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CHAPTER 1 

Introduction 

1.1 General introduction 

1.1.1 Heterogeneous hydrological properties of a mountainous hillslope 

Hydrological phenomena in a mountainous hillslope include water supply from the upstream 

slope area, water movement within the foot slope area, and water discharge into a river channel. In a 

natural mountainous hillslope area, these phenomena are influenced by the heterogeneous hydrological 

properties in the area. That is, complex bedrock topography results in complicated subsurface water 

flow paths (e.g., Sammori et al., 1995; Freer et al., 2002). Stratified soil layers with various hydraulic 

properties affect the shape of the active water flow domain (Yamakawa et al., 2010). Preferential flow 

pathways, irregularly distributed in a slope, can flush large amounts of water rapidly (e.g., Uchida et 

al., 2002; Tsutsumi et al., 2005; Jones, 2010). Moreover, groundwater running through bedrock 

fractures supplies water to the soil layer, resulting in soil water flux that is unpredictable on the basis 

of surface topography alone (e.g., Onda et al., 2001; Montgomery et al., 2002; Kosugi et al., 2006, 

2008; Katsura et al., 2008). Schematic illustrations of these heterogeneous hydrological properties are 

shown in Figure 1.1. These heterogeneous hydrological properties should be assessed to understand 

hydrological phenomena in the mountainous hillslope and their effects on water, sediment, energy, and 

nutrient transport. 

Soil layer

Bedrock

Preferential 
flow path

Groundwater 
seepage

Perched 
saturated area

Low permeable 
soil layer

Figure 1.1 Schematic illustrations of the heterogeneous hydrological properties. 
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Numerical simulations of hillslope hydrological processes using a three-dimensional 

physics-based model have been proposed to predict runoff and the occurrence of shallow landslides 

(Wilkinson et al., 2002; Jones et al., 2008). If heterogeneous hydrological phenomena could be 

incorporated into models, the accuracy of runoff/landslide prediction would improve considerably. 

However, high-resolution and precise input parameters are required to reproduce heterogeneous 

hydrological phenomena using physics-based models. 

Surface and subsurface topography as well as the distribution of soil thickness can be 

obtained with the soil penetration test (Okunishi and Iida, 1978; Okimura and Tanaka, 1980; McGlynn 

et al., 1999) to reproduce complicated subsurface water flow paths (Hopp and McDonnell, 2009). 

However, other parameters such as water supply and the distribution of soil hydraulic properties (e.g., 

saturated hydraulic conductivity, bulk density, and porosity) are difficult to obtain accurately due to 

their spatial heterogeneity. Water is supplied to the hillslope area not only by precipitation and lateral 

flow but also through groundwater seepage in bedrock fractures, which occur irregularly beneath the 

soil mantle and constantly supply water even in periods of no rainfall (Katsura et al., 2008; Kosugi et 

al., 2008). The distribution of soil hydraulic properties is often estimated from soil penetration 

resistance using a cone penetrometer. Penetration resistance reflects soil physical properties such as 

bulk density, porosity, and saturated hydraulic conductivity (Hiramatsu and Bitoh, 2001; Shanley et al., 

2003; Wakatsuki et al., 2007). However, the accuracy of the estimate is insufficient to capture the local 

heterogeneity of hydraulic properties. 

In contrast, the spatial distribution of water reflects the heterogeneity of hydrological 

phenomena. If detailed soil profile water distributions could be obtained in addition to penetration 

resistance, the location of groundwater seepage and the distribution of hydraulic properties could be 

estimated more precisely. 

1.1.2 A combined penetrometer-moisture probe 

The concept of a combined penetrometer-moisture probe (CPMP) has large potential to 

overcome these problems in investigating heterogeneous hydrological properties. The CPMP is a 

moisture sensor attached to a cone penetrometer that measures water content and penetration 

resistance in a soil profile. CPMPs have attracted a wide interest, particularly in agriculture. Vaz and 

Hopmans (2001) presented a basic construction and calibration technique. Topp et al. (2003) proposed 

detailed calibration equations through laboratory and field experiments. Moreover, other types of 

CPMPs with different moisture-measuring techniques have been developed (e.g., Sun et al., 2004; Lin 

et al. 2006). Because these CPMPs were designed for surveying agricultural soils, they have small 
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maximum measurable depths and are occasionally not robust enough to survey gravelly or rocky 

natural soils. 

Kosugi et al. (2009) developed a new type of CPMP applicable to natural forested hillslopes 

where soils may be thick and include hard gravels and rocks. They proposed a calibration equation 

through a laboratory experiment and demonstrated that the new CPMP has sufficient robustness, 

measurable depth, and accuracy for in-field experiments. Using the new CPMP, Yamakawa et al. 

(2010) successfully detected spatial variation in the water table and stratified structures of loamy, 

sandy, and gravelly layers in a thick sediment deposit along a mountainous river channel. Kosugi et al. 

(2009) examined correlations between penetration resistance and water content as measured by the 

new CPMP at a natural hillslope. 

Thus, the new CPMP has great potential for providing simultaneous measurements of water 

content and penetration resistance in natural forested hillslope soil. However, its applicability to 

investigate heterogeneous hydrological properties has not been shown by comparing the spatial 

distribution of penetration resistance and soil water content as well as spatial and temporal variations 

in pore water pressures densely observed by tensiometers. 

1.1.3 Intensive and long-term observations of soil pore water pressure 

Taking high-resolution, three-dimensional direct measurements of water flux using 

tensiometers are the most reliable way to analyze heterogeneous hydrological phenomena. Many 

tensiometers have been installed at the bedrock surface to cover a relatively broad area to detect water 

flow above the bedrock surface (Freer et al., 2002; Montgomery et al., 2002; Nishiguchi et al., 2005). 

However, these tensiometers are dispersed to cover a broad area, and thus provide insufficient spatial 

resolution to capture highly heterogeneous water movements. To date, intense observations using 

many tensiometers intended to analyze heterogeneous hydrological phenomena have not been 

conducted. The locations of heterogeneous hydrological phenomena should be detected before 

installing many tensiometers, because the observation area is limited in terms of time, cost, and effort. 

The spatial distribution of soil moisture throughout the entire study area should be investigated to 

detect the existence of heterogeneous hydrological properties hidden locally within a slope, which is 

often unrealistic due to the lack of a measurement technique. This is one reason behind the poor 

understanding of hydrological properties in hillslope areas. 

Moreover, long-term water observations make it possible to capture the temporal variation in 

the hydraulic properties of a natural slope. Previous studies have suggested that specific heterogeneous 

hydrological phenomena vary in magnitude and position over time. Preferential pipe flow (e.g., 
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Uchida et al., 2001; Jones, 2010) exhibits temporal variation in location and flow volume. Lateral 

water flow through preferential pipes contributes to subsurface soil erosion, which develops the pipe 

network (e.g., Tsukamoto et al., 1988; Brian and Jones, 1997; Holden, 2006). The improved drainage 

capacity within the enhanced pipe network may dissipate the perched water table during a rainfall 

event (McDonnell, 1990; Sidle et al., 1995). However, when the soil pipe is plugged, water readily 

fills the pipe cavity, leading to local elevation of soil pore water pressure in the surrounding soil matrix 

during a rainfall event. These concepts of pipe flow processes were estimated by relatively short-term 

pipe outlet discharge data or point-scale tensiometric data from field observations and have also been 

evidenced by bench scale experiments (e.g., Pierson, 1983). However, temporal variation in 

hydrological properties has not been observed directly in the field using long-term water movement 

measurements. 

1.2 Objectives and the structure of this thesis 

The heterogeneous hydrological properties hidden locally within a slope can be detected by 

the CPMP before installing the densely nested tensiometers. At the same time, the capability of the 

CPMP to survey heterogeneous hydrological properties can be evaluated by comparing to 

high-resolution water movement observed by tensiometers. The intensive observations will construct a 

physics-based model reproducing the heterogeneous hydrological phenomena occurring actually in 

natural mountainous hillslopes, because the input parameters such as water supply and hydraulic 

properties can be estimated more precisely from high-resolution water movement data. Moreover, 

intensive and long-term observations are possible to capture the temporal variation process of 

hydraulic properties, which have not been observed directly in natural hillslopes. 

The aims of this study were to (1) detect heterogeneous hydrological phenomena using the 

new CPMP, (2) clarify the detailed three-dimensional water movement using a tensiometer nest, 

estimate the hydraulic properties inversely, and (3) investigate the temporal variation in hydrological 

properties using long-term observations. Figure 1.2 shows the study method.

As a study field, we focused on a foot slope area of the mountainous hillslope because the 

foot slope, forming the boundary zone between a hillslope and a river channel, is an area of active 

runoff generation. This area also plays an important role in sediment transport processes such as 

seepage erosion at a stream bank and resulting mass failure that supplies sediment into a river channel 

(Simon et al., 2000; Fox et al., 2007). Moreover, the foot slope regulates energy and nutrient fluxes 

between terrestrial and aquatic systems, greatly affecting river ecosystems (Gregory et al., 1991; 

Naiman and Decamps, 1997). All of these processes are dominantly controlled by the hydrological 
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Chapter 1 

Introduction 

Chapter 2 

Materials and Methods 
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・The structure of the new CPMP 
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Application of a combined 

penetrometer-moisture probe for 

investigating heterogeneous hydrological 

properties of a foot slope area 

・Comparison of the CPMP with tensiometer observation. 
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to analyze temporal variations in 

hydrological processes on a hillslope 
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measurements and model calculation 

・3D intensive observation of pore water pressure. 

・Model calculation to estimate hydraulic properties.

Chapter 6 

Conclusions 

Figure 1.2 Thesis structure. 
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properties in the foot slope area. 

 In Chapter 2, basic information of the study site is summarized, including location, 

topography, and soil parameters. The structure of the new CPMP is also explained. In Chapter 3, an 

evaluation of the performance of the CPMP technique for surveying heterogeneous hydrological 

properties is described. This included examining how CPMP data can be used to infer hydrological 

processes occurring in the foot slope area by comparing the spatial distributions of penetration 

resistance and soil water content as well as spatial and temporal variation in pore water pressures. In 

Chapter 4, the three-dimensional water movement induced by heterogeneous hydrological phenomena 

is presented in detail, based on field work using densely nested tensiometers. Estimations of the spatial 

distribution of the hydraulic properties using a physically based model calculation are also presented. 

Chapter 5 presents an analysis of the temporal variation in hydrological properties due to preferential 

channel development by the erosive action of lateral flow and weathering of fractured bedrock, based 

on long-term observation of pore water pressures over 4 years. Finally, Chapter 6 summarizes each 

chapter and provides a general conclusion of this thesis. 
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CHAPTER 2 

Materials and Methods 

2.1 Study site 

2.1.1 Hirudani experimental basin 

All observations in this thesis were performed in a headwater basin of the Hirudani 

experimental basin in the Hodaka Sedimentation Observatory of Disaster Prevention Research 

Institute, Kyoto University in Gifu, central Japan (36 15’N, 137 35’E; Fig. 2.1). The Hirudani 

experimental basin is located in a headwater area of the Jintsu River, where many studies of sediment 

discharge and transport have been conducted (e.g., Fujita et al., 2002). The basin area is 0.85 km2. The 

mean annual air temperature is 9.5 C, and the mean annual precipitation is 1980 mm, a quarter of 

which falls as snow in winter (1979 to 2010, Japan Meteorological Agency). 

Figure 2.1 Map of Hirudani experimental basin and study hillslope. 

Broken line indicates the watershed boundary.
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As shown in Figures 2.2 and 2.3, the study area is located at a foot of the valley-side slope. 

In the area within a horizontal distance of 2 m from the stream channel, soil is always wet up to the 

ground surface by return flow. The study area, with a mean gradient of 40  and elevation ranging from 

1450 to 1460 m above sea level, is underlain by weathered granite porphyry and covered by shrubs, 

ferns, and herbaceous species. The soil is classified as Cambisol (brown forest soil). The surface 

topography across the slope is planar and gently concave. An old landslide scarp is adjacent to the 

slope and a bedrock groundwater spring is located inside the scarp. 

Figure 2.2 Left panel: map of the study area located 

at the foot of a valley-side slope. Right panel: 

enlarged map of the study area showing observation 

points along six horizontal lines (Lines-A to F) and 

one perpendicular line (Line-V). 

Figure 2.3 Photograph of the study area, landslide 

scarp, and groundwater seepage point.
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2.1.2 Soil parameters for the study site 

To examine the correlations between soil characteristics and penetration resistance (i.e., Nc

value), we conducted a cone penetration test at a point near the study hillslope area (left panel in Fig. 

2.2; denoted as soil sampling point) with a Hasegawa-type penetrometer (Nishimura et al., 1987). 

After the penetration test, we collected 100 cm3 soil core samples by digging a pit (two samples from 

each four depths). For each soil sample, the saturated hydraulic conductivity, Ks, was measured using 

the falling-head test (Reynolds et al., 2002). In addition, we determined the water retention curve (i.e., 

the relationship between  and ) in the range of -200 0 cm by the pressure plate method (Dane 

and Hopmans, 2002) for each soil sample. 

Figure 2.4 shows the vertical distributions of Nc and Ks. The soil horizonation at the 

soil-sampling pit is denoted by the background colors in the figure. The A and B horizons were 

observed at 0–47 cm and the C horizon was below 47 cm. The groundwater table appeared at 80 cm. 

Nc sharply increased to more than 30 at approximately 47 cm depth, corresponding to the boundary 

between the B and C horizons. Therefore, here we refer to the layer between the surface and the depth 

of Nc=30 as the “surface soil layer” and the layer from the surface soil layer to the bedrock surface as 

the “subsurface soil layer.” Ks exhibited a sharp contrast between the surface and subsurface layers, 

showing a negative correlation with Nc as also found in previous studies (e.g., Hiramatsu and Bitoh, 

2001; Shanley et al., 2003; Wakatsuki et al., 2007). In the surface soil layer, Ks ranged from 0.13 to 

0.91 cm/sec, which was two to four orders of magnitude greater than the range of 7.0×10-5 to 3.9×10-3

cm/sec in the subsurface soil layer.  

Figure 2.4 Vertical distributions of penetration 

resistance, Nc, and saturated hydraulic conductivity, 

Ks, at the soil sampling point. The broken red line 

indicates Nc=30. Background colors indicate the soil 

horizonation. The error bar denotes standard error. 
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The plots in Figure 2.5a is -  values observed in the range of -200 0 cm. For each layer, 

the volumetric water content, , was an average value of four samples. The surface soil showed greater 

s than the subsurface soil. In the relatively wet range, the surface soil exhibited a steep decline in 

while the subsurface soil exhibited a gentle decline. As a result, the surface soil showed lower values 

of  than the subsurface soil in the range of -100< <-30 cm. 

The observed retention data (in the range of -200 0 cm) were successfully fitted by the 

lognormal distribution (LN) model (Kosugi, 1996): 

m

rs

r
e QS /ln

[2-1] 

where Se represents the effective saturation, s and r are the saturated and residual volumetric water 

contents, respectively, m is the pressure head at Se=0.5,  is a dimensionless parameter characterizing 

the width of the pore radius distribution, and Q is the complementary normal distribution function 

defined as 

duuxQ
x 2

exp
2

1 2

2/1 [2-2]

The functional - curves (Fig. 5a) expressed by Eq. [2-1] were derived by optimizing the parameters 

r, m, and , while s was fixed at the average of observed values. For the surface layer, s=0.47, 

Figure 2.5 (a) Observed water retention, - , data and functional -  curves fitted by 

the lognormal distribution (LN) model, and (b) functional hydraulic conductivity, K- , 

curves of surface soil and subsurface soil in the range of -200< <0 cm. The error bar 

denotes standard error. 
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r=0.25, m=-10.6 cm, and =1.46. For the subsurface layer, s=0.35, r=0.05, m =-714 cm, and 

=2.78. Figure 5a shows that the plots of Eq. [2-1] fit the observed data well. 

The hydraulic conductivity function, K( ), was estimated by substituting the optimized m

and values into the following equation (Kosugi, 1996): 

2
2/1 /ln m

es QSKK  [2-3] 

where the saturated hydraulic conductivity, Ks, was fixed at the geometric mean of the four samples for 

each soil layer. Figure 2.5b shows the plots of Eq. [2-3] in the range of -200 0 cm. Although Ks of 

the surface soil was larger than that of the subsurface soil by three orders of magnitude, the surface 

soil exhibited a steep decline in K in the relatively wet range, resulting in lower K values than those of 

subsurface soil in the range of <-80 cm. This trend follows the results of a previous study 

(Hendrayanto et al., 1999) which compared K-  curves of surface and subsurface soils in a headwater 

catchment underlain by weathered granite.

