collect the 

amount of rainfall water during 15 minutes. The maximum difference in mass of the 

collected raindrop water is about 15 %, which is assumed to be acceptable for simulating 

uniform rainfall. 

 

 

Figure 4.3 Schematic diagram of column test apparatus. 
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In order to measure the runoff water during rainfall, eight small holes with each diameter 

of 5 mm were drilled on the side at an elevation of 650 mm. When the rainfall is applied, 

runoff water flows out through eight small holes and goes across the tube before collecting 

by a tank. By using the electric balance to measure the weight of collected water, the 

amount of surface runoff water is directly determined with time. At the bottom of column 

test apparatus, the valve can be adjusted in order to allow water to flow out or vice versa. 

Any water flowing out through the valve (outflow water) is collected by a tank and is 

weighted by an electric balance. 

4.2.1.2 Measuring devices 

a) Tensiometer  

 

Figure 4.4 Schematic diagram of the tensiometer. 

Two tensiometers (Figure 4.4) are used to measure the pore-water pressure (PWP) of soil 

specimen at elevations of 525 mm and 625 mm. Each tensiometer can measure the pore-



 

 

30 

 

water pressure in the range from -100 kPa to 0 kPa. The measured negative pore-water 

pressure is numerically equal to matric suction, since the pore-air pressure is assumed 

atmospheric (i.e., ua = zero gauge pressure). 

The water in the tensiometer will have the same negative pressure as the pore-water in 

the soil once equilibrium is achieved between the soil and the measuring system. The 

pore-water pressure that can be measured in a tensiometer is limited to approximately 

negative 100 kPa due to the possibility of cavitation of the water in the tensiometer. 

The specification of tensiometer using in this study is shown in Table 4.2. 

 

Table 4.2 The specifications of the tensiometer. 

Type of tensiometer ML2100-AM6. 

Measurement range -100 kPa  0 kPa. 

Measurement time 5 msec. 

Operating environment 10  80C. 

 

 

b) Soil moisture sensors 

 

The changes in soil moisture are measured using soil moisture sensor, namely EC-5. It is 

a product of Decagon Company. Figure 4.5 shows the picture of EC-5 using in this study. 

In addition, its specification is presented in Table 4.3. 

 

Figure 4.5 Soil moisture sensor. 
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Seven soil moisture sensors are installed at elevations 75, 175, 275, 375, 475, 545 and 

625 mm in order to investigate the variation of volumetric water content with time. Two 

highest soil moisture sensors are located at the same elevations as the two tensiometers. 

By doing this, the soil-water characteristic curves (SWCCs) of both bare soil and grassed 

soil specimens are measured.  

Table 4.3 The specifications of soil moisture sensor. 

Type of soil moisture sensor EC-5. 

Accuracy 0.2 m3/m3. 

Power requirements 2.5 VDC to 3.6 VDC. 

Operating environment 40  500C. 

Measurement time 10 msec. 

Sensor dimensions 8.9 (L)  1.8 (W)  0.7 (H) cm. 

 

 

c) Electric balances 

 

In order to measure the runoff water during rainfall, eight small holes with each diameter 

of 5 mm were drilled on the side at an elevation of 650 mm. When the rainfall is applied, 

runoff water flows out through eight drilled holes (Figure 4.6) and goes across the tube 

before collecting by a tank. By using the electric balance to measure the weight of 

collected water, the amount of surface runoff water is directly determined with time.  

 

Figure 4.6 Drilled holes to collect runoff water. 

Drilled hole 
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At the bottom of column test apparatus, a small valve (Figure 4.7) can be adjusted in order 

to allow water to flow out or vice versa. Any water flowing out through the valve (outflow 

water) is collected by a tank and is weighted by an electric balance. 

 

 

Figure 4.7 Valve to collect outflow water. 

Two electric balances are used in order to measure the amount of infiltration and runoff 

waters, namely GP-20K and GX-8000. The pictures and specifications of two electric 

balances are illustrated in Figure 4.8 and Table 4.4, respectively. 

 

 

 

Figure 4.8 Electric balances (a) GP-20K and (b) GX-8000. 

a) b) 

Valve 
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Table 4.4: The specifications of electric balances. 