2.2 The combined penetrometer-moisture probe 

The combined penetrometer-moisture probe (CPMP) (Kosugi et al., 2009) consists of a 

moisture probe attached to a cone penetrometer (Hasegawa-type penetrometer) with a 60 bit, a cone 

diameter of 20 mm, a weight of 2 kg, and a fall distance of 50 cm (Fig. 2.6). Operation of the 

penetrometer involves a weight free-falling along a guide shaft to strike a knocking head that drives 

the cone into the soil. The penetration resistance, Nc, is calculated as the number of blows required for 

10 cm of penetration. The CPMP produced about the same Nc values as the Hasegawa-type 

penetrometer (Kosugi et al., 2009). 

Volumetric water content, , was measured using a detachable TDR moisture probe: two 

stainless wires (ground and conductor wires) coiled around an acrylic column to guide an 

electromagnetic wave act as a sensor detecting the water content. The coil-type waveguides have a 

major advantage in that they are markedly longer than the probe itself; they also provide high 

resolution and a small volume of influence. The wires are embedded in grooves on the acrylic column 

and glued with epoxy resin to prevent breakdown of the moisture sensor during penetration through 

gravelly and rocky soils. The wave guides connected with the coaxial cable are passed through the 

hollow penetrometer rod and connected to a time domain reflectometer. 

Kosugi et al. (2009) showed that profiles of  measured by the CPMP were about the same 

as those measured by the conventional gravimetric method, proving that the CPMP can establish  
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sufficient contacts between the waveguides and surrounding soils and, thus, provide reliable water 

content measurements. In field experiments, the CPMP measurements have been successfully 

conducted down to a depth of 482 cm by using the extension rods (Kosugi et al., 2009; Yamakawa et 

al., 2010). 

The time domain reflectometer, TDR100, and PCTDR software ver. 2.0 (Campbell Scientific, 

Logan, UT, USA) were used for measurements of the dielectric constant. We derived  from the 

observed square root of dielectric constant with CPMP, , using the empirical relationship between 

and  uniquely developed by laboratory calibration experiments (Kosugi et al., 2009). In the 

experiments, CPMP was inserted into a plastic container filled with soil and then the value of  was 

measured. After the measurements, the  of the soil was obtained by the gravimetric method. These 

procedures were repeated for several increments of increasing soil water content. The whole measured 

Figure 2.6 Photographs of the combined penetrometer-moisture probe (CPMP), 

showing the weight guide shaft with the weight and knocking head, two extension 

rods, and penetrometer rod with soil moisture sensor. 
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plots fit a single calibration curve very well, which is expressed by the following sixth-order 

polynomial equation: 

)571050.6()04845.19()28508.20()47385.10(
)843453.2()10897577.3()10127491.2(

23

45162

[2-4] 

This empirical relationship expressed in Eq. [2-4] produced satisfactory results also for field 

experiments (Kosugi et al., 2009).  
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CHAPTER 3 

Application of a combined penetrometer-moisture probe for investigating 
heterogeneous hydrological properties of a foot slope area 

3.1 Introduction 

A combined penetrometer-moisture probe (CPMP), which is a moisture sensor attached to 

the cone penetrometer providing ready measurements of water content and penetration resistance in a 

soil profile, has attracted a wide interest especially in the discipline of agriculture. The fundamental 

ideas of the CPMP have been proposed in recent years. Vaz and Hopmans (2001) presented basic 

construction and calibration technique. Topp et al. (2003) proposed detailed calibration equations 

through laboratory and in-field experiments. Moreover, other types of the CPMP having different 

moisture measuring techniques have been developed (e.g. Sun et al., 2004; Lin et al. 2006). Because 

these CPMPs were designed for surveying agricultural soils, they have small maximal measurable 

depths and sometimes they are not robust enough for surveying gravelly or rocky natural soils. 

In the latest study, Kosugi et al. (2009) developed a new type of CPMP applicable to natural 

forested hillslopes where soils may be thick and include hard gravels and rocks (Fig. 2.6). They 

proposed a calibration equation through laboratory experiment, and proved that the new CPMP has 

enough robustness, measurable depth, and accuracy in moisture measuring through in-field 

experiments. Using the new CPMP, Yamakawa et al. (2010) successfully detected spatial variations in 

the water table and stratified structures of loamy, sandy, and gravelly layers in a thick sediment deposit 

along a mountainous river channel. Kosugi et al. (2009) examined correlations between penetration 

resistance and water content measured by the new CPMP at a natural hillslope. 

In this chapter, we applied the new CPMP for investigating hydrological properties in a foot 

slope of mountainous hillslopes. For assessments of heterogeneous hydrological properties, it is 

potentially useful to survey spatial distributions of soil water content and of soil resistance obtained by 

a penetration test. The soil penetration resistance is generally used in hydro-geomorphological surveys 

for measuring soil mantle structure as well as bedrock topography (Okunishi and Iida, 1978; Okimura 

and Tanaka, 1980; McGlynn et al., 1999). The penetration resistance also reflects soil physical 

properties such as bulk density, porosity, and saturated hydraulic conductivity (Hiramatsu and Bitoh, 

2001; Shanley et al., 2003; Wakatsuki et al., 2007). On the other hand, the spatial distribution of soil 

water content reflects heterogeneity in hydrological properties, such as flux convergence affected by 

bedrock topography, bedrock groundwater seepage, and water flow along preferential pathways. In 
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addition, the distribution of hydraulic properties in soil mantles can be estimated inversely from the 

spatial distribution of soil water content.

 In recent years, soil water content has been conveniently measured using newly developed 

techniques such as time domain reflectometry (TDR; Topp et al., 1980) and electrostatic capacitance 

meters (Starr and Paltineanu, 1998). However, to detect heterogeneous hydrological properties hidden 

locally within a slope, a large number of closely spaced moisture sensors must be installed throughout 

the entire study area, which is often unrealistic in terms of time, cost, and effort. This is one reason 

behind the poor understanding of hydrological properties in foot slope areas. 

 The new CPMP (Kosugi et al., 2009), which enables more time- and cost-effective 

measurement of soil water content and its distribution, has a large potential to overcome this problem. 

That is, high spatial resolution data of both soil water content and penetration resistance obtained by 

the CPMP over a wide area of foot slope can provide effective information about the heterogeneous 

hydrological properties of the foot slope area. 

In this chapter, we applied the CPMP technique to a foot slope area of a mountainous 

hillslope. The goal was to evaluate the capability of the CPMP to survey heterogeneous hydrological 

properties. At the same foot slope area, we continuously monitored soil pore water pressures using 

densely nested tensiometers. By comparing the spatial distributions of penetration resistance and soil 

water content as well as spatial and temporal variations in pore water pressures, we examined how 

CPMP data can be used to infer hydrological processes occurring in the foot slope area under 

no-rainfall conditions and during a storm event. 

3.2 Materials and Methods 

3.2.1 CPMP observation 

We conducted observations with the CPMP at 57 points along six horizontal lines referred to 

as Lines-A to F from the top of the slope down (right panel in Fig. 2.2). Each line had seven to 12 

points located at roughly 1-m intervals. Each point was named by the line name and the location 

number; for example, point F-1 indicates the point on the Line-F that has the location number of 1 

(right panel in Fig. 2.2). The observations were conducted from 7 to 11 August 2007. Rainfall amount 

was 31 and 40 mm during antecedent seven and fourteen days, respectively. No rainfall was gauged 

during antecedent three days. 

Using the CPMP, we measured the vertical profiles of volumetric water content, , and 

penetration resistance, Nc, at each of 57 points. We conducted the penetration tests until we reached the 

apparent soil-bedrock interface at all observation points. Vertical measuring intervals varied from 
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approximately 0.5 to 10 cm depending on the penetration length of each blow. 

Previous studies have suggested various Nc values indicative of the soil-bedrock interface in 

granitic regions, most of which ranged from 60 to 100 (e.g. Okunishi and Iida, 1978; Terajima and 

Moroto, 1990; Ohsaka et al., 1992; Hasegawa, 2006). These Nc values were estimated by excavating 

soil profiles in the vicinity for observing stratified soil structures and elongation depths of tree roots. 

Among recent studies, Katsura et al. (2005) and Kosugi et al. (2006) demonstrated that a layer with an 

Nc value exceeding 100 clearly corresponded to the soil-bedrock interface by comparing Nc values and 

photographs of the soil-bedrock profile. Based on these previous studies, we conducted the penetration 

test down to the depths where Nc exceeded 100.

For drawing contour maps for Nc and  spatial distributions, observed data ware interpolated 

by kriging analysis using Surfer software ver. 8 (Golden Software, Golden, CO, USA). 

3.2.2 Tensiometer observation 

 From 28 May to 18 November 2008, we continuously monitored soil pore water pressure 

(soil matric pressure head, ) at the soil-bedrock interface. Fifty-seven tensiometers attached to Copal 

Electronics PA-850-102V-NGF pressure transducers (Copal Electronics, Shinjuku, Tokyo, Japan) were 

installed at all points of CPMP observation. Values for  were recorded at 5-min intervals throughout 

the observation period using a data logger (CR1000, Campbell Scientific, Logan, UT, USA). After 21 

August 2008 in the observation period, we monitored  with an extra 24 tensiometers in addition to 

the original 57 tensiometers. Two extra tensiometers were installed at the soil-bedrock interface at two 

upslope points along Line-V (Fig. 2.2). Fourteen extra tensiometers were installed in shallow layers 

along Lines-C and V, and the other eight were installed in middle layers along Lines-C and V. All the 

shallow tensiometers were installed at a depth of 30 cm. The middle tensiometers were installed 

between the shallow and deep tensiometers at 80 to 160 cm depth. A rain gauge was placed in an open 

space on the ridge near the study hillslope (left panel in Fig. 2.2). 

3.3 Results and Discussion 

3.3.1 Measuring water content and penetration resistance with the CPMP 

Figure 3.1 shows the obtained vertical distributions of Nc and  at points B-4 and C-6 as 

example data for each observation point. At B-4, Nc started to increase gradually from a depth of 

approximately 70 cm and then sharply increased at 120 cm. It decreased to 10 at a depth of 150 cm, 

but increased again and exceeded 100 at 169 cm, indicating the soil-bedrock interface. Although 



3. APPLICATION OF A COMBINED PENETROMETER-MOISTURE PROBE 21

started to increase gradually from a depth of 70 cm, similar to Nc, it kept increasing toward the 

bedrock surface. At C-6, on the other hand, Nc sharply increased at approximately 80 cm depth, 

indicating a clear boundary between the surface and subsurface soil layers. Below the sharp increase, 

Nc mostly stayed around 30 with only small fluctuations and exceeded 100 at a depth of 175 cm.  also 

jumped to 0.6 at a depth of approximately 75 cm. However, below this peak value, it decreased 

slightly and progressively toward the bedrock. 

As illustrated in Figure 3.1, the characteristics of Nc and  distribution varied spatially from 

point to point within a relatively narrow study area. This is more clearly depicted in Figure 3.2, which 

maps the spatial distributions of Nc and  in vertical cross-sections of Lines-A to F. The top edge of 

each cross-section indicates the ground surface and the bottom edge indicates the soil-bedrock 

interface determined by Nc values exceeding 100. Soil thickness over the whole slope ranges from 22 

(at A-9) to 250 cm (at C-4). The boundary between the surface and subsurface soil layer (i.e., the line 

of Nc=30) is shown by brown lines in each cross-section. Within the area of Line-A, soil thickness 

varied considerably among the observation points and bedrock topography was complex. Almost the 

whole area had dry conditions ( 0.2). In Line-B, a bedrock hollow was detected near B-5. A thick 

subsurface soil layer (Nc 0) was distributed inside the hollow, where  showed high values ( 0.5). 

In Line-C, bedrock hollowed from C-3 to 7, where a thick subsurface soil layer was distributed. At C-4  

Figure 3.1 Vertical distributions of penetration resistance, Nc, and water content, , 

obtained by the CPMP observations at points B-4 and C-6. 
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and 5, the surface soil layer (Nc 0) was relatively thick. From C-3 to 7, a region of high  was 

distributed horizontally in the middle part of the soil profile. Above the soil-bedrock interface, 

showed high values at C-3 and 4 compared to at C-5, 6, and 7. High  values were also detected at C-9. 

In Line-D, the subsurface soil layer was relatively thin. At D-3 through D-6, the high  region was 

mostly distributed above the soil-bedrock interface. From D-7 through D-9,  was high at all depths. 

In Line-E, the high  region was distributed within the bedrock hollow from E-3 through E-6. On both 

sides of the line, the surface soil layer showed high  values. In Line-F, a bedrock hollow was detected 

near F-4, where a thick subsurface soil layer was distributed. Most of the area showed wet conditions. 

Figure 3.2 Spatial distribution maps of penetration resistance, Nc, and water content, 

, in vertical cross-sections of Lines-A to F. The top edge of each cross-section 

indicates the ground surface and the bottom edge indicates the soil-bedrock interface 

determined by Nc exceeding 100. Brown lines denote the boundary line of surface 

and subsurface soil layer (i.e., the line of Nc=30). 
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3.3.2 Relationship between topography and water content distribution

3.3.2.1 Surface and bedrock topographies 

Figure 3.3a shows a topographic map of the ground surface. The ground surface has planar 

and low relief topography. Figure 3.3b presents the bedrock topography and soil thickness distribution 

map. The soil thickness showed heterogeneous distribution: a thick soil layer (over 1 m in thickness) 

was distributed along a line from A-4 to F-4 in a longitudinal direction, which clearly followed the 

hollow shape of the bedrock topography. 

For quantitative evaluations of surface and bedrock topographies, we conducted digital 

terrain analysis by calculating the topographic index (Beven and Kirkby, 1979) for the areas shown in 

Figures 3.3a and 3.3b. The topographic index is defined as ln(a/tan ), where a (m2) is the upslope 

accumulated area and tan  is the local slope angle. The topographic index is used to theoretically 

estimate the accumulated flow at any point and approximate the likely distribution of variable source 

areas. We calculated the topographic indices of surface and bedrock topographies for the CPMP 

observation area using the multiple direction flow algorithm of Quinn et al. (1995) from 0.2 m grid 

data interpolated from the obtained topographic data. 

Figure 3.3 (a) Ground surface topographic map and location number of all observation 

points. (b) Bedrock surface topographic map and soil thickness distribution. (c) Topographic 

map and topographic index distribution of the ground surface. (d) Topographic map and 

topographic index distribution of the bedrock surface. Contour interval of each topographic 

map is 0.5 m. The broken line is a marker which connects the location number ‘6’ in each 

line. The definition of each symbol is denoted in legend of Figure 9. 
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Figures 3.3c and 3.3d illustrate the topographic index maps for ground and bedrock surfaces, 

respectively. The index of the ground surface showed a relatively flat distribution except for a slightly 

higher value in the lower right and lower left sections caused by the gentle concave topography. The 

index of bedrock surface, on the other hand, clearly showed high values attributable to the bedrock 

hollow near the center of the study area. Freer et al. (2002) found that the topography of a bedrock 

surface differed in shape from that of the ground surface, resulting in large disagreements in 

topographic indices between land and bedrock surfaces. Similar results were observed at the slope in 

this study. 

3.3.2.2 Comparison of the topographic index and water content distribution 

Figures 3.4a and 3.4b illustrate the distribution of  observed at the ground surface and the 

bedrock surface. Values at each point show an average of  from the soil surface to 5 cm depth (Fig. 

3.4a) and from the bedrock surface to the point 5 cm above the bedrock surface (Fig. 3.4b). Moreover, 

Figure 3.4c illustrates the distribution of the water storage amount within the whole soil profile at each 

point, calculated by the integral of the vertical  distribution observed from the soil surface to the 

bedrock surface.  

At the ground surface, high  values were mainly distributed in the lower left section 

(denoted by open squares in Fig. 3.4a). In contrast, high  values at the bedrock surface were mainly 

distributed within the hollow (denoted by open circles and triangles in Fig. 3.4b). At C-9 and D-9, 

where a local small hollow was formed apart from the main hollow,  also showed high values.  

The distribution of water storage amount within the whole soil profile (Fig. 3.4c) depended  

Figure 3.3 (continued) 
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on both water content (Figs. 3.4a and 3.4b) and soil thickness distribution (Fig. 3.3b). Water storage 

amount was the highest from C-3 through C-5, which was attributed to the thick soil layer (Figs. 3.2 

and 3.3b) and high  values from the middle to the bottom part of the soil layer (Figs. 3.2 and 3.4b). At 

the lower left section of the slope, in spite of high  values at land and/or bedrock surfaces (Figs. 3.4a 

and 3.4b), the water storage amount showed low values because of the thin soil layer (Fig. 3.3b). Thus, 

Figure 3.4 (a) Distribution of water content, , at the ground surface and ground surface 

topographic map. (b) Distribution of  at the bedrock surface and bedrock surface topographic 

map. (c) Distribution of water storage amount and bedrock surface topographic map. (d) 

Distribution of pressure head, , at the bedrock surface under a no-rainfall condition. Contour 

interval of each topographic map is 0.5 m. Open squares show a high  region at the ground 

surface. Open triangles show a high  region at the bedrock surface. Open circles and open 

stars show a high and low  region at the bedrock surface not corresponding with the 

topographic index, respectively.  
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these results prove the usefulness of the CPMP for measuring the heterogeneous distribution of water 

storage within a slope. 

To evaluate the effect of topography on water distribution, we compared the distribution of 

the topographic index of the ground surface (Fig. 3.3c) with soil moisture distributions. The 

distribution of the high region at the ground surface (denoted by open squares in Figs. 3.3c and 3.4a) 

roughly corresponded with high values of the topographic index of the ground surface in the lower left 

section. However,  did not show high values in the lower right section where the topographic index of 

the ground surface was highest (near E-2 and F-2). 

To quantitatively discuss the relationship between the soil moisture distribution and effect of 

topography, coefficients of correlation, r, were calculated and are summarized in Table 3.1. The r 

value indicated the low correlation between the topographic index and  at the ground surface (r

=0.50; Table 3.1). The distribution of  at the bedrock surface (Fig. 3.4b) and the water storage amount 

(Fig. 3.4c) also showed low correlations with the topographic index of the ground surface (Table 3.1). 

Thus, the topographic index of the ground surface was not a suitable index to describe soil moisture 

distribution in the studied slope. 

When the distribution of topographic index of the bedrock surface (Fig. 3.3d) was compared 

with soil moisture distributions,  at the ground surface (Fig. 3.4a) showed low correspondence with 

the topographic index of the bedrock surface (r =0.28; Table 3.1). On the other hand, the distribution 

of the high region at the bedrock surface roughly corresponded with high values of the topographic 

index of the bedrock surface within the bedrock surface hollow (denoted by open triangles in Figs. 

3.3d and 3.4b). The r value indicated the relatively high correlation between the topographic index and 

 at the bedrock surface (r =0.71). In addition, the water storage amount showed relatively high 

correlation (r =0.63) with the topographic index of the bedrock surface. 

These results indicate that the topographic index of the bedrock surface was more effective 

than that of the ground surface for describing subsurface water convergence within the slope. These 

results agree with the findings of previous studies, which showed that spatial patterns of the 

Table 3.1 Coefficient of correlation, r, values for comparing the topographic index 

(Figs. 3.3c and 3.3d) and water content/storage (Figs. 3.4a, 3.4b, and 3.4c) distributions. 

Topographic index 
Water content 

Water storage 
Ground surface Bedrock surface 

Ground surface 0.50 0.57 0.37 

Bedrock surface 0.28 0.71 0.63 
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topographic index of the bedrock surface control lateral stormflow patterns. Freer et al. (2002) 

documented that point-scale matric pressure head showed high correlation with the topographic index 

of bedrock surface. Tromp-van Meerveld and McDonnell (2006a and b) also reported that subsurface 

storm flow including pipe flow showed high correlation with the bedrock contributing area.  

However, as indicated by the r value of 0.71 (Table 3.1), the topographic index of the 

bedrock surface did not perfectly reflect the heterogeneous distribution of soil water content on the 

bedrock surface. For example, the region around B-4 and 5 was one of the highest regions of  at the 

bedrock surface (denoted by open circles in Fig. 3.4b), whereas the topographic index of this region 

was not so high (denoted by open circles in Fig. 3.3d). Moreover, at C-5 to 7,  at the bedrock surface 

was relatively low (denoted by open stars in Fig. 3.4b) while the topographic index was relatively high 

(denoted by open stars in Fig. 3.3d). Thus, detailed observations of soil thickness and water content by 

the CPMP revealed some water content distributions that overwhelm the topographic control. 

Hydrological phenomena causing such discrepancies are discussed in the following sections. 

3.3.3 Comparison of the CPMP data with water movement under no-rainfall conditions

3.3.3.1 Soil-bedrock interface 

Figure 3.4d illustrates the distribution of pressure head,  at the soil-bedrock interface under 

a no-rainfall condition (6:00 on 20 September 2008). Rainfall amount was 15 and 22 mm during 

antecedent seven and fourteen days, respectively. No rainfall was gauged during antecedent three days, 

and this condition was as dry as that when the results in Figures 3.4a, 3.4b, and 3.4c were obtained by 

the CPMP observation. Whereas the distribution of  at the ground surface (Fig. 3.4a) showed low 

correlation with the distribution of , the distribution of  at the bedrock surface (Fig. 3.4b) showed 

good correspondence. The positive-pressure area in Figure 3.4d correlated well with the high  region 

in Figure 3.4b ( >0.45; denoted by open circles and triangles): specifically, the continuous high 

region that expanded from B-4 and 5 (denoted by open circles) to downstream corresponded well with 

the expansion of the positive-pressure area. Local high  regions at C-9 and D-9 also corresponded 

with the local expansion of the positive-pressure area. Since the hydraulic conductivity values of the 

study hillslope showed sharp increases near saturation (Fig. 2.5b), a high water flow rate was expected 

in the positive-pressure area. Thus, the continuous high  region detected by the CPMP measurement 

at the bedrock surface coincided well with the shape of the high water flow domain under no-rainfall 

conditions. The results indicate that the CPMP is effective for determining water flow pathways on the 

soil-bedrock interface. 

At C-5 to 7, where relatively low  values did not correspond with relatively high 
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topographic index values at the bedrock surface, showed low values (denoted by open stars in Figs. 

3.3d, 3.4b, and 3.4d). Moreover, at B-4 and 5, where the largest  values did not correspond with 

relatively low topographic index values at the bedrock surface, extremely large positive values were 

observed (denoted by open circles in Figs. 3.3d, 3.4b, and 3.4d). Hydrological properties at these 

points are discussed below. 

3.3.3.2 Line-C 

Figure 3.5a illustrates the spatial distribution of  in the cross section of Line-C under the 

no-rainfall condition (6:00 on 20 September 2008; the same time as in Fig. 3.4d). Plus symbols, stars, 

and triangles in the figure denote the positions of installed tensiometer porous caps. Figures 3.5b and 

3.5c show the distributions of  and Nc in the cross section of Line-C, respectively (the same data as 

shown in Fig. 3.2). In Figure 3.5a, the boundary between the surface and subsurface soil layer (Nc=30) 

is denoted by a brown line. Moreover, arrows denote the magnitude and direction of water flux vectors, 

q. For the calculation of q, we set triangular elements composed of three tensiometer position nodes. 

From the hydraulic head (i.e., total head, H) in each node, calculated as the sum of  and vertical 

coordinates, the mean hydraulic gradient in each element was estimated. In addition, K in each 

element was calculated using the functional K- curves shown in Figure 2.5b. Then q was calculated 

by multiplying K by the mean hydraulic gradient. Note that no data existed from the top edge (ground 

surface) to the shallowest tensiometers which were installed at a depth of 30 cm. 

 In Figure 3.5a,  at C-6 to 7 showed negative values above the bedrock surface while 

showed positive values in the middle part of the profile. The saturated region in the middle part of the 

profile existed horizontally just above the line of Nc=30, suggesting that the line of Nc=30 corresponds 

to the hydrological base line. The results of soil hydraulic conductivity tests also indicated that the line 

of Nc=30 corresponds to the boundary between the high permeability surface soil and the low 

permeability subsurface (Fig. 2.4). At C-5 the line of Nc=30 was depressed and the high permeability 

surface soil expanded toward the bottom part of C-3 and C-4 (Fig. 3.5c). In this region, a large flux 

vector was computed (Fig. 3.5a) which suggested large movements of water from the saturated region 

in the middle part of the soil profile toward the bottom of the soil profile at C-3 and C-4. As a result, 

the bedrock surface was fully saturated at C-3 and C4. At C-6 and C-7, on the other hand, the vertical 

flux was small and the bedrock surface was unsaturated. Thus, Figure 3.5a illustrated that the complex 

shape of the line of Nc=30, which behaved as the hydrological base line, caused a heterogeneous 

distribution of the water flow domain. 

 In Figure 3.5b, the high region (i.e., >0.45) corresponded well with the distribution of the 
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positive-pressure area shown in Figure 3.5a, indicating that the CPMP captured the distribution of the 

saturated region accurately. As shown in Figure 3.1, the high  region at C-6 existed just above the line 

of Nc=30. In Figure 3.5b, a similar trend was observed at C-3, 4, and 7. At C-5 the line of Nc=30 

showed a depression and the high  region in the middle part of the profile expanded toward the 

bedrock surface at C-3 and 4, indicating the presence of large vertical water flux. Thus, from the 

CPMP measurements, we can infer the complicated hydrological phenomena occurring in Line-C (Fig. 

3.5a), which were revealed by the intensive tensiometric measurements and observations of soil 

hydraulic properties. Therefore, the CPMP can be an effective tool for investigating heterogeneous 

hydrological properties of natural slopes. As shown in Figure 3.2, in Lines-D through F, the high 

region distributed above the line of Nc=30, indicating that the same hydrological processes as in 

Line-C also occurred on Lines-D through F. 

Figure 3.5 Spatial distributions of (a) pressure head, , (b) water content, , and (c) 

penetration resistance, Nc, in vertical cross-section of Line-C under the no-rainfall 

condition. Brown lines denote the boundary of the surface and subsurface soil layers 

(i.e., the line of Nc=30). In (a), arrows denote the magnitude and direction of water flux 

vectors. Definitions of each symbol are given in the legend of Figure 3.4. 
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3.3.3.3 Line-V 

Figure 3.6a illustrates the spatial distribution of  in the cross section of Line-V (Fig. 2.2) 

under the no-rainfall condition (6:00 on 20 September 2008; the same time as Figs. 3.4d and 3.5a).

Symbols and arrows in the figure are as defined in Figure 3.5a, and the brown line denotes Nc=30. 

Moreover, Figures 3.6b and 3.6c illustrate the vertical distributions of  and Nc in the cross section of 

Line-V with the line of Nc=30. 

 Figure 3.6a shows that groundwater appeared within the subsurface layer between A-4 and 

B-4 and expanded in the downstream region. In the region between C-4 and F-4, the saturated zone 

was observed not only in the subsurface soil layer but also in the bottom of the surface soil layer. 

Large flux vectors toward the downslope direction were computed, indicating that lateral flow 

dominantly occurred inside of this region. Around the shallowest part of the surface soil layer, 

evapotranspiration caused upward water fluxes. Contrastingly, within the saturated subsurface layer 

around B-4, relatively large horizontal or upward fluxes (10-3<q<10-4 cm/sec) occurred in spite of the 

low Ks of this layer. In the upstream region from A-4,  showed the quite dry conditions and upward 

fluxes dominantly occurred due to water consumption by evapotranspiration in the shallow part of the 

soil profile. The magnitude of the fluxes was extremely low (10-7<q<10-9 cm/sec) because K is low for 

such a low  range (Fig. 2.5b). These results indicated that the saturated zone around B-4 was 

probably not developed by lateral flow from the upstream region but by exfiltration of bedrock 

groundwater. In the old landslide scarp adjacent to the observation slope, bedrock exfiltration point 

was present at about the same level as the point B-4 (Figs. 2.2 and 2.3). Figure 3.6a thus illustrates the 

hydrological phenomena occurring in Line-V whereby the exfiltration of bedrock groundwater at B-4 

expands toward the downstream region and creates saturated lateral flow in the subsurface layer and 

the bottom of the surface soil layer. 

In Figure 3.6 b, while  showed quite dry conditions in the whole soil profile at A-4, the high 

 region suddenly appeared in the subsurface soil layer at B-4. Moreover, Figure 3.1 shows that the 

high  region at B-4 was not observed at the boundary between the surface and subsurface layers but 

within the subsurface soil layer. These results strongly indicate the presence of bedrock exfiltration 

around B-4. In the downstream region from C-4 to F-4, the high  region was observed within the 

subsurface soil layer and in the bottom part of the surface soil layer. Therefore, the generation and 

expansion of the high  region corresponded well with the distribution of the positive-pressure area 

(Fig. 3.6a). The results in Figure 3.6 clearly indicate that the CPMP measurements are effective for 

detecting the locations of bedrock groundwater exfiltration. 
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Figure 3.6 Spatial distributions of (a) pressure head, , (b) water 

content, , and (c) penetration resistance, Nc, in the vertical cross-section 

of Line-V under the no-rainfall condition. Arrows and brown lines have 

the same meaning as in Figure 3.5. Definitions of each symbol are given 

in the legend of Figure 3.4. 
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3.3.4 Comparing the CPMP data with water movement during a rainfall event

3.3.4.1 Preferential flow at the soil-bedrock interface 

The previous section compared the movement of subsurface water under the no-rainfall 

condition with the CPMP data. In this section, we focus on the temporal variation of  during a 

rainfall event and discuss how we can evaluate soil water movement under storm conditions from 

CPMP data that were observed under a no-rainfall condition. 

We studied a storm event that occurred from 26 June to 5 July 2008 (total rainfall was 112 

mm; maximum rainfall intensity was 10.2 mm/hr; Fig. 3.7). Figures 3.8a, 3.8b, and 3.8c illustrate the 

 distributions at the bedrock surface for three time points indicated by dotted lines in Figure 3.7: 

before the rainfall (T1; 20:00 on 28 June), the peak of rainfall (T2; 9:00 on 29 June), and 

approximately 2 days after the cessation of rainfall (T3; 0:00 on 2 July). The amounts of change in the 

pressure head, , from time T1 to T2, and from time T2 to T3, are shown in Figures 3.8d and 3.8e, 

respectively. Temporal variations in at representative points are shown in Figures 3.7a, b, and c. 

Before the rainfall (Fig. 3.8a), a saturated area was detected that was quite similar to that in 

Figure 3.4d in terms of distribution: the saturated area was mainly distributed in the lower section and 

upper right section. Quite high  values were observed at B-4 and 5. At the peak of rainfall, a transient 

saturated zone expanded into upslope regions (Fig. 3.8b). A continuous high pressure zone (i.e., 

>100 cm) expanded from B-4 and 5 through F-3, in which a remarkable increase in  was observed 

at D-3, 4, E-4, and F-3 (denoted by solid triangles in Fig. 3.8d). After the cessation of rainfall,  at 

these points showed significant decreases (Figs. 3.8c and 3.8e). Most likely, a preferential water 

channel (e.g., Uchida et al., 2002; Jones, 2010) was passing through these points, which was activated 

during the rainfall event, flushing a large quantity of water rapidly to the lower end of the slope. The 

preferential water channel (i.e., the points D-3, 4, E-4, and F-3) was located within the region where 

high values at the bedrock surface were observed by the CPMP (denoted by open triangles in Fig. 

3.4b), indicating that we can predict the location where the preferential water channel potentially 

exists from the CPMP observations. 

Figure 3.7a shows the temporal variations in on a part of Line-E, which cut across the 

preferential water channel at E-4 (Fig. 3.8b). At E-3 and 7, where the CPMP detected low  values 

before the storm event (Fig. 3.4b),  kept negative or near-zero values and exhibited no responses to 

hyetographs (Fig. 3.7a). At E-4 to 6, where the CPMP detected high  values (denoted by open 

triangles in Fig. 3.4b),  showed positive values. This result confirms that the high  region observed 

by the CPMP corresponds to the saturated water channel on the bedrock surface. 

Among E-4 to 6,  at E-4 increased sharply coinciding with rainfall peaks, while  exhibited 

no response to hyetographs at E-5 and 6 (Fig. 3.7a). In Figure 3.2, the Nc=30 line, which corresponds  
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to the boundary between the surface and subsurface soil layers, formed a hollow at E-4 where 

extremely high  values were observed. Such careful evaluations of the penetration resistance and 

water content distributions obtained by CPMP measurements may allow for detection of the location 

of the preferential water channel. It should be noted that at D-4 and F-3, where the preferential water 

channel was passing through (Figs. 3.8b and 3.8d), similar trends to those at E-4 were observed (Fig. 