Type of electric 

balances 

GP-20K GX-8000 

Weighing Capacity 21 kg 8 kg 

Maximum Display 21.0084 kg 8.1084 kg 

Resolution 0.1 g 0.1 g 

Repeatability 0.1 g 0.1 g 

Operating 

Temperature 

5 C  40 C，RH less than 

85% 

5C  40C，RH less than 

85% 

Display Refresh 5 times/s, 10 times/s or 

automatic 

5 times/s, 10 times/s or 

automatic 

Sensing Method Super Hybrid Sensor (SHS) Super Hybrid Sensor (SHS) 

External 

Dimensions (mm) 

371(W)×615(D)×130(H) 210(W) x 317(D) x 86(H) 

By using the RS - 232 C cable and the Windows data communication software (Win CT: 

Windows Communication Tools), the electronic balance can transfer data to the computer. 

There are three types of communication methods, namely: RsCom, RsKey, and RsWeight. 

Each feature is shown below. 

1: RsCom. 

It is possible to import the balance data into a computer in a text file format. A command 

from the computer to the balance can be used. 

2: RsKey. 

It is possible to capture balance data directly on a worksheet of a commercially available 

application such as Microsoft Excel. Commands to the balance can not be used. 

3: RsWeight. 

It is possible to capture the balance data into a computer and graph it in real time. It is 

possible to calculate and display the maximum value, minimum value, average value, 

standard deviation, variation coefficient, etc. of data. There is a limit on the total number 

of data. 

In this research, since there is no limit on the number of data since the measurement is 

carried out for a long time, RsCom which can adjust the electronic balance by zero 

commands is used. Figure 4.9 shows the measurement screen of RsCom. 

 

http://www.weigh.org/and/gx/sensor.html
http://www.weigh.org/and/gx/sensor.html
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Figure 4.9 Measurement screen of RsCom. 

4.2.1.3 Data collecting system 

 

a) Power supply U80002A (Agilent Technologies) 

 

 

Figure 4.10 Power supply. 

 

Agilent Technologies' Agilent U8002A is used as a single output DC power supply. Figure 

4.10 shows the external power supply appearance. Its specifications are illustrated in 
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Table 4.5. The supplied voltage varies from 0 to 30 V. In this research, supplied voltage 

is set at 2.50 V which is suitable to applied voltage of soil moisture meter (EC-5). In 

addition, an overvoltage protection program is used to prevent damage to the measuring 

instrument due to voltage trouble during testing.  

 

Table 4.5: The performance specifications of the power supply. 

Parameters U8002A 

Output rating (at 0C to 40C) 0 to +30V 

0 to 5 A 

Line and Load Regulation CV:<0.01% +2 mV 

CC:<0.02% +2 mA 

Ripple and Noise (25C  5C) CV: 12 mVpp, <1 mVrms 

CC:< 3 mArms 

Load Transient Response Time <50s 

Programing Accuracy <0.35% + 20 mV 

<0.35% + 20 mA 

Read back accuracy <0.35% + 20 mV 

<0.35% + 20 mA 

Meter Resolution Voltage: 10 mV 

Current:10 mA 

Maximum Output Float Voltage 240 Vdc 

 

b) Terminal block 

The terminal block using in this study is shown in Figure 4.11. The purposes of terminal 

block transfer the voltage from the power supply to instruments and also transfer the 

recorded data from the instruments to data loggers. Both power supply and data logger 

using in this study will be shown later.  
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Figure 4.11 Terminal block. 

 

c) Data Logger 34972 A (Agilent Technologies) 

 

 

Figure 4.12 Data Logger. 
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In this research, Agilent 34972A is used for data collection. Figure 4.12 shows the data 

logger appearance and its specifications are presented in Table 4.6. The Agilent 

BenchLink Data Logger 3 software provides a convenient way to collect and analyze data. 

The software uses a familiar spreadsheet environment. It is simple to acquire, initiate the 

process, and see the data displayed on the computer screen. It is used to analyze and 

display data-strip charts, histograms with statistical analysis, bar and scatter charts, 

individual channel results, etc.  

Table 4.6 General specifications of data logger. 

Parameters Data logger 34972 A 

Power supply 100 V / 120 V / 220 V/240 V ±10% 

Power Line Frequency 45 Hz to 60 Hz automatically sensed 

Power Consumption (12 W) 25 VA peak 

Operating Environment 
Full accuracy for 0 °C to 55 °C 

Full accuracy to 80% R.H. at 40 °C 

Storage Environment: -40 °C to 70 °C 

Weight (Mainframe) Net: 3.6 kg 

4.2.2 Experimental procedures 

4.2.2.1 Sample preparation 

 

a) Toyoura sand 

Toyoura sand sample (4.13 a) is placed in column test apparatus from an elevation of 0.0 

m to 0.5m as describing previously in Figure 4.3. At first, the oven dry Toyoura sand is 

prepared. Next, Toyoura sand sample in column test is divided into each 1 cm in height. 

Each layer is prepared using the air-pluviation method in order to achieve the target 

porosities as shown in Table 4.1. At the elevations of 0.175 m, 0.275 m, 0.375 m, 0.475 

m, the soil moisture sensors is installed as can be seen in Figure 4.13 b. 

After that, the prepared Toyoura sand layer is saturated by applying rainfall from spray 

nozzle and closing the small valve at the bottom of column test apparatus. When the 

reading of five soil moisture sensors installing into Toyoura sand layer shows a saturated 

condition, the valve is opened and the water is allowed to drain during one week. 
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Figure 4.13 (a) Toyoura sand layer and (b) installing soil moisture sensor. 

 

b) Original Komaoka soil (Bare soil) and grassed Komaoka soil (Grassed soil) 

 

The original Komaoka soil was sampled from the cut slope in Hokkaido with the initial 

in-situ volumetric water content of approximately 24 %. The bare soil sample is prepared 

using the air-pluviation method and slightly compacted.  

For grassed soil specimen, original Komaoka soil was prepared into steel molds with an 

internal diameter of 200 mm and 150 mm in height. After that, the mixed component of 

three types of grass seeds was sprayed uniformly over the surface area of original 

Komaoka soil specimens. The experiments for grassed soil specimens were performed 

after eight weeks of spraying grass seeds. The root length of grass was observed to be 

longer than 15 cm. 

The bare soil specimen was prepared by mixing original soil sample from cut slope 

following quartering method (JGS 0101-2009) in order to get the uniform volumetric 

water content (i.e. 24 %). 

Soil moisture 

sensor. 

Toyoura 

sand 

layer. 

H = 0.5 m 
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Figure 4.14 Grassed soil specimen (a) in mold and (b) after releasing mold. 

 

The grassed soil specimen was wetted and then exposed to the atmosphere for four days. 

The reading value of two highest soil moisture sensors (refer to Figure 4.3) demonstrated 

that average initial volumetric water contents of both bare soil and grassed soil specimens 

before the commencement of rainfall were approximately 24 %. 

4.2.2.2 Test setup 

For bare soil specimen, in order to achieve the target porosity of soil specimen, air-

pluviation method is used in addition to slightly compact soil in 6 layers (i.e., 25 mm in 

height each) from the elevation of 0.5m to 0.65m. Soil surface on the top of each layer is 

scarified to give the better contact with the subsequent above-layer. Two soil moisture 

sensors (i.e., elevation of 0.525 m and 0.575 m) are put on the surface of Komaoka soil. 

They are fixed by attaching the cable to the cylinder of column test apparatus. 

Regarding the grassed soil specimen, it is placed on the thin metal tray in order to move 

on the surface of Toyoura sand (Figure 4.15 a). The surface of Toyoura sand layer (i.e., 

elevation of 0.5m) is sacrificed before placing the grassed soil specimen. Two soil 

moisture sensors are inserted into two drilled holes at elevations of 0.525 m and 0.625 m 

(Figure 4.15 b). Silicone is used in order to prevent water leakage through these two holes. 
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Figure 4.15 (a) Placing grassed soil specimen on column test and (b) treatment for 

soil moisture sensors. 

Two tensiometers are inserted into two small holes at same elevations as the two above-

mentioned soil moisture sensors (Figure 4.16). 

 
Figure 4.16 Inserting two tensiometers into grassed soil layer. 

Finally, a cap including rainfall simulator is put on the top of column test in order to 

simulate rainfall during wetting process. The Figure 4.17 presents the column test 

Metal tray 

a)  b)  

Thin metal tray. 
Silicone

. 