3.2). 

Figure 3.7 Hyetograph and temporal variations of pressure head, , from 26 June 

to 5 July 2008 for representative points (a) E-3 to 7, (b) C-3 to 7, and (c) A-4, B-4, 

B-5, and B-9. Broken red lines indicate time points T1, T2, and T3. 
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3.3.4.2 Variation in the hydrological base line on Line-C

At the peak of rainfall,  remarkably increased at C-6 and 7 (denoted by solid stars in Figs. 

3.8b and 3.8d), where low and negative  values were observed under the no-rainfall condition (Figs. 

3.4b and 3.4d). After the cessation of the rainfall,  values at these points quickly decreased to 

negative values (Figs. 3.8c and 3.8e). It is likely that the remarkable  increases at C-6 and 7 were 

independent from the connection of the preferential water channel observed at D-3, 4, E-4, and F-3 

(denoted by filled triangles in Fig. 3.8b), where  and showed high values under the no-rainfall 

condition (Figs. 3.4b and 3.4d). The points C-6 and 7 were among the three points (i.e., C-5 to 7) 

where the presence of a thick low-permeability subsurface soil layer resulted in the low  and negative 

 at the soil-bedrock interface under the no-rainfall condition (Fig. 3.5). That is, the boundary between 

the surface and subsurface soil layers (i.e., the line of Nc=30) worked as the hydrological base line, 

preventing expansion of the positive-pressure area into the subsurface soil layer. 

Figure 3.8 Distributions of the pressure head, , at time points denoted in Fig. 3.7: (a) T1; 

20:00 on 28 June, (b) T2; 9:00 on 29 June, and (c) T3; 0:00 on 2 July. Distributions of 

pressure head variation, , between time points: (d) from T1 to T2 and (e) from T2 to T3. 

Solid triangles, stars, and circles show the locations of the preferential water channel, 

variable hydrological base line, and bedrock groundwater exfiltration, respectively. 
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Figure 3.7b shows the temporal variations in at C-3 to 7. At C-3 and 4, both of which were 

on the preferential water channel,  showed positive high values throughout the observation period. 

Particularly at C-3,  showed large responses coinciding with the rainfall peaks. In contrast, at C-5 to 

7,  remained negative under the no-rainfall condition. Among these points,  at C-6 and 7 increased 

sharply with positive values during the storm event and quickly returned to negative values once 

rainfall had ceased. It is likely that large vertical hydraulic gradients during storm events activated 

infiltration pathways within the subsurface layer. That is, at these points, the hydrological base line 

was deepened during heavy rainfall conditions from the boundary between the surface and subsurface 

soil layers (i.e., the line of Nc=30) to the soil-bedrock interface (i.e., the line of Nc=100). 

The hydrological base line is defined as the surface that intercepts vertical water infiltration 

into the deeper layer. The shape of the hydrological base line is fundamental information for 

hydro-geomorphological surveys, such as those used for predicting runoff generation (e.g., Tromp-van 

Meerveld and McDonnell, 2006a, b) and rain-induced shallow landslides (e.g., Sammori et al., 1995), 

because it defines the domain where active water movement occurs and pore pressures may affect 

slope stability. Our results indicate that the position of the hydrological base line varies during a storm 

event. This phenomenon is considered to be attributable to preferential water infiltration through the 

low-permeability surface. Olofsson et al. (1994) documented the existence of flow from soil to 

bedrock through heterogeneously distributed bedrock fractures. In addition, Tsuboyama et al. (1994) 

found an increase in the macropore flow rate, which they attributed to the extension of macropore 

networks during wetter conditions. It is a possibility that below the Nc=30 line at C-6 to 7, water 

infiltration was activated when the preferential flow networks were filled with water due to large 

hydraulic gradients during storm events. 

Under the no-rainfall condition,  at C-6 to 7 showed medium values (0.35 to 0.5) in the 

thick subsurface soil layer below the hydrological base line (i.e., the line of Nc=30; Figs. 3.5b and 

3.5c), probably because of the limited amount of water infiltration from the saturated zone above the 

hydrological base line (Fig. 3.5a). Around the hydrological base line, a region with high values was 

detected by the CPMP measurements (Fig. 3.5b). Regions with such distributions of soil water content 

and penetration resistance may have variable hydrological base lines during storm events. 

3.3.4.3 Bedrock groundwater seepage on Line-V

At A-4, B-4, and B-5, where  showed almost no increases at the peak of rainfall (denoted 

by solid circles in Figs. 3.8b and 3.8d),  increased substantially 2 days after the cessation of the 

rainfall (Figs. 3.8c and 3.8e). There was no other point which showed such a delayed  increase as 

A-4, B-4, and B-5. Among these points, B-4 and 5 were points where the existence of bedrock 
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groundwater seepage was detected under the no-rainfall condition. 

Figure 3.7c shows the temporal variations of  at A-4, B-4, and 5, in comparison with that at 

B-9, which is in the same horizontal line as B-4 and 5 but did not show the delayed  increases. At 

B-9,  showed rapid peaks with near-zero pressure values coinciding with rainfall peaks and a 

persistent decrease with negative values during no rain periods. At A-4, B-4, and B-5, on the other 

hand,  showed unique waveforms, with delayed broad peaks after the large rainfall input on 28 to 29 

June 2008. Peak values were observed at T3 (0:00 on 2 July) after 68 hours from the peak of rainfall at 

T2 (9:00 on 29 June), followed by gradual recession limbs.  values showed no response to the 

relatively small rainfall event on 3 July 2008 (total rainfall was 20 mm; maximum rainfall intensity 

was 7.1 mm/hr). Such delayed responses, only to heavy storm events, and gradual recession limbs are 

distinctive trends of seepage flow through bedrock fractures (Hirose et al., 1994; Onda et al., 2001; 

Katsura et al., 2008; Kosugi et al., 2008). These results supported the existence of bedrock 

groundwater seepage around B-4, as found in Figure 3.6. 

Many previous studies have pointed out the contribution of groundwater to runoff generation 

(e.g., Wilson and Dietrich, 1987; Terajima and Moroto, 1990; Onda et al., 2001) and the occurrence of 

shallow landslides (e.g., Iverson and Major, 1986; Kato et al., 2000; Montgomery et al., 2002) in 

headwater catchments. Recently, Kosugi et al. (2006) estimated that approximately 65 to 71% of 

annual discharge from a 0.086-ha headwater catchment consisted of exfiltration from weathered 

granitic bedrock. Moreover, Kosugi et al. (2008) and Katsura et al. (2008) documented that the 

semi-perennial groundwater forms a considerably high water table in soil mantles which cannot be 

explained by the topographic flow convergence in shallow soils. These studies documented the 

importance of bedrock groundwater seepage into the soil layer to runoff generation, soil mantle 

groundwater formations, and landslide occurrence. However, a method of detecting the detailed 

positions of subsurface seepage points within a slope was not proposed because of the lack of accurate 

and efficient procedures for investigating the soil water distribution in soil mantles. In this study, we 

detected sudden and local  increases beneath the line of Nc=30 at B-4 and 5, which clearly indicated 

the presence of exfiltration of bedrock groundwater as discussed above. The locations which 

experienced increases in  values were not detected using the distribution of classically used 

topographic indices (Figs. 3.3c and 3.3d). Thus, the CPMP represents an exclusive tool that is 

currently available for accurately detecting groundwater seepage points. 

3.4 Conclusions 

We applied a combined penetrometer-moisture probe (CPMP) to investigate hydrological 



3. APPLICATION OF A COMBINED PENETROMETER-MOISTURE PROBE 37

properties in a foot slope area of a mountainous watershed by simultaneous measurements of the soil 

water content, , and the penetration resistance, Nc, of soil mantles. Using the CPMP, we obtained 

detailed spatial patterns of within the slope as well as soil thickness distributions for calculating the 

topographic indices. By comparing the topographic indices and , we confirmed that the topographic 

index of the bedrock surface was more effective than that of the ground surface for describing water 

flow convergence. Moreover, we could effectively detect the heterogeneous water distribution that 

exists independently of topographic flow convergence. Such anomalous patterns of water content 

distribution suggested the presence of preferential pathways, a low permeability soil layer, and 

bedrock groundwater exfiltration. 

 The CPMP data corresponded well with pressure head values, , observed by tensiometers 

under the no-rainfall condition. The distribution of a positive-pressure area with concentrated soil 

water flux corresponded well with the high  region observed by the CPMP, indicating that we can 

estimate the complex shape of the hydrological base line and water flow domain from CPMP 

measurements, without measuring  by tensiometers and soil hydraulic conductivity by collecting soil 

samples. Moreover, the CPMP successfully located a point of bedrock groundwater exfiltration which 

was otherwise hidden in the studied hillslope because it could detect a sudden increase in  in the low 

permeability subsurface layer. 

 During a heavy rainfall event, preferential water flow occurred within the region where high 

values at the bedrock surface were observed by the CPMP. At points where the CPMP data indicated 

a thick subsurface layer with medium water content value below a surface layer with large water 

content, intensive rainwater infiltration shifted the hydrological base line from the boundary between 

the surface and subsurface layers to the bottom of the subsurface layer. Moreover, around the points 

where the CPMP data suggested an occurrence of bedrock groundwater exfiltration,  exhibited 

delayed dull peaks responding solely to heavy storm events. Thus, complicated water movement 

phenomena during a storm event in a foot slope area of a natural hillslope can be inferred from the 

penetration resistance and water content distributions simultaneously measured by the CPMP under a 

no-rainfall condition. 

 This study suggests the large potential of the CPMP for estimating heterogeneous 

hydrological properties of foot slope areas of natural hillslopes. Future studies should conduct CPMP 

measurements at various sites and more thoroughly evaluate the distributions of penetration resistance 

and water content to establish efficient and sound techniques for surveying hillslope hydrological 

properties. 
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CHAPTER 4 

Intensive three-dimensional water flow analysis using soil pore water 
pressure measurements and model calculation 

4.1 Introduction 
High-resolution and three-dimensional direct observations of water flow using tensiometers 

are the most reliable method for analyzing heterogeneous hydrological phenomena. In previous studies 
on slope hydrology, tensiometers were often installed in vertical cross-sections in order to observe the 
vertical infiltration and lateral flow processes along a hillslope (e.g., Terajima and Moroto, 1990). 
However, lateral flow in the horizontal direction (perpendicular to the soil profile) was ignored 
because wide areas were rarely covered. In recent studies, thanks to the development of measuring 
technology, a lot of tensiometers have been installed at the bedrock surface to cover relatively broad 
areas in order to detect the water flow domain above the bedrock surface (Freer et al., 2002; 
Montgomery et al., 2002; Nishiguchi et al., 2005). However, in these studies, tensiometers were 
installed at scattered positions to cover broader areas. Thus, they lacked sufficient spatial resolution to 
capture highly heterogeneous water movements. Intensive observations using densely nested 
tensiometers intended to analyze heterogeneous hydrological phenomena have not been conducted in 
previous studies.  

In recent years, numerical simulations of hillslope hydrological processes using a 
three-dimensional, physically-based model have been proposed to predict runoff generation and 
occurrence of shallow landslides (Wilkinson et al., 2002; Jones et al., 2008). If the heterogeneous 
hydrological phenomena could be incorporated into these models, the accuracy of runoff/landslide 
prediction would improve to a great extent. Hopp and McDonnell (2009) simulated the effect of 
subsurface saturation connectivity on the discharge at a natural hillslope with a heterogeneous soil 
thickness and bedrock topography. However, the heterogeneous hydrological phenomena attributed to 
the distribution of hydraulic properties (e.g., saturated hydraulic conductivity) were not taken into 
account. In most of the studies modeling natural hillslopes, a relatively homogeneous distribution of 
hydraulic properties was assigned because of the difficulties in surveying hydraulic properties in high 
resolution. On the other hand, heterogeneous hydrological phenomena such as preferential pipe flow 
have been analyzed using the modeling approach (e.g., Barcelo and Nieber, 1981 and 1982; Jones and 
Connelly, 2002). Tsutsumi et al. (2005) developed a model describing three-dimensional lateral 
preferential flow with soil pipes and compared this to a bench-scale experiment. Although these 
studies represented the concepts of the phenomena, the actual water movement occurring within 
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natural hillslopes was not reproduced. Because the spatial distribution and movement of soil water 
reflects the heterogeneity of the hydraulic properties, it is possible to use high-resolution water 
movement data to construct a model that reproduce the heterogeneous hydrological phenomena that 
actually occur in natural slopes. Moreover, the distributions of hydraulic properties can be estimated 
more precisely. 
 The objectives of this chapter are (1) to clarify the three-dimensional hydrological process, 
including heterogeneous phenomena, in detail and (2) to reproduce the hydrological process by 
estimating the spatial distribution of the hydraulic properties in a model calculation. We carefully 
observed the pore water pressure using densely nested tensiometers and then attempted to model the 
studied hillslope. 

4.2 Materials and Methods 
4.2.1 Tensiometer observation 

At the study site (described in Chapter 2), we continuously monitored the soil pore water 

pressure (soil matric pressure head, ) using densely nested tensiometers. Figure 4.1a shows a ground 
surface topographic map and the numbered locations of all of the observation points. Figures 4.1b and 
4.1c show the topographic maps and soil thickness distributions of the middle layer and bedrock 
surface, respectively. The bedrock surface was determined by a penetration resistance value, Nc, 
exceeding 100, based on recent studies conducted in granitic watersheds (Katsura et al., 2005; Kosugi 
et al., 2006). A description of the penetration test using the CPMP was given in Chapter 3. The middle 
layer was the midpoint between the bedrock surface and shallow tensiometers (described below). At 
points where the shallow tensiometers were not installed, the middle layer was the midpoint between 
the bedrock surface and ground surface. 

From 15 June to 14 November 2011, we monitored  using 111 tensiometers. Among these, 
57 tensiometers were installed at the soil-bedrock interface (denoted by dots in Fig. 4.1c). They were 
installed at all of the CPMP observation points (described in Chapter 3) along six horizontal lines, 

referred to as Lines-A to F from the top of the slope down (Fig. 4.1a). We also monitored  using an 
additional 54 tensiometers. Thirty five of these were installed at a depth of 30 cm (dots in Fig. 4.1b), 
which are referred to as shallow tensiometers hereafter. The other 19 were installed in the middle layer 
(squares in Fig. 4.1b). The middle tensiometers were installed between the shallow and deep 
tensiometers at depths of 80 to 160 cm. 

The tensiometers were attached to pressure transducers (PA-850-102V-NGF; Copal 

Electronics, Shinjuku, Tokyo, Japan).  values were recorded at 5-min intervals throughout the 
observation period using a data logger (CR1000; Campbell Scientific, Logan, UT, USA). 
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4.2.2 Rainfall and discharge observations 
From 15 June to 14 November 2011, we observed discharge from a bedrock groundwater 

spring located inside an old landslide scarp adjacent to the study site (left panel in Fig. 2.2). The 
springwater was channeled into a 0.5-L tipping bucket, which was leveled and fixed to a solid 
structure. The accumulated bucket tips were recorded at 5-min intervals throughout the observation 
period using the data logger (CR1000). From 15 June to 6 September 2011, we observed subsurface 
trench flow from an artificial trench excavated approximately two meters downslope from Line-F 
(right panel in Fig. 2.2). We monitored the trench flow volume using a 30° V-notch weir with a 
water-level recorder (DL/N70; Sensor Technik Sirnach AG, Sirnach, Switzerland) at 5-min intervals 
throughout the observation period. A rain gauge was placed in an open space on the ridge near the 
studied hillslope (left panel in Fig. 2.2). 

4.2.3 Model description 
We used the finite element model KEnIC-3D (e.g., Fujimoto et al., 2011) for our calculations. 

To predict the matrix flow within the soil, a three-dimensional Richards’ equation was solved 

numerically using a finite element method (Istoc, 1989). The unsaturated hydraulic conductivity, K( ), 
was represented using the lognormal distribution (LN) model expressed by Eqs. [2-1], [2-2], and [2-3] 
(Kosugi, 1996). 