Tensiometers 
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apparatus for bare soil and grassed soil after finishing setting up. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 Column test after setting up (a) bare soil specimen and (b) grassed soil 

specimen. 

4.2.2.3 Test procedures. 

 

All tests for bare soil specimen and grassed soil specimen are conducted in two stages as 

follows. 

 

a) Wetting stage. 

 

Rainfall is applied on the surface of soil specimen using spray nozzle. The changes in 

water content of soil specimen into column test are read by soil moisture sensors. Table 

4.7 shows the volumetric water content at different depths before testing. The rainfall 

intensities applied in wetting stage are also presented. Since the Toyoura sand at 

elevations 0.075 m and 0.175 m are in nearly saturated condition for each test, they are 

ignored to show in this table.  

 

a) b) 
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Table 4.7 Experimental conditions of column tests. 

Column 

test with 

Test 

No. 

Rainfall 

intensity 

(mm/hr) 

Initial volumetric water content (%) 

0.275 m 0.375 m 0.475 m 0.525 m 0.625 m 

Bare soil 1 175 32.2 21.5 12.6 23.3 23.8 

2 206 30.2 22.7 12.7 23.8 23.2 

3 239 34 25.1 11.2 23.5 23.1 

Grassed 

soil 

4 175 33.0 24.0 12.6 24.8 23. 4 

5 206 31.3 22.0 11.7 24.2 22.6 

6 239 32.7 24.0 12.3 23.6 22.8 

 

b) Drying stage. 

 

After finishing the wetting stage, all soil specimens into column test apparatus are 

saturated by closing the valve at the bottom and applying the rainfall using spray nozzle. 

The saturated condition is observed by the reading of all seven soil moistures installed. 

After that, the valve is open in order to allow the free drainage of water from the bottom 

of column test. During the drying stage, the SWCC of bare soil and grassed soil are 

measured by referring the reading of tensiometer and soil moisture sensor, which shows 

the pore-water pressure and water content. In addition, the coefficient of permeability of 

these soils is computed using approximate profile method.   

4.2.3 Approximated profile method 

It is known that the change in water content is related to the change in negative pore-

water pressure (or matric suction) through the use of the SWCC. Flow rates are then 

computed from the change in volumetric water content against time. The ratio between 

the flow rate and the hydraulic head gradient gives the coefficient of permeability.  

Approximated profile method (Sugii et al., 2005) is used to calculate the coefficient of 

permeability of unsaturated soils. In this method, pore-water pressure and water content 

at two points are measured and hence hydraulic head gradient and flow rate at the central 

point are obtained, which are in turns used to compute the coefficient of permeability. 

Measurements at two locations along the specimen at different times during the unsteady-

flow process produce a series of coefficients of permeability measurements. Each 



 

 

43 

 

measured coefficient of permeability corresponds to a particular matric suction (or water 

content).  

The flow of water in a soil specimen can be described using Darcy’s law: 

 ( ) (h ) /
p ph z zv k                          (4-1) 

 / /t v z                              (4-2) 

where v is water flow rate; k(hp) is the unsaturated coefficient of permeability; hp is water 

pressure head; z is elevation;  is volumetric water content, and t is time. 

From Equations (4-1) and (4-2), the water flow rate is derived: 

  ( )/ / ( ) /
pz h pt k h z z                         (4-3) 

Integrating both sides of Equation (4-3):  

    ( ) 1/ / 1
ph pt dz k h z C                      (4-4) 

where C1 is constant of integration. By considering z = 0 at a ground surface as a reference, 

the Equation (4-4) is rewritten as:  

    ( )/ / 1
ph pt dz k h z                        (4-5) 

The unsaturated coefficient of permeability can be calculated as follows: 

     ( )
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                (4-6) 

The flow rate at central point (zave) is equal to average flow rate passing the soil sample: 
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              (4-7) 

where A is the area of the trapezium as illustrating in Figure 4.18(a).  

The denominator of equation (6) is the hydraulic gradient at zave and can be computed:  

      1 11 2 1 2,
2 2

( / ) 1 / 1
n n n n

t t t tp p pz
h z h h z z

 
                 (4-8) 

where hp1, hp2 are water pressure heads at z
1
= 0.625 m and z

2
 = 0.525 m as shown in 

Figure 4.18(b).  
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Figure 4.18 (a) Change in volumetric water content and (b) water pressure head with 

time. 

4.3 Results and discussions 

The change in volumetric water content with time at various elevations along column test 

apparatus is illustrated in Figure 4.19.                                                                                    

 

Figure 4.19 (a) Change in water content when using bare soil and (b) grassed soil. 

 

Observing data from two lowest soil moisture sensors reveals that Toyoura sand at the 

region from 0.0 m to 0.175 m was always in nearly saturated condition (s = 41.2 %). The 
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volumetric water contents at two lowest soil moisture sensors were 41 % at 0.075 m and 

around 39 % at 0.175 m. The reason might be because the matric suction of soil at this 

region did not exceed the air entry value. Therefore, the two lowest soil moisture sensors 

are neglected to be shown. The duration of rainfall in these figures is calculated by taking 

a starting time of simulated rainfall as a reference point. There is a sharper increase in the 

volumetric water content in bare soil (i.e. at an elevation 0.525 m) after the 

commencement of rainfall as compared to grassed soil. In addition, in Toyoura sand layer 

(i.e. at an elevation 0.475 m) the water content starts increasing later in an experiment 

with grassed soil compared to bare soil. Maximum of the volumetric water content of 

experiment with bare soil are higher than grassed soil.  

Figure 4.20 compares the amount of surface runoff water (at 0.650 m) and outflow water 

(at 0.0 m) in experiments with bare soil and grassed soil specimens. The runoff starts 

earlier and the amount of runoff water is much larger for the grassed soil than bare soil, 

whereas a reversed trend is observed for outflow water. In fact, at elapsed time 3000 

seconds the amount of runoff water in the grassed soil and bare soil accounted for nearly 

40 % and 10 % of total rainfall precipitation, respectively. In contrast, the outflow water 

of the former was approximately five times smaller than that of the later, 7 % compared 

to 34 % of total rainfall. The runoff and outflow water of both bare soil and grassed soil 

experience a linear increase.  

 

Figure 4.20 Comparison of surface runoff and outflow water. 
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As mentioned previously, the pore-water pressure and the volumetric water content at 

elevations of 0.525 m and 0.625 m are measured by tensiometers and soil moisture 

sensors, respectively. The unsaturated coefficients of permeability are calculated by 

approximated profile method. Figure 4.21 reveals that the SWCC and unsaturated 

coefficient of permeability of bare soil differ from those of grassed soil. Since the 

prepared method for original Komaoka soil is similar, these differences are attributed to 

the influence of grass roots. The grassed soil has a higher ability to retain water than bare 

soil for any given suction. Such enhanced water retention ability of grassed soil is 

consistent with modelling framework proposed by Scanlan and Hinz (2010), which 

assumed that the geometry of root with pore can be simplified to the concentric cylinder 

(Figure 4.22). 

 

 

Figure 4.21 (a) Soil water characteristic curves and (b) coefficient of permeability 

of bare soil and grassed soil. 

 

For a given soil water content, the occupied roots reduce the diameter of the cylinder and 

this causes the increase in suction according to the capillary law. In contrast, the soil pore 

space is blocked by grass roots and this leads to the reduction in the coefficient of 

permeability. 
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Figure 4.22 Cross-sectional illustration of capillary rise (a) within a single cylinder 

and (b) within concentric cylinders. 
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5 NUMERICAL ANALYSIS 

5.1 Axis-symmetric model 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Representation of axis-symmetric problem. 

 

The axis-symmetric model is used to perform the numerical analysis for Column test 

apparatus. Axis-symmetric geometries are three-dimensional domains that can be viewed 

as the results of a two-dimensional geometry that is revolved around the central axis 

(Figure 5.1). 