Fig. 4.1 (a) Ground surface topographic map and locations of all observation points. The 
broken line indicates the location of the vertical cross-section regarded as Lines-V1 and V2. 
(b) Middle layer topographic map and soil thickness distribution from ground surface to the 
middle layer. Dots and squares denote the tensiometers installed in shallow and middle 
layers, respectively. Tensiometers were not installed in shallow and middle layers outside the 
domain bounded by the broken line. (c) Bedrock surface topographic map and soil thickness 
distribution from ground surface to bedrock surface. Dots denote tensiometers installed at the 
soil–bedrock interface. The contour interval of each topographic map is 0.5 m. 
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Figure 4.2 shows the model domain divided by a finite element mesh, along with the 
methods used to establish the tetrahedral finite elements. First, 96 triangular grids were formed by 
lines connecting 57 observation points and six trench face points at the ground surface. From the 
vertex of each triangle, a perpendicular line was drawn to the bedrock surface, generating 96 triangular 
prisms. Each prism was sliced into two to four layers, which resulted in the generation of 303 small 
triangular prisms. The hydraulic properties for each of these 303 prisms can be set arbitrarily. Second, 
each prism was divided into tetrahedrons using Gmsh (a three-dimensional finite element mesh 
generator; Geuzaine and Remacle, 2009). As a result, a finite element grid with 2119 nodes and 9974 
elements was used in the calculations. The boundary conditions were set up as follows: the bedrock 
surface and side faces of the model domain were assumed to be impermeable, and zero-flux conditions 
were assigned to these boundaries. Precipitation was imposed on the ground surface of the domain. 
The seepage face condition was assigned to nodes at the ground surface and trench face. Perennial 
groundwater seepage from the bedrock was also incorporated into the domain and represented as a 
source term (described below).  

4.3 Results and Discussion 
4.3.1 Observed hydrological process of studied hillslope 
4.3.1.1 No-rainfall condition 

Fig. 4.2 Model domain divided by finite element mesh and method for establishing 
tetrahedral finite elements.
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First, we focus on the distributions of  before the beginning of rainfall at time point T1, 
which is indicated by a broken line in Figure 4.3. Figures 4.4a and 4.4b illustrate the distribution of the 

pressure head, , in the middle layer and at the soil-bedrock interface, respectively, before the 
beginning of rainfall (T1; 0:00 on 22 June 2011). The rainfall amounts were 11 and 49 mm during the 
antecedent seven and fourteen days, respectively. At the points where tensiometers were not installed 

in the middle layer, the  values for the middle layer were calculated by interpolating the  values at 
the shallow layer and soil-bedrock interface (denoted by just dots in Fig. 4.1b) or by subtracting the 

difference in elevation head (vertical coordinates) from the  value at the soil-bedrock interface 
(outside the domain bounded by a broken line in Figs. 4.1b and 4.4a). The arrows in the figures denote 
the values and directions of the water flux vectors, q. For the calculation of q, we set triangular 
elements composed of three tensiometer position nodes. From the hydraulic head (i.e., total head, H) 

in each node, calculated as the sum of  and the vertical coordinates, the mean hydraulic gradient in 
each element was estimated. In addition, the hydraulic conductivity, K, in each element was calculated 

using the functional K- curves shown in Figure 2.5b. Then q was calculated by multiplying K by the 
mean hydraulic gradient. 

 In the middle layer (Fig. 4.4a), the saturated area ( 0) started from B-5 and spread toward 
the lower region, where the flux vectors mostly pointed in the downslope direction and showed large 
values. At the soil-bedrock interface (Fig. 4.4b), the saturated area began at B-4, 5, and C-9 (denoted 

by circles) and spread in the downslope direction. At B-4 and 5, especially high  values were 
observed, despite the no-rainfall condition. In the saturated area, the flux vectors pointed in the 

downslope direction and showed a large volume. However,  showed an unsaturated condition in the 

Fig. 4.3 (a) Hyetograph and accumulated rainfall from 21 to 25 June 2011. (b) Temporal 
variation of pressure head, , at B-4 and 5, C-1, and E-2 and 5 from 21 to 25 June 2011.
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middle section of the slope (C-6, 7, D-4 to 8, and E-3), where the bedrock surface was hollowed, 
which did not correspond to the bedrock topography (Fig. 4.1c). In the unsaturated area, the flux 

vectors showed very small values because of the steep decline of K in the negative  range (Fig. 2.5b). 
 Figure 4.4c illustrates the distribution of the vertical flux values, calculated by multiplying K
by the mean hydraulic gradient between the middle layer and soil-bedrock interface at each point. 
Note that we cut off the data at points where tensiometers were installed only at the soil-bedrock 
interface (outside the domain bounded by a broken line in Fig. 4.1b), because at least two data points 
are required to estimate the hydraulic gradient. Negative values indicate the infiltration flux and 
positive values indicate the exfiltration flux. A local exfiltration flux existed at B-4 and 5, where 

especially high  values were observed at the soil-bedrock interface (circles in Fig. 4.4c), although the 
infiltration flux was dominant throughout the slope. 

As shown in Figures 4.4a and 4.4b, the  distributions varied vertically within the soil 
profile. Figure 4.5a illustrates the  distributions in the vertical cross-sections of Lines-A to F before 
the rainfall event (T1; Fig. 4.3a). The top edge of each cross-section indicates the ground surface, and 
the bottom edge indicates the soil-bedrock interface. The dots and circles in the figures denote the 
positions of the installed tensiometer porous caps. The broken lines in the figure correspond to the 
location of the middle layer (e.g., Fig. 4.4a). Note that no data existed from the top edge (ground 
surface) to the shallowest tensiometers, which were installed at a depth of 30 cm. 
 The whole area in Line-A was unsaturated and showed a small infiltration flux. In Line-B, a 
saturated area with exfiltration flux was detected within a bedrock hollow at B-4 and 5 (denoted by 
circles), suggesting that bedrock groundwater was seeping despite the no-rainfall condition. In Line-C, 

the  at C-6 and 7 showed negative values above the bedrock surface, whereas positive values were 
seen in the middle layer, indicating the existence of perched water in the middle layer. In Lines-D and 
E, similar trends were also detected at D-4 to 8 and E-3. In Line-F, the soil was almost saturated up to 
the ground surface. Except for B-4 and 5, the flux vectors pointed downward over the entire area in 
Lines-A to F. 

 Figures 4.6a and 4.6c illustrate the distributions of  in the vertical cross-sections of 
Lines-V1 and V2, respectively, before the rainfall event (T1; Fig. 4.3a). In Line-V1, groundwater 
appeared between A-4 and B-4 and expanded in the downstream region. Within the saturated area 

around B-4, relatively large horizontal or upward fluxes (10-3 < q < 10-4 cm/sec) occurred, while 
showed a dry condition and small infiltration flux at A-4. These results indicated that the saturated 
zone around B-4 was probably not developed by lateral flow from the upstream region but by 
exfiltration of the bedrock groundwater.  

On the other hand, a perched saturated area was observed in the region between D-3 and F-3, 
where flux vectors indicated the occurrence of a large lateral flow. In the unsaturated area beneath the 
perched water, the flux vectors indicated the occurrence of a very small vertical infiltration, showing  
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Fig. 4.4 Distributions of pressure head,  (a) in the middle layer and (b) at the bedrock surface, 
and (c) distribution of the vertical flux value at time point T1 denoted in Fig. 4.3a. Distributions 

of  (d) in the middle layer and (e) at the bedrock surface, and (f) distribution of the vertical 
flux value at time point T2 denoted in Fig. 4.3a. Circles denote the generation point of the 
saturated area at the soil–bedrock interface under the no-rainfall condition. Triangles denote 

points showing a large increase in  at the peak of rainfall. Arrows denote the magnitude and 
direction of water flux vectors. Broken line in (a) and (d) has the same meaning as in Fig. 4.1b.
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that the water mostly flowed above the middle layer, with very little infiltration toward the bedrock 
surface under the no-rainfall condition. In line-V2 (Fig. 4.6c), a perched saturated area was also 
observed in the region between C-7 and E-5. The perched water that started from C-7 was considered 
to be derived from groundwater seepage at B-4 and 5, which spread toward the downslope region in 
the middle layer (Fig. 4.4a). At E-5 and F-4, almost the entire soil layer showed a saturated condition 
from the bedrock surface to the ground surface, and a relatively large infiltration flux occurred.

The existence of perched water reflected the highly heterogeneous distribution of hydraulic 
properties in this area. The soil under the perched saturated area was considered to have low 
permeability, which prevented vertical infiltration. At the same time, the water retaining capacity was 
low, which allowed the water to drain effectively and maintained the unsaturated condition. As 
described in Chapters 2 and 3, a relatively thick weathered bedrock layer (i.e., subsurface soil layer)  

Fig. 4.5 Distributions of pressure head, , in the vertical cross-sections of Lines-A to F at time 
points denoted in Fig. 4.3a: (a) T1 and (b) T2. Broken lines correspond to the location of the 
middle layer (e.g., Fig. 4.4a). Symbols and arrows have the same meaning as in Fig. 4.4.
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exists below the surface soil layer at the studied hillslope. This weathered bedrock showed a lower 
hydraulic conductivity than that of the surface soil (Fig. 2.4). However, previous studies have 
suggested that fractures in the near-surface bedrock are distributed heterogeneously, which result in a 
large spatial variability of hydraulic conductivity (e.g., Montgomery et al., 1997 and 2002). The 
perched saturated area under no-rainfall conditions indicated that the weathered bedrock layer had low 
permeability, which prevented the vertical infiltration of water in the upper part of the layer, but also 
had a low water retaining capacity because of the heterogeneously distributed fractures inside the 
layer. 

Fig. 4.6 Distributions of pressure head, , in 
vertical cross-sections of Lines-V1 and V2 at time 
points T1 and T2: (a) Line-V1 at T1 and (b) T2 
and (c) Line-V2 at T1 and (d) T2. Symbols and 

arrows have the same meaning as in Fig. 4.4.
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4.3.1.2 Peak for rainfall event 
Next, we focused on the variation in  at the peak of the heavy rainfall event that occurred 

from 22 to 24 June 2011 (total rainfall was 102 mm; maximum rainfall was 13 mm/hr; Fig. 4.3a). 
Figure 4.3a shows the hyetograph and accumulated rainfall for the event. Figure 4.3b shows the 

temporal variations in  at representative points: B-4, B-5, C-1, E-2, and E-5. Figures 4.4d, 4.4e, and 
4.4f illustrate the distributions of  in the middle layer,  at the soil-bedrock interface, and the vertical 
flux value, respectively, at the peak of the rainfall event (T2; 10:30 on 23 June 2011).  

In the middle layer, a transient saturated zone expanded into upslope regions. In particular, 
increased to more than 50 cmH2O at C-3M and F-4M (denoted by triangles in Fig. 4.4d). The flux 
vectors indicated that the water mostly flow downward showing large values. At the soil-bedrock 

interface (Fig. 4.4e), a transient saturated zone covered almost the entire slope by an increase in  in 
the middle and upper regions of the slope (e.g., C-1 in Fig. 4.3b). It is noted that large increases in 
were observed at 13 points (denoted by triangles in Fig. 4.4e). At these points, the  values increased 
to at least 50 cmH2O. As a result, continuous high pressure zones (i.e., > 50 cmH2O) expanded from 
B-4 through F-3 in the right section and from B-9 through F-4 in the left section of the slope. Both of 

these high pressure zones converged at the lower region, showing a substantial  increase up to 100 
cmH2O. As shown in Figure 4.3b, the  value at E-5 spiked sharply to more than 100 cmH2O, 
coinciding with the rainfall peaks, whereas  exhibited a slight increase at E-2, which was located in 
the same line as E-5. Although the flux vectors pointed upslope around the converging region (i.e., E-3 
and 4), they mostly showed large values and pointed downward along the high pressure zones, 
indicating that a large quantity of water flowed toward the lower end of the slope through the zones. 
The exfiltration flux existed over the entire area of the left high pressure zone (i.e., B-9, C-7, and D-7 
in Fig. 4.4f), lower part of the right high pressure zone (i.e., D-3), and in the converging region (i.e., 
E-3 to 5 and F-3). Such an exfiltration flux along the high pressure zones indicates that excess pore 
water pressure was generated along the zones. These results indicated that preferential water channels 
(e.g., Uchida et al., 2001; Jones, 2010) were passing through these points, which were activated during 
the rainfall event, flushing a large quantity of water rapidly to the lower end of the slope. In addition, a 
pipe could have produced such excess pressure in the surrounding soil when the accumulated water 
exceeded the transmission capacity (Roger and Selby, 1980; Pierson, 1983; Uchida et al., 2004). 

Figure 4.5b illustrates the distribution of  in the vertical cross-sections of Lines-A to F at 
the peak of the rainfall event (T2; Fig. 4.3a). The transient saturated zone mostly covered the entire 
area up to the ground surface in Lines-B to F. A large infiltration flux was dominant in the shallow 
layer. However, at the points where perched water was detected under the no-rainfall condition (i.e., 

C-6, 7, D-4 to 8, and E-3; Fig. 4.4a), the  values showed large increases with a large exfiltration flux 
above the bedrock surface, with the exception of D-4 and 8. Moreover, the flux vectors showed a 

relatively small exfiltration flux at B-4 and 5 (denoted by circles in Fig. 4.4b), where  exhibited a 
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slight increase (Fig. 4.3b). 

Figures 4.6b and 4.6d illustrate the distributions of  in the vertical cross-sections of 
Lines-V1 and V2, respectively, at the peak of the rainfall event (T2; Fig. 4.3a). In Line-V1, large 

increases in  were detected at C-3M, D-3, E-3, and F-3 (denoted by triangles). As a result, a high 
pressure zone with exfiltration flux, indicative of preferential flow channel, was continued from B-4 to 

F-3. In Addition, in Line-V2, a large increase of  was detected at B-9, C-7, D-6, E-5, and F-4M 
(denoted by triangles). 

It should be noted that the preferential flow occurred within the area beneath the perched 
water, indicative of the weathered bedrock layer discussed above (i.e., E-3 and F-3 in Line-V1; C-7 
and D-6 in Line-V2). These results indicate that lateral flow accumulated from the upslope area 
flowed into fractures in the weathered bedrock layer and acted as a preferential flow. Montgomery et 

al. (2002) also reported sharp and large  increases with exfiltrating hydraulic gradients during storm 
events in the weathered bedrock layer, which showed  waveforms similar to our results (i.e. E-5 in 
Fig. 4.3b). Thus, the following hydraulic properties were assumed for the weathered bedrock layer: the 
upper part of the layer had low permeability, which prevented the infiltration of water derived from 
perennial groundwater at B-4 and 5 (denoted by a circle in Fig. 4.6a) under a no-rainfall condition. 
Conversely, the lower part of the layer had high permeability compared to the upper part as a result of 
the fractures, which acted as a preferential flow channel and flushed the water derived from the lateral 
flow accumulated from the upslope area during a rainfall event. 

4.3.1.3 Seasonal variability in  and hydrological data 
Figure 4.7a summarizes the temporal variations in the hydrograph of the bedrock 

groundwater spring and trench flow throughout the observation period in 2011. Figure 4.7b also 

summarizes the temporal variations in the  values at representative points: B-4 and 5, C-1, and E-2 
and 5 (the same points as shown in Fig. 4.3b). A hyetograph is also shown in Figure 4.7b. 

At B-4 and 5, where especially high  values and exfiltration flux were detected under the 
no-rainfall condition (circles in Figs. 4.4b and 4.4c), high  values were maintained throughout the 
observation period, showing delayed peaks corresponding to large rainfall inputs during heavy storm 
events, followed by gradual recession limbs. These waveforms were quite similar to that of the 
bedrock groundwater spring in the old landslide scarp, which is located at about the same level as 
points B-4 and 5 (the left panel in Fig. 2.2). Such delayed responses, only to heavy storm events, and 
gradual recession limbs are distinctive trends of the bedrock groundwater level and seepage flow 
through bedrock fractures (Hirose et al., 1994; Onda et al., 2001; Katsura et al., 2008; Kosugi et al., 
2008). These results confirmed that perennial groundwater is seeping from B-4 and 5, just as with the 
bedrock spring in the scarp. Moreover, it is presumed that perennial groundwater seepage also exists at  
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C-9, where an isolated saturated area was observed at the soil-bedrock interface (Fig. 4.4b). 

Additionally, the trench flow volume under no-rainfall periods was quite similar to the 
waveform at B-4 and 5. This result implies that almost all of the base flow discharge from the studied 
hillslope consists of the perennial groundwater seepage at B-4 and 5 and C-9 because the upper region 
of these points (i.e., points in Line-A) was dry, with relatively little water flux under the no-rainfall 
condition (e.g., Figs. 4.4b and 4.5a). 

At E-2,  remained positive throughout the observation period and exhibited a waveform 
similar to B-4 and 5 except for a slight  variation. This indicates that the perennial groundwater from 
B-4 and 5 spreads toward the lower region and supplies water constantly. At the region where the 

perennial groundwater was not supplied constantly,  should show rapid peaks with near-zero values 
coinciding with rainfall peaks, with negative values during no-rain periods, as at C-1. 

At E-5, which was located in the preferential flow channel within the weathered bedrock 

layer (e.g., Fig. 4.6d),  spiked sharply and had fairly high positive values (approximately 150 
cmH2O) coinciding with individual rainfall peaks. During no-rainfall periods, the  values remained 
uniform, just as at E-2, indicating that the perennial groundwater was supplied constantly at E-5 
despite the low permeability of the layer of weathered bedrock. Because the amount of accumulated 
water was plentiful in the lower section of the slope, it is considered to have infiltrated through the low 
permeability layer, as shown in the large vertical infiltration flux at E-5 and F-4 (Fig. 4.6d). 

Fig. 4.7 (a) Temporal variations in the hydrograph of a bedrock groundwater spring in the old 
landslide scarp and trench flow from June to November 2011. (b) Temporal variations in 

pressure head, , at B-4 and 5, C-1, and E-2 and 5 from June to November 2011.



4. INTENSIVE THREE-DIMENSIONAL WATER FLOW ANALYSIS 53

4.3.2 Model calculation 
4.3.2.1 Estimated distribution of hydraulic properties 

To reproduce the observed heterogeneous  distributions, spatial distributions of the 
hydraulic properties were assigned as shown in Figures 4.8 and 4.9. Figure 4.8 shows the estimated 
distribution of the hydraulic properties in the vertical cross-sections for each line. Figure 4.9 shows the 
locations of the weathered bedrock layer (low permeability soil and fractured soil), bedrock 
groundwater seepage area (source term), and water intake/outtake in the top view. The hydraulic 
properties of the surface soil were assigned to the triangular prisms facing the ground surface. The 
hydraulic properties of the subsurface soil were also assigned to the triangular prisms above the 
bedrock surface, except for the weathered bedrock layer. The heterogeneous hydrological properties of 
the weathered bedrock layer discussed above were represented as follows. We set a low permeability 
soil so that the water infiltration would be intercepted and perched water would be generated in the 
middle layer. Moreover, we set fractured soil having a relatively high hydraulic conductivity beneath 
the low permeability soil so that water could be drained under the no-rainfall condition and 
preferentially flow at the rainfall event.  

Fig. 4.8 Estimated distribution of hydraulic properties in vertical cross-sections in Lines-A to F, 
Lines- V1 and V2, and trench face. Dots denote the vertices of triangular prisms.
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To force the water flow above the low permeability soil area under the no-rainfall condition, 
the bedrock surface and low permeability soil were cohered to cover the fractured soil (e.g., C-5 and 
C-8 in Line-C and B-9 in Line-V2; Fig. 4.8). The lower end of the fractured soil area was not covered 
so that water could be drained from the area constantly (e.g., F-4 in Line-V2; water outtake in Fig. 4.8). 
Moreover, the area surrounded by points C-5 and D-3 and 4 was not covered by the low permeability 
soil to allow it to take water into the fractured soil in the lower section of the slope. Moreover, 
between B-7 and 8, the low permeability soil area just above the bedrock surface was opened to allow 
lateral flow into the fractured soil area during a rainfall event (water intake; Fig. 4.9).  

The soil parameters used in the calculations were Ks, s- r, m, and  which are common to 
the lognormal distribution (LN) model (Kosugi, 1996) shown in Eqs. [2-1], [2-2], and [2-3]. The value 

of Ks was arbitrarily assumed to reproduce the observed  distributions. The other parameters, s- r

and m, were estimated from the empirical relationships with Ks obtained by soil core samples 
collected near the study site (left panel in Fig. 2.2), and  was fixed as the average of the observed 
values. In the LN model, Ks is correlated with m and  (Kosugi, 1997) as follows: 

)log(2)exp(logloglog 2
ms BK  [4-1] 

where B is a constant. When  is fixed, Eq. [4-1] shows a linear relationship between log Ks and 
log(- m). Figure 4.10a plots the observed and functional log Ks vs. log(- m) relationships. The 
functional log Ks vs. log(- m) curve expressed by Eq. [4-1] was derived by optimizing the constant . 
Figure 4.10a shows that the plots of Eq. [4-1] fit the observation data well. Therefore, the value of m

was estimated from this relationship. The value of Ks is also related to the effective porosity, s- r (e.g., 
Ahuja et al., 1989). The observed Ks had a linear correlation (R2 = 0.91) with s- r, as shown in Figure 
4.10b. Thus, the value of s- r was estimated from Ks by using the approximate equation shown in 
Figure 4.10b. 

Fig. 4.9 Locations of weathered bedrock layer 
(low permeability soil and fractured soil), 
bedrock groundwater seepage area (source 
term), and water intake/outtake in top view.
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Table 4.1 summarizes the soil hydraulic parameters, Ks, s- r, m, and , of four types of soil 
used in the model calculations: surface soil, subsurface soil, low permeability soil, and fractured soil. 

4.3.2.2 Rainfall and groundwater input 
The runoff from hillslopes can be separated into direct runoff and base flow (Chapman, 

1999). The base flow is generally regarded to be caused by the bedrock groundwater, and the direct 
runoff is considered to result from transient water during a storm event. Figure 4.11a shows the 
discharge volume of trench flow from 21 to 25 June 2011. Note that unit of discharge volume was 
converted into mm/hr by dividing by the study area (74.0 m2). Because the trench flow volume under 

the no-rainfall periods exhibited a waveform that was quite similar to  at B-4 and 5 (Figs. 4.7a and 
4.7b), the base flow volume was estimated by fitting the waveform of  at B-4, which is also shown in 
Figure 4.11a. By subtracting the estimated base flow volume from the observed trench flow volume,  

Fig. 4.10 (a) Observed log Ks vs. log(- m) data and functional curve fitted by Eq. [4-1]. 
(b) Observed Ks vs. s- r data and regression line. The approximate equation and R2 value 
are also shown.

Table 4.1 Soil hydraulic parameters Ks, s- r, m, and  of four types of soil used in 
model calculations: surface soil, subsurface soil, low permeability soil, and fractured soil.

s - r m [cm] K s [cm/s]
Surface soil 0.209 -18.9 1.89 0.1
Subsurface soil 0.173 -133 1.89 0.002
Low permeability soil 0.172 -5973 1.89 0.000001
Fractured soil 0.179 -42.2 1.89 0.02
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the direct runoff volume was estimated, as shown in Figure 4.11b. The direct runoff showed nearly the 
same peak values as the rainfall input, indicating that the contributing area for direct runoff roughly 
corresponded to the study area, whereas the study area had a broader upslope area (left panel in Fig. 
2.2). The rainfall input in the upslope area was considered to be consumed by evapotranspiration or 
infiltration into deep bedrock. Thus, in the model calculation, the water input from the upslope area 
was not counted. Hourly records of precipitation rates were imposed on the ground surface of the 
model domain. 

The groundwater seepage in the model is represented as a source term. At the groundwater 
seepage area, extra triangular prisms with two layers were added beneath the bottom of the domain. 
The source term was assigned to the lower layer of these extra prisms (A-4 and B-4 in Line-V1; Fig. 
4.8). The source terms were assigned at the area surrounded by points B-4 and 5 and A-4 in the upper 
right section of the slope, and the area surrounded by points C-8, 9, and B-9 in the middle left section 
of the slope (Fig. 4.9). The estimated base flow volume (Fig. 4.11a) was imposed on the right and left 
source terms using a ratio of ten to one.  

4.3.2.3 Calculated  distribution under no-rainfall condition 
First, a model calculation was conducted to reproduce the  distribution under a no-rainfall 

condition. At all the calculation nodes, the initial  values were set to -30 cmH2O. The base flow 
volume at T1 (Fig. 4.11a) was input to the source terms constantly for 72 hr to establish a steady 
condition. During the calculation, no rainfall values were input. 

Fig. 4.11 (a) Volumes of observed trench flow, estimated base flow, and pressure head, , 
at point B-4 and (b) volume of estimated direct runoff and hyetograph from 21 to 25 June, 
2011. Broken lines indicate time points T1 and T2.
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Figure 4.12a illustrates the calculated  distribution at the soil-bedrock interface under the 
no-rainfall condition (T1; Fig. 4.3a). The crosses in Figures 12, 13, and 14 denote the vertices of the 
triangular prisms (the same as the dots in Fig. 4.8). The saturated area was generated from B-4 and 5 
and C-9 where source terms were assigned (Fig. 4.9) and spread toward the lower region. In particular, 

high  values (approximately 120 cmH2O) were calculated at B-4 and 5. These characteristics 
corresponded well to the observed  distribution (Fig. 4.4b). At C-6 and 7, where the hydraulic 
properties of the weathered bedrock layer were assigned,  showed negative values, which also 
corresponded to the observed data. However, a saturated area was calculated at D-4, 5, and 6, where 

showed negative values in the observed distribution. Figure 4.13a illustrates the calculated 
distributions in the vertical cross-sections of Lines-A to F before the rainfall event (T1; Fig. 4.3a). In 
Line-A, a relatively dry condition was calculated within the unsaturated region compared to the 

observed  distributions (Fig. 4.5a). In Lines-B and C, the  distributions notably corresponded to the 
observed data (Fig. 4.5a): a saturated area with high  values was calculated within a bedrock hollow 
at B-4 and 5 and no exfiltration flux was calculated. At C-6 and 7, where the observed  values were 
negative above the bedrock surface, the perched saturated area in the middle layer was successfully 
reproduced. The perched saturated area was also reproduced from D-5 to 8 in Line-D. However, a 

saturated area was also calculated just above the bedrock surface at these points. In addition, the 
values above the bedrock surface were negative at D-1 to 3. These did not correspond to the observed 
data, which showed positive values at these points. In Lines-E and F, the groundwater level was lower 

than the observed data, and the  values above the bedrock surface were negative in the right sections 
of the lines. Figures 4.14a and 4.14c illustrate the distributions of the calculated  in the vertical  

Fig. 4.12 Distributions of calculated pressure head, , at the soil-bedrock interface at time 
points (a) T1 and (b) T2. Arrows denote the calculated magnitude and direction of water 
flux vectors.
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cross-sections of Lines-V1 and V2, respectively, under the no-rainfall condition (T1; Fig. 4.3a). The 
sudden appearance of groundwater between A-4 and B-4 was well reproduced compared to the 
observation data (Fig. 4.6a). However, the perched water in the middle layer at E-3 and F-3 was not 
calculated. Conversely, in Line-V2 (Fig. 4.14c), the perched saturated area and large lateral flow were 
calculated in the middle layer of C-7 and D-6, which corresponded well with the observed distribution 
(Fig. 4.6c).  

Thus, the observed heterogeneous  distributions such as the bedrock groundwater seepage 
and perched water were reproduced well in the model calculation by introducing the source terms and 
stratified soils having high and low hydraulic conductivities in the weathered bedrock layer. 

Fig. 4.13 Distributions of calculated pressure head, , in the vertical cross-sections of Lines-A 
to F at time points (a) T1 and (b) T2. Arrows denote the calculated magnitude and direction of 
water flux vectors.
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4.3.2.4 Calculated  distribution at the peak of rainfall
Next, another calculation scenario was conducted to reproduce the  distribution at the peak 

of the rainfall event. The initial  values were set to the calculated  under the no-rainfall condition 
(T1; e.g., Fig. 4.12a) described above. The hourly precipitation (Fig. 4.11b) and base flow volume (Fig. 
4.11a) from 22 to 25 June 2011 were input. 

Fig. 4.14 Distributions of calculated pressure head, 

, in the vertical cross-sections of Lines-V1 and V2 
at time points T1 and T2: (a) Line-V1 at T1 and (b) 
T2 and (c) Line-V2 at T1 and (d) T2. Arrows 
denote the calculated magnitude and direction of 
water flux vectors. 
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Figure 4.12b illustrates the calculated  distribution at the soil-bedrock interface at the peak 
of the rainfall (T2; Fig. 4.3a). Although a transient saturated zone covered the slope widely, negative 
values were calculated at C-6 and 7. The continuous high pressure zones observed in the right and left 
sections (Fig. 4.4e) were not calculated. Nonetheless, the high pressure zone was calculated in Lines-E 

and F, corresponding to the observed data. Figure 4.13b illustrates the calculated  distributions in the 
vertical cross-sections of Lines-A to F before the rainfall event (T1; Fig. 4.3a). Although the saturated 
water level was lower than that in the observed data (Fig. 4.5b), the high pressure zones above the 
bedrock surface in Lines-E and F were successfully reproduced. It is notable that an exfiltration flux 
was calculated within the high pressure zone in Line-F, considering the fact that the accumulated water 
exceeded the transmission capacity of the weathered bedrock layer (Roger and Selby, 1980; Pierson, 

1983; Uchida et al., 2004). Figures 4.14b and 4.14e illustrate the distributions of the calculated  in 
the vertical cross-sections of Lines-V1 and V2, respectively, at the peak of the rainfall (T2; Fig. 4.3a). 

In Line-V1, although  did not increase at D-3, a continuous high  area was calculated at E-3 and 
F-3, corresponding to the observed data (Fig. 4.6b). In Line-V2, a continuous high  area was also 
calculated at E-5 and F-4. However, negative  values were calculated at C-7 and D-6, where the 
observed  values showed a large increase (Fig. 4.6d). 

Thus, the high pressure zones in the right and left sections of the slope generated at the peak 
of the rainfall were not reproduced by the model calculation. Because of the irregularly developed 
fractures within the weathered bedrock layer, the distribution of the hydraulic conductivity was 
considered to be highly heterogeneous. In previous studies that modeled preferential pipe flow, the 
parallel piped unit domains were separated from the surrounding soil domain, and water flow was 
solved using Manning’s equation (e.g., Tsutsumi et al., 2005). To reproduce the preferential flow using 
only the distribution of the hydraulic conductivity, a larger finite element grid might be needed. As an 
alternative, the volume of water flow through the intakes in the model (Fig. 4.9) might not be 
sufficient to generate preferential flows. It is possible that the water infiltration into the weathered 
bedrock layer was activated when the vertical preferential flow networks were filled with water as a 
result of the large hydraulic gradients during storm events. Tsuboyama et al. (1994) found an increase 
in the macropore flow rate, which they attributed to the extension of macropore networks during 
wetter conditions. Nonetheless, the model calculation successfully reproduced the hydrological 
process at the rainfall event, where water flows into a weathered bedrock layer through water intakes, 
and the accumulated water generated excess pore water pressure at the lower section of the slope. 

4.4 Conclusions 
We analyzed the high-resolution and three-dimensional water movement data obtained by 

intensive tensiometer measurements to clarify the hydrological process, including heterogeneous 
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phenomena, in detail. Under a no-rainfall condition, especially high  values with an exfiltration flux 
were detected at points B-4 and 5 in the upper section of the slope. At these points, the temporal 
waveforms showed delayed responses only to heavy storm events and gradual recession limbs, which 
indicated the existence of perennial groundwater seepage flow through bedrock fractures. The seepage 
water spread in the downslope direction and supplied water constantly to the lower section of the slope. 
At some points in the center of the slope, a perched saturated area was detected in the middle layer, 

while  exhibited negative values above the bedrock surface.  
At the peak of a rainfall event, continuous high pressure zones (i.e., > 50 cmH2O) were 

generated in the right and left sections of the slope. Both of these high pressure zones converged at the 

lower region, showing a sharp  spike up to 100 cmH2O. Along the high pressure zones, flux vectors 
showed large values and water exfiltration, indicating the occurrence of preferential flow. Moreover, 
the preferential flow occurred within the area beneath the perched water, indicating the existence of a 
weathered bedrock layer. This layer had low permeability, which prevented the vertical infiltration of 
water in the upper part of the layer, but had high permeability as a result of the fractures distributed 
heterogeneously inside the layer. These fractures acted as a preferential flow channel and flushed the 
water derived from lateral flow accumulated from the upslope area during the rainfall event.  