The numerical analyses are performed using a finite element unsaturated/saturated 

seepage analysis code, SVFlux. The partial differential equation governing axis-

symmetric seepage through the unsaturated soil (SVFlux manual 2013) is following: 

2( / )( / ) ( / )( / ) ( / )( / ) /w

r r z wr k h r k r h r z k h z m h t                   (5-1) 

where k is the coefficient of permeability of the soil, r is the horizontal direction, z is the 

vertical direction, h is the hydraulic head, w is the unit weight of water, mw
2 is the slope 

of soil-water characteristic curves (i.e. water storage). 
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5.2 Van Genuchten and Mualem model  

The soil-water characteristic curve is central to the application of unsaturated soil 

mechanics. The van-Genuchten and Mualem equation (1976) (SVflux Manual, 2013) is 

derived as follows: 

                   
1

1

( ) 1/ 1
n n

w r s r a    

 
 

 
        
  

              (5-2)  

where w is volumetric water content at any soil suction; r is residual volumetric water 

content; s is saturated volumetric water content; a is a material parameter which is 

primarily a function of the air entry value of the soil in kPa; n is a material parameter 

which is primarily a function of the rate of water extraction from soil once the air entry 

value has been exceeded and  is soil suction. 

The equation proposed for estimating the coefficient of permeability is: 

        
2

/2

1 1 / 1
s

m mnm n
k k a a a n   




 

       
 

      (5-3)           

where k() is hydraulic conductivity or permeability of the water phase; ks is saturated 

hydraulic conductivity or permeability of the water phase; a is van Genuchten soil-water 

characteristic curve fitting parameter; m is van Genuchten soil-water characteristic curve 

fitting parameter, and is soil suction.  
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5.3 Simulation of column test 

5.3.1 Numerical model 

The column test experiments have been simulated numerically in consideration to the 

actual apparatus as shown in Figure 5.2. The model has a total height of 0.650 m and the 

radius of 0.10 m. Regions of Toyoura sand and bare soil (grassed soil) were created from 

the elevation of 0.00 m to 0.50 m, and from 0.50 m to 0.65 m, respectively. 

5.3.2 Soil properties 

The SWCCs, coefficient of permeability of the bare soil and grassed soil were estimated 

using van Genuchten model based on experiment data (refer to Figure 4.21), whereas the 

fitting of Toyoura sand was derived from experiment results of Tokoro (2011). 

In order to consider the effect of grass foliage on soil infiltration properly, an assumed 

unsaturated layer with a thickness of 1 cm was set on the surface of the grassed soil, from 

0.65 m to 0.66 m. The parameters used for the numerical analyses are shown in Table 5.1. 

Table 5.1 Soil properties used for the simulation. 

Parameters        Toyoura sand    Bare soil    Grassed soil     Grass foliage     

Saturated coefficient   2  10-4       4.2  10-5    2.03  10-5       2.64  10-5 

of permeability  

(ks) (m/s)               

Saturated volumetric   0.412         0.675         0.675           0.675 

water content   

(s) (m
3/m3)                            

Residual volumetric   6.72  10-4     1.39  10-4    3.27  10-5      1.10  10-2 

water content  

(rm) (m3/m3)          

Fitting parameter      0.342         0.571         0.323           3.043 

(am) (1/kPa) 

Fitting parameter         3.361         1.500         1.729           1.574 

(nm)    

 

5.3.3 Analytical conditions 

The column test experiments with bare soil and grassed soil (Test No.2 and Test No.5 as 
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shown in Table 4.7, respectively) are taken to show in this study. 

Two stages of numerical analysis were carried out. A steady state analysis was first 

conducted in order to achieve initial water content distribution of Toyoura sand and 

Komaoka soil. The initial volumetric water content of Toyoura sand was obtained by 

specifying the water table at elevation 0.201 m, whereas the initial volumetric water 

content of the bare soil and grassed soil specimens were configured by assigning the pore 

water pressure which referred from estimated SWCCs. Figure 5.2 presents contours of 

pore-water pressure, volumetric water content and FE mesh elements of the steady state 

model. 

       

 

Figure 5.2 FE mesh and contour of (a) pore-water pressure, (b) volumetric water 

content in the initial steady state model. 

In the second stage, the transient analysis was performed. The initial volumetric water 

contents in numerical analyses are relatively similar to actual experiment as can be seen 

in Figure 5.3. All lateral edges of column test apparatus are assigned as “non-drainage” 

boundary. Precipitation boundary corresponding to 6.48  10-3 m3/hr was applied to the 

surface of the soil specimen at an elevation of 0.65 m, while the boundary at 0.00 m 

allows the water to flow out (Figure 5.4).  

a) b) 
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Figure 5.3 Comparison of initial volumetric water content. 