To reproduce the observed heterogeneous  distributions, the spatial distributions of 
hydraulic properties were estimated and assigned to a physics-based three-dimensional simulation 

model. The base flow volume, which was estimated from both the observed trench flow and 
waveform at a groundwater seepage point, was assigned to the source terms. The weathered bedrock 
layer was represented by stratified soils having high and low hydraulic conductivities. As a result, the 

model calculation reproduced well the observed heterogeneous  distributions such as the bedrock 
groundwater seepage under a no-rainfall condition. Moreover, the model calculation successfully 
reproduced the hydrological process at a rainfall event, where water flowed into the weathered 
bedrock layer through water intakes, and accumulated water generated an excess pore water pressure 
at the lower section of the slope, although the high pressure zones in the right and left sections of the 
slope were not reproduced.  

As a consequence, the three-dimensional hydrological process including heterogeneous 
phenomena in the studied hillslope was elucidated, and the hydraulic properties such as the water 
supply and spatial distribution of the hydraulic conductivities were estimated. The hydrological 
process was well reproduced by the model calculation. In future studies, this study will contribute to 
the improvement of runoff/landslide prediction which takes into account the heterogeneous 
hydrological properties. 
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CHAPTER 5 

The use of long-term intensive measurements of soil pore water pressure to 
analyze temporal variations in hydrological processes on a hillslope 

5.1 Introduction 

Previous studies have suggested that specific heterogeneous hydrological phenomena vary in 

magnitude and position over time. Preferential pipe flow (e.g., Uchida et al., 2001; Jones, 2010) 

exhibits temporal variations in location and flow volume. Lateral water flow through preferential pipes 

contributes to subsurface soil erosion, which develops the pipe network (e.g., Tsukamoto et al., 1988; 

Brian and Jones, 1997; Holden, 2006). The improved drainage capacity within the enhanced pipe 

network may dissipate the perched water table during a rainfall event (McDonnell, 1990; Sidle et al., 

1995). In contrast, water readily fills the pipe cavity when it is plugged, which leads to local elevation 

of soil pore water pressure in the surrounding soil matrix during a rainfall event. These concepts of 

pipe flow processes were estimated using relatively short-term outlet discharge data from pipes, 

point-scale tensiometric data from field observations, and bench-scale experiments (e.g., Pierson, 

1983). 

Weathering of bedrock may also change hydrological properties on a hillslope, such as the 

topography of the bedrock surface, which controls subsurface storm flow patterns (Freer et al., 2002). 

Moreover, bedrock fractures developed by weathering contribute to changes in hydrological properties. 

Heterogeneously distributed fractures in the near-surface bedrock create large spatial variability in 

hydraulic conductivity (e.g., Olofsson et al., 1994; Montgomery et al., 1997, 2002). However, these 

processes of temporal variation in hydrological properties have not been observed directly in the field 

by long-term water movement measurements. 

 The objective of this chapter was to trace the variation in hydrological processes using 

long-term hydrological observations. We analyzed 4 years of observational data from the study 

hillslope based on the results of three-dimensional water movement observations presented in Chapter 

4. 

5.2 Materials and Methods 

5.2.1 Tensiometer observations 

We continuously monitored the soil pore water pressure (soil matric pressure head, ) at the  
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study site (described in Chapter 2) using densely nested tensiometers. Figure 5.1a shows the ground 

surface topographic map and locations of all observation points. Figures 5.1b and 5.1c show the 

topographic maps and soil thickness distributions of the middle layer and bedrock surface, respectively. 

The bedrock surface was determined by penetration resistance, Nc, which exceeded 100 based on 

recent studies conducted in granitic watersheds (Katsura et al., 2005; Kosugi et al., 2006). The 

description of the penetration test using the CPMP is shown in Chapter 3. The middle layer was the 

midpoint between the bedrock surface and the shallow tensiometers (described below). At points 

where shallow tensiometers were not installed, the middle layer was the midpoint between the bedrock 

surface and the ground surface. 

From 1 June to 12 October 2008, we monitored  with 57 tensiometers installed at the 

soil–bedrock interface (denoted by dots in Fig.5.1c). The tensiometers were installed at all CPMP 

observation points (described in Chapter 3) along six horizontal lines (A–F) extending downward from 

the top of the slope (Fig. 5.1a). After 15 July 2008, we monitored  at point C-3 of the middle layer 

(named as C-3M) at a depth of 130 cm. From 1 June to 1 November 2009, we monitored  with an 

extra 54 tensiometers in addition to the original 57 tensiometers. Thirty-five extra tensiometers were 

installed at a depth of 30 cm (denoted by dots in Fig. 5.1b), which are referred to hereafter as shallow 

tensiometers. The other 19 tensiometers were installed in middle layers (denoted by squares in Fig. 

Fig. 5.1 (a) Ground surface topographic map and locations of all observation points. The 

broken line indicates the location of the vertical cross-section shown in Fig. 5.5, passing 

through A-8, B-9, C-7, D-6, E-5, and F-4. (b) Middle layer topographic map and soil 

thickness distribution from ground surface to the middle layer. Dots and squares denote the 

tensiometers installed in shallow and middle layers, respectively. Tensiometers were not 

installed in shallow and middle layers outside the domain bounded by the broken line. (c) 

Bedrock surface topographic map and soil thickness distribution from ground surface to 

bedrock surface. Dots denote tensiometers installed at the soil–bedrock interface. The contour 

interval of each topographic map is 0.5 m. 
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5.1b) between the shallow and deep tensiometers at depths of 80–160 cm. We monitored  from 15 

June to 20 October 2010 and from 15 June to 14 November 2011 with the same set of tensiometers in 

2009. 

The tensiometers were attached to pressure transducers (PA-850-102V-NGF; Copal 

Electronics, Shinjuku, Tokyo, Japan).  values were recorded at 5-min intervals throughout the 

observation period using a data logger (CR1000; Campbell Scientific, Logan, UT, USA). 

5.2.2 Rainfall and discharge observations 

From 1 June 2009, we observed discharge from the bedrock groundwater spring located 

inside the old landslide scarp adjacent to the study site (left panel in Fig. 2.2). The springwater was 

channeled into a 0.5-L tipping bucket that was leveled and fixed to a solid structure. Accumulated 

bucket tips were recorded at 5-min intervals throughout the observation period using the data logger. 

From 15 June to 6 September 2011, we observed subsurface trench flow from an artificial trench 

excavated approximately 2 m downslope from Line-F (right panel in Fig. 2.2). We monitored the 

trench flow volume using a 30° V-noch weir with a water-level recorder (DL/N70; Sensor Technik 

Sirnach AG, Sirnach, Switzerland) at 5-min intervals throughout the observation period. A rain gauge 

was placed in an open space on the ridge near the study hillslope (left panel in Fig. 2.2). 

5.3 Results and Discussion 

5.3.1 Comparison of water flow characteristics between 2009 and 2011 

5.3.1.1 No-rainfall condition 

We conducted a comparison of  variations between 2009 and 2011 to examine the annual 

changes in the hydrological process. First, we compared the distributions in  before the beginning of 

rainfall at time points T1 and T3, indicated by broken lines in Figures 5.2a and 5.2c. The rainfall 

amounts at T1 were 26 and 176 mm during the antecedent seven and fourteen days, respectively. 

Rainfall amount at T3 was 11 and 49 mm during antecedent seven and fourteen days, respectively, and 

this condition was dryer than that at T1. 

Figures 5.3a and 5.3b illustrate the distribution of  in the middle layer and at the 

soil–bedrock interface, respectively, before the beginning of rainfall in 2009 (T1; 15:00 on 16 July 

2009). At the points where tensiometers were not installed in the middle layer,  for the middle layer 

was calculated by interpolation of  values at shallow depths and the soil–bedrock interface (denoted 

by only dots in Fig. 5.1b) or by subtracting the difference in elevation head (vertical coordinates) from 
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the  value at the soil–bedrock interface (outside the domain bounded by a broken line in Figs. 5.1b 

and 5.3a). Arrows in the figures denote the value and direction of the water flux vector, q. We set 

triangular elements composed of three tensiometer position nodes to calculate q. The mean hydraulic 

gradient in each element was estimated from the hydraulic head (i.e., total head, H) at each node, 

calculated as the sum of  and the vertical coordinates. In addition, hydraulic conductivity, K, for each 

element was calculated using the functional K- curves shown in Figure 2.5b. Then, q was calculated 

by multiplying K by the mean hydraulic gradient. 

The saturated area ( 0) started at B-4 and 5 and extended toward the lower region in the 

middle layer (Fig. 5.3a). Flux vectors mostly pointed downward and showed large values in the 

saturated area. At the soil–bedrock interface (Fig. 5.3b), the saturated area started at B-4, 5, and C-9 

(denoted by circles in Fig. 5.3b) and spread downward. Particularly high  values were observed at 

B-4 and 5 despite no rainfall. Flux vectors pointed downward and were large values in the saturated 

area. However,  showed an unsaturated condition in the middle section of the slope (i.e., C-5 to 7, 

D-5 to 7, and E-3), where the bedrock surface was hollowed (Fig. 5.1c) and did not correspond to the 

bedrock topography. At these points,  was positive in the middle layer (Fig. 5.3a), indicating the 

existence of perched water in the middle layer. Flux vectors showed quite small values in the 

unsaturated area at the soil–bedrock interface due to steep decline of K in the negative  range (Fig. 

2.5b).  

Fig. 5.2 (a) Hyetograph and accumulated rainfall from 16 to 20 July 2009. (b) Temporal 

variation in pressure head,  at D-4 and E-5 from 16 to 20 July 2009. (c) Hyetograph and 

accumulated rainfall from 21 to 25 June 2011. (b) Temporal variation in  at D-4 and E-5 

from 21 to 25 June 2011. Broken lines indicate time points T1–T4.
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Fig. 5.3 Distributions of pressure head,  (a) in the middle layer and (b) at the bedrock 

surface, and (c) distribution of the vertical flux value at time point T1, denoted in Fig. 5.2a. 

Distributions of  (d) in the middle layer and (e) at the bedrock surface, and (f) distribution 

of the vertical flux value at time point T3, denoted in Fig. 5.2c. Circles denote the generation 

point of the saturated area at the soil–bedrock interface under the no-rainfall condition. 

Symbols and arrows have the same meaning as in Fig. 5.4. Broken line in (a) and (d) has the 

same meaning as in Fig. 5.1b.
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In comparison with Figures 5.3a and 5.3b, Figures 5.3d and 5.3e illustrate the distribution of 

 in the middle layer and at the soil–bedrock interface, respectively, before the beginning of rainfall in 

2011 (T3; 0:00 on 22 June 2011). In the whole area,  values were slightly lower than those in 2009 

(Figs. 5.3a and 5.3b) due to smaller antecedent precipitation. In particular, the water level at B-4 and 5 

at the soil–bedrock interface (Fig. 5.3e) was lower than that in 2009 (Fig. 5.3b). In the middle layer 

(Fig. 5.3d), the area around E-3M was saturated, whereas it was unsaturated in 2009 (Fig. 5.3a). 

Nevertheless, the shapes of the saturated area and the directions of the flux vectors in 2011 showed a 

similar trend to those in 2009 in both the middle layer and the soil–bedrock interface, indicating that 

the water flow domain under a no-rainfall condition varied only slightly from 2009 to 2011. 

Figures 5.3c and 5.3f illustrate the vertical flux distributions in 2009 and 2011, respectively, 

calculated by multiplying K by the mean hydraulic gradient between the middle layer and 

soil–bedrock interface at each point. Note that we cut off the data at the points where a tensiometer 

was installed only at the soil–bedrock interface (outside the domain bounded by a broken line in Fig. 

5.1b), because at least two data points are required to estimate the hydraulic gradient. A negative value 

indicates the infiltration flux, and a positive value indicates the exfiltration flux. Figures 5.3c and 5.3f 

show that the exfiltration flux existed at B-4 and 5, where particularly high  values were observed at 

the soil–bedrock interface (denoted by circles in Figs. 5.3b and 5.3e), although the infiltration flux was 

dominant throughout the slope. The result suggests that bedrock groundwater was seeping from B-4 

and 5 despite no rainfall. Thus, the vertical flux distribution under a no-rainfall condition also showed 

similar trends in 2009 and 2011. 

5.3.1.2 Peak for rainfall event 

We compared the distributions of  at the peak of rainfall in 2009 and 2011. We focused on 

two heavy storm events that occurred from 16 to 19 July 2009 (total rainfall was 103 mm; maximum 

rainfall was 14 mm/hr; Fig. 5.2a) and from 22 to 24 June 2011 (total rainfall was 102 mm; maximum 

rainfall was 13 mm/hr; Fig. 5.2c). Figures 5.2a and 5.2c show the hyetographs and accumulated 

rainfall for the two events, both of which had nearly the same amount and intensity. Figures 5.2b and 

5.2d show temporal variations of  at points D-4 and E-5. 

Figures 5.4a, 5.4b, and 5.4c illustrate the distributions of  in the middle layer,  at the 

soil–bedrock interface, and the vertical flux value, respectively, at the peak of rainfall in 2009 (T2; 

6:00 on 18 July 2009). In the middle layer (Fig. 5.4a), a transient saturated zone expanded into upslope 

regions by rainfall infiltration except at E-3M where  maintained negative. In particular, a large 

increase in  was observed at C-3M and F-4M (denoted by triangles in Fig. 5.4a). The flux vectors 
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Fig. 5.3 Distributions of pressure head,  (a) in the middle layer and (b) at the bedrock 

surface, and (c) distribution of vertical flux value at time point T2, denoted in Fig. 5.2a. 

Distributions of  (d) in the middle layer and (e) at the bedrock surface, and (f) distribution 

of vertical flux value at time point T4, denoted in Fig. 5.2c. Circles denote the generation 

point of the saturated area at the soil–bedrock interface under the no-rainfall condition. 

Triangles denote points showing a large increase in  at the peak of rainfall. Arrows denote 

the magnitude and direction of water flux vectors. Broken line in (a) and (d) has the same 

meaning as in Fig. 5.1b.
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indicated that water mostly flowed downward., A transient saturated zone covered almost the whole 

slope at the soil-bedrock interface (Fig. 5.4b), whereas some points in the central and lower sections of 

the slope (i.e., C-5, D-5, 6, and E-3) remained unsaturated. Notably, a large increase in  was 

observed at six points (denoted by triangles in Fig. 5.4b).  values increased at least 50 cmH2O at 

these points, coinciding with rainfall peaks (e.g., D-4 in Fig. 5.2b). As a result, a continuous high 

pressure zone (i.e., > 50 cmH2O) expanded from B-4 and passed through C-4 and D-3. However, the 

zone curved to the left because straight expansion toward the lower region was intercepted at E-3, 

where  showed a negative value. After the interception, the zone passed through D-4, E-4, and F-4 

and then reached the lower end of the slope. In contrast, a high pressure zone also existed in the left 

section at C-6 and 7. However, expansion of the high pressure zone was intercepted by D-5 and 6, 

where  showed negative values. As a result, the left high pressure zone did not reach the lower end of 

the slope. Flux vectors indicated that water mostly flowed downward along the high pressure zones. 

The exfiltration flux existed in the left high pressure zone (i.e., C-6 and 7 in Fig. 5.4c) and in the lower 

part of the right high pressure zone (i.e., D-3). These points were located just above the D-5, 6, and 

E-3 points and remained unsaturated during a storm event (Fig. 5.4b). Infiltration flux occurred 

predominantly in the lower region of the slope. 

In comparison with Figures 5.4a, 5.4b, and 5.4c, Figures 5.4d, 5.4e, and 5.4f illustrate the 

distributions of  in the middle layer,  at the soil–bedrock interface, and vertical flux value, 

respectively, at the peak of rainfall in 2011 (T4; 10:30 on 23 June 2011). A transient saturated zone 

expanded into upslope regions in the middle layer (Fig. 5.4d), including at E-3M, where  remained 

negative in 2009 (Fig. 5.4a). As in 2009, a large increase in  (denoted by triangles) was observed at 

C-3M and F-4M (Fig. 5.4a). However, large increase in  was observed at 13 points (denoted by 

triangles) at the soil–bedrock interface (Fig. 5.4e), whereas it was observed at six points in 2009 (Fig. 