Since the moisture evaporation was neglected in this study, the moisture flux balance at 

the soil surface was calculated as following equation (SVFlux manual 2013):     

P I R                             (5-4) 

where P is precipitation, I is infiltration, R is a surface runoff. The surface runoff R is 

defined as the amount of water that cannot infiltrate into the soil ground. 

 

Figure 5.4 Boundary condition setting in transient analysis. 
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5.4 Results and discussions 

The change in volumetric water contents at elevations 0.525 m and 0.625 m are illustrated 

in Figure 5.5(a). Figure 5.5(b) presents the amount of surface runoff as well as outflow 

water in order to make a comparison between numerical analyses with experiment results. 

The numerical analyses show a reasonable representation of actual experiment results. 

However, as can be seen from Figure 5.5(a) that infiltration at 0.625 m in FE analysis was 

faster than the experiment, whereas infiltration at 0.525 m in FE analysis was slower than 

the experiment, regardless of soil type. A plausible reason is attributable to the estimated 

SWCCs and coefficients of permeability. Owing to the measured range of SWCCs and 

coefficient of permeability in the experiment was narrow (i.e. from 0 kPa to around 6 

kPa), the estimated results might lead to slight differences. 

 

 

Figure 5.5 (a) Change in volumetric water content (b) runoff and outflow water. 

 

Figure 5.6 compares the amount of surface runoff and infiltration at the ground surface 

between bare soil and grassed soil using the results derived from the numerical analysis. 

It is clear that the amount of rainfall infiltration is minimized due to the effects of grass 

cover. At elapsed time 3000 seconds, the amount of infiltration for bare soil is 85 % of 

total rainfall precipitation, whereas for grassed soil it is just 46%.   
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Figure 5.6 Comparisons of runoff and infiltration between bare soil and 

grassed soil. 
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6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

This study investigates the influence of grass cover on the rainfall infiltration and surface 

runoff water of volcanic soil. From experimental results, it is clear that grass cover plays 

a key role in reducing the rainfall infiltration into the volcanic soil. Some useful 

conclusions could be drawn as follows.                                                                                                                 

• The seepage behavior of grassed soil differs from that of bare soil. There are 

differences in SWCCs and coefficients of permeability between bare soil and grassed 

soil.  

• The amount of runoff in grassed soil is higher than that in bare soil, whereas the 

infiltration is lower in the former as compared to the later. It is primarily attributed 

to the foliage interception and the lower coefficient of permeability of soil due to the 

effect of grass root.  

• The numerical analysis has been performed in order to well understand the seepage 

behavior and study the method of simulation considering the effects of grass. By 

setting a thin unsaturated layer on the soil surface to simulate the influence of grass 

foliage and applying proper SWCC as well as the coefficient of permeability for 

grassed soil, the analyses present relatively close fit to experiment results.  

  

6.2 Recommendations 

The experiment with column test apparatus in this study was conducted under intense 

rainfall (around 206 mm/hr). Such amount of rainfall intensity is significantly high and 

might lead to the different phenomena as compared to the real condition. According to 

the data observed by Japan Meteorological Agency, the maximum of rainfall intensity 

during the period of last ten year (from 1 June 2007 to 1 June 2017) is approximately 36.5 

mm/hr. Therefore, the lower rainfall intensity should be considered in the future research. 

Currently, the rainfall simulator box is developed and it can create the rainfall intensity in 

the range of 15 mm/hr to 200 mm/hr. In addition, different rainfall intensities should be 

applied in the experiment.  

Since the measured range of suction of SWCC and coefficient of permeability in this 

research is narrow, the element laboratory tests should be conducted in order to 
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investigate the differences in the wide range of suction (i.e., from 0 kPa to 100 kPa). 

Coupled thermal – seepage numerical analysis should be performed for two soil slopes. 

The proposed simulating method of seepage analysis for column test is applied for the 

simulation of two soil slopes. Freeze-thaw phenomena on a volcanic soil slope during a 

course of one to several years are examined based on the measured field data. Further, 

investigating the influence of grass cover on the shear strength of unsaturated volcanic 

soil is advisable. Considering the evapotranspiration caused by grass during a warm 

season is recommended.  
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