5.4b). In the right section of the slope, the continuous high pressure zone expanded from B-4 and 

passed through C-4, D-3, E-3, and F-3. Compared with 2009 (Fig. 5.4b), a large increase in 

appeared at E-3 and F-3, and disappeared at D-4 (e.g., Fig. 5.2b and 5.2d) within the right high 

pressure zone. As a result, the right high pressure zone developed in a straight pattern. In the left 

section, the continuous high pressure zone started from B-9, passed through C-7, D-6, E-5, and F-4, 

and then reached the lower end of the slope. Compared with 2009 (Fig. 5.4b), a large increase in 

appeared at B-9, D-6, and E-5 within the left high pressure zone. As a result, both high pressure zones 

converged in the lower region, resulting in a large  increase of up to 100 cm (e.g., E-5 in Fig. 5.2d).  

Although flux vectors pointed upslope around the converging region (i.e., E-3 and 4), they 

mostly showed large values and pointed downward along the high pressure zones, indicating that a 

large quantity of water flowed toward the lower end of the slope through the zones. Exfiltration flux 
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existed in the whole area of the left high pressure zone (i.e., B-9, C-7, D-7 in Fig. 5.4f), lower part of 

the right high pressure zone (i.e., D-3), and in the converging region (i.e., E-3 to 5 and F-3). Such 

exfiltration flux along the high pressure zones indicates that excess pore water pressure was generated 

along the zones. These results indicate that preferential water channels (e.g., Uchida et al., 2001; Jones, 

2010) were passing through these points, which were activated during the rainfall event and flushed a 

large quantity of water rapidly to the lower end of the slope. Additionally, a pipe produces the excess 

pressure in the surrounding soil when accumulated water exceeds transmission capacity (Roger and 

Selby, 1980; Pierson, 1983; Uchida, 2004). 

Thus, the preferential water flow occurring at the soil–bedrock interface was intercepted at 

points D-5, 6, and E-3, in 2009 (Fig. 5.4b), whereas  remained negative during a rainfall event. In 

contrast, these three points showed a large increase in  in 2011(Fig. 5.4e) and a preferential channel 

was likely to be developed toward a lower direction. Such channel development was due to the erosive 

action of lateral water movement, which is one of the most important factors in pipe development 

(Tsukamoto et al., 1988; Brian and Jones, 1997; Holden, 2006). This is the first time that the 

development process of a preferential channel has been observed through multi-year observations of 

three-dimensional water flux. In contrast, the disappearance of the large  increase at D-4 (Fig. 5.4e) 

suggests that the right preferential channel developed straight from D-3 to E-3 and did not pass 

through D-4. 

 Exfiltration flux was detected in the converging region (i.e., E-3 to 5 and F-3; Fig. 5.4f) at 

the peak of rainfall in 2011. Although two channels were likely to develop by erosive action during the 

3 years, the concentration of water exceeded the transmission capacity of the channels; thus, the 

excess water flowed upward into the middle layer, where hydraulic conductivity is higher than in the 

channels. Excess water was likely present in the converging region due to overabundant water 

accumulation in the two channels. 

5.3.1.3 The hydrological process within the weathered bedrock layer 

The detailed mechanism of water flow variations between 2009 and 2011 is shown clearly in 

Figure 5.5, which illustrates the distribution of  in vertical cross-section along the left high pressure 

zone, passing through A-8, B-9, C-7, D-6, E-5, and F-4 (denoted by broken line in Fig. 5.1a). Figures 

5.5a and 5.5b show the distributions of  at the time points T1 and T2 in 2009 (Fig. 5.2a), and Figures 

5.5c and 5.5d show the distributions of  at T3 and T4 in 2011 (Fig. 5.2c), respectively. 

Under the no-rainfall conditions in 2009 and 2011 (Figs. 5.5a and 5.5c), the perched 

saturated area existed in the middle layer from C-7 to E-5, where flux vectors indicated the occurrence  
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Fig. 5.3 Distributions of pressure head,  in the vertical cross-section along the left high 

pressure zone denoted by the broken line in Fig. 5.1a at time points denoted in Figs. 5.2a and 

5.2c: (a)T1, (b)T2, (c)T3, and (d)T4. Symbols and arrows have the same meaning as in Fig. 5.4.

Fig. 5.6 Schematic illustrations of the hydrological process along the left preferential 

channel in (a) 2009 and (b) 2011.
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of large lateral flow. Flux vectors indicated the occurrence of very small vertical infiltration in the 

unsaturated area beneath the perched water, indicating that the water mostly flowed above the middle 

layer, whereas very little infiltrated toward the bedrock surface under no-rainfall conditions. These 

results indicate that the soil layer in this area had low permeability, which prevents vertical infiltration 

of water. At the same time, the water-retaining capacity was low inside the layer. As described in 

Chapters 2 and 3, a relatively thick weathered bedrock layer (i.e., subsurface soil layer) exists below 

the surface soil layer at the study hillslope. The weathered bedrock showed lower hydraulic 

conductivity than did the surface soil (Fig. 2.4). However, previous studies have suggested that 

fractures in near-surface bedrock are distributed heterogeneously, creating large spatial variability in 

hydraulic conductivity (e.g., Montgomery et al., 1997, 2002). The development of a perched saturated 

area under no-rainfall conditions indicated that the weathered bedrock layer had low permeability, 

which prevented vertical infiltration of water in the upper part of the layer but resulted in low 

water-retaining capacity due to the fractures distributed heterogeneously inside the layer. 

Notably, the preferential flow discussed above occurred within the weathered bedrock layer. 

At the peak of rainfall in 2009 (Fig. 5.5b),  exhibited a large increase at C-7 inside the layer, whereas 

 was unsaturated at D-6, indicating that the preferential flow channel was intercepted at D-6. The 

upward flux vectors at C-7 indicated that water ran upon the middle layer. In contrast, the high 

pressure zone continued above the bedrock surface from B-9 to F-4 in 2011 (Fig. 5.5d), where flux 

vectors pointed upward in almost the entire area due to excess water from the preferential water 

channel. These results indicate that lateral flow accumulating upslope flowed into fractures of the 

weathered bedrock layer and acted as preferential flow. Montgomery et al. (2002) also reported sharp 

and large  increases with exfiltrating hydraulic gradients during storm events in this layer, which 

showed a similar  waveform to our results (i.e., Fig. 5.2b and 5.2d). Variation in the distribution of 

the high pressure zone between 2009 and 2011 showed that the preferential flow channel through the 

fractures developed to pass through D-6 by weathering or erosive actions during the 3 years.  

Figures 5.6a and 5.6b show schematic illustrations of the hydrological process along the left 

preferential channel in 2009 and 2011. Based on  and flux distributions in Fig. 5.5, we added the 

considerations of fracture development within the weathered bedrock layer. In 2009, the preferential 

flow channel within the fractures of weathered bedrock stopped at C-7 (Fig. 5.6a), where exfiltration 

flux was generated. Preferential flow above the bedrock surface did not reach D-6 because fractures 

within the weathered bedrock had not developed at D-6. In 2011(Fig. 5.6b), the preferential flow 

channel enlarged through the lower end of the slope because of the development of fractures and the 

erosive actions of water. As the volume of water exceeded the transmission capacity of the channel, 

the excess water flowed upward into the middle layer, showing an exfiltration flux. 
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5.3.2 Temporal variations in the hydrological process during 4 years 

5.3.2.1 Seasonal variations in  and discharge data 

Figure 5.7a summarizes the temporal variations in bedrock groundwater spring hydrograph 

in the old landslide scarp (left panel in Fig. 2.2) and trench flow (right panel in Fig. 2.2) from 2009 to 

2011. Figures 5.7b and 5.7c also summarize the temporal variations in  values throughout the 

observation period from 2008 to 2011 at representative points: B-4, 5, C-1, and E-2 (Fig. 5.7b) and 

E-5 and F-3 (Fig. 5.7c). Hyetographs are also shown in Figures 5.7a, 5.7b, and 5.7c. 

The bedrock groundwater spring hydrograph showed similar waveform to  values at B-4 

and 5, which showed delayed dull peaks responding solely to heavy storm events. Particularly high 

values and exfiltration flux were detected at B-4 and 5 under no-rainfall conditions (circles in Figs. 

5.3b and 5.3e). Such delayed responses, only to heavy storm events, and gradual recession limbs are 

distinctive trends of bedrock groundwater level and seepage flow through bedrock fractures (Hirose et 

al., 1994; Onda et al., 2001; Katsura et al., 2008; Kosugi et al., 2008). These results confirmed that 

perennial groundwater was seeping from B-4 and 5 as in the bedrock spring of the scarp.  values 

remained positive throughout the observation period at E-2, and exhibited similar waveforms to B-4 

and 5 except a slight variation of . At C-1,  showed rapid peaks coinciding with rainfall peaks and a 

persistent decrease, with negative values during no-rain periods. These  responses to rainfall 

exhibited similar trends throughout the observation period from 2008 to 2011. 

In contrast, the trend in  response varied during each rainfall event at points located within 

the preferential flow channel (e.g., D-4 and F-5; Figs. 5.2b and 5.2d). Figure 5.7c shows the temporal 

variations in  response throughout the observation period.  maintained uniform values at E-5, even 

during rainfall events, in 2008 and 2009. However,  spiked sharply and had quite high positive 

values (approximately 150 cmH2O) in June and July 2010, coinciding with individual rainfall peaks. 

After August 2010, the peak  values decreased gradually, regardless of rainfall intensity. The peak 

values showed quite high positive values again in 2011. Conversely,  spiked sharply and had quite 

high positive values (approximately 200 cmH2O) at F-3, coinciding with individual rainfall peaks in 

2008. However, peak  values decreased in 2009 and 2010, regardless of rainfall intensity. Finally, 

spike response completely disappeared and  values remained uniform in 2011. These temporal 

alternations in the peak  values were independent of rainfall intensity. 

Thus, the  spike response appeared and disappeared year by year, whereas other points 

exhibited similar  responses throughout the observation period. Additionally, the peak  spike 

response values increased and decreased irregularly each year. 
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5.3.2.2 Temporal variations in the spike response  

Figure 5.8 demonstrates a simplification in the magnitude of the  spike response at E-5. 

Figure 5.8a shows the temporal variation in  and the hyetograph for 4 years at E-5 (same as E-5 in 

Fig. 5.7c). First, the amount of increase in  ( ) was calculated by subtracting the base value from 

the raw  values. The base  value was fixed to the  value under dry conditions, which remained 

almost the same throughout the observation period: e.g., 20 cmH2O at E-5 and -5 cmH2O at D-4 (Fig. 

5.7c). Because active water movement, such as preferential flow, occurs only in positive pressure areas, 

we set the base  value to 0 for points with a negative base value. Second,  was divided by the 

maximal  value throughout the observation period ( max) to estimate the magnitude of  increase. 

Figure 5.8b shows the temporal variation in the magnitude of increase (  / max) at E-5. Then, we 

classified the magnitude of the  spike response into three types based on / max as follows: 0 

/ max) 0.2 for no response, 0.2 / max) 0.6 for a small response, and 0.6 / 

max) 1 for a large response. Figure 5.8c shows the resulting simplified magnitude of the  spike 

response at E-5. 

Fig. 5.8 An example demonstrating the process for simplifying the magnitude of the 

pressure head,  spike response at E-5. (a) Temporal variation in  and hyetograph for 4 

years at E-5. (b) Temporal variation in the magnitude of increase (  / max) at E-5. (c) 

Simplified magnitude of the spike response at E-5.
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Figure 5.9a summarizes the simplified magnitude of the  spike response at 19 points 

throughout the entire observation period from 2008–2011, following the process shown in Figure 

5.7a–c. Annual variations indicated that the response had appeared during the observation period at 

some points: e.g., at E-5, although no response was detected until 2009. Subsequently,  exhibited a 

large response in the first part of 2010 and most of 2011. Conversely, although  exhibited a large 

response in 2008 at D-4, only a small response was detected in 2009 and 2010. Finally, no response 

was detected in 2011. Moreover, the large, small, and no responses switched frequently within a year. 

Figure 5.9b summarizes the temporal variation in the number of points that exhibited large, 

small, and no response from 2008 to 2011. The number of points that showed a large or small response 

tended to increase year by year, indicating that the preferential flow channels were enlarged by 

development of fractures and the erosive actions of water within the weathered bedrock layer. Rock 

Fig. 5.9 (a) Simplified magnitude of the pressure head,  spike response at 19 points 

throughout the entire observation period from 2008 to 2011. (b) Temporal variation in the 

number of points that exhibited large, small, and no spike response from 2008 to 2011.
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fractures generally develop due to physical weathering processes, such as freeze-thaw cycles (e.g., 

Nicholson and Nicholson, 2000). A sediment production process due to freeze-thaw cycles during the 

winter has been observed for many years on bare slopes located near the study hillslope (e.g., Fujita et 

al., 2005). On the other hand, previous studies have documented the change in soil hydraulic 

conductivity caused by freeze-thaw cycles. Cracks that develop during freeze-thaw cycling increase 

hydraulic conductivity because preferential flow occurs through the crack network (e.g., Othman and 

Benson, 1993). Thus, freeze-thaw cycling created fractures within the weathered bedrock layer at the 

study site during three winter seasons throughout the observation period. However, the number and 

proportion of large responses tended to decrease over time in each year (Fig. 5.9b). Fine particles may 

have been stuck within the fractures of weathered bedrock and washed out by water flow from spring 

to fall, resulting in improved transmission capacity of the channel. Fine particles are likely to have 

been generated within the fractures during freeze-thaw cycling in winter. 

Thus, freeze-thaw cycles seem to play an important role in fracture development in the 

weathered bedrock layer. However, we did not obtain  data when freeze-thaw cycles occurred 

because we stopped observations under snowfall and the low tempretures of winter. Furthermore, no 

previous study has reported a change in rock hydraulic conductivity due to freeze-thaw cycles, 

although many soil studies have been conducted. Future studies should conduct  observations during 

the winter season using heaters to prevent tensiometers failure. 

5.3.2.3 Temporally variable flow area 

Figures 5.10a and 5.10b plot the location of all points showing  spike responses at the 

soil–bedrock interface. Figures 5.10a and 5.10b also illustrate the distribution of  in the middle layer 

and at the soil–bedrock interface, respectively, before the beginning of rainfall (T3; same as Fig. 5.3d 

and 5.3e). As shown in Fig. 5.9a, not all points exhibited a  spike response every year. Based on the 

existence or non-existence of responses in 2008 and 2011 (Fig. 5.9a), the points were classified into 

three types: responses existed (x) in both 2008 and 2011 (denoted by closed squares in Figs. 5.10a and 

5.10b), (y) in 2011 but not in 2008 (denoted by open squares), and (z) in 2008 but not in 2011 (denoted 

by crosses). The connected area showing type (x) (e.g., D-3, E-4, and F-3) indicates that preferential 

flow occurred constantly throughout the observation period in that area. In the area showing type (y), 

the preferential flow channel was generated during the observation period by the development of 

fractures and erosive actions within the weathered bedrock layer. Conversely, the preferential channel 

transferred to another point in the type (z) area because the preferential channel developed straight 

during the observation period (e.g., D-4). 
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On the other hand, the location of points including types (x), (y), and (z) clearly 

corresponded to the points where  showed negative values at the soil–bedrock interface (Fig. 5.10b) 

and perched water was detected in the middle layer (Fig. 5.10a) under no-rainfall conditions (i.e., C-6, 

7, D-3 to 7, and E-3). This result indicated that the fractured and weathered bedrock layer existed in 

this area because both perched water and preferential flow channel are distinctive characteristics of the 

weathered bedrock layer (discussed in Figs. 5.5 and 5.6). Montgomery et al. (2002) reported that the 

weathered and fractured bedrock layer significantly affected hillslope hydrological processes; lateral 

saturated drainage through the layer may lead to locally elevated  values and exfiltration flux. 

However, the temporal variability in the preferential flow domain within the layer has not been 

documented previously. We determined that this area acts as preferential flow domain, divided into 

three different temporal patterns described as types (x), (y), and (z). The hydrological processes in this 

area are critical to generate runoff and create shallow landslides because the temporal variation in 

preferential flow domain should induce an unexpected local increase in . In this study, we revealed 

such a temporally variable flow area for the first time by multi-year observations of three-dimensional 

water flux. 

Fig. 5.10 Location and classification of all points that showed the pressure head,  spike 

response at the soil–bedrock interface. Closed squares denote type (x): responses existed in 

both 2008 and 2011. Open squares denote type (y): responses occurred in 2011 but not in 

2008. Crosses denote type (z): responses occurred in 2008 but not in 2011. Background 

colors show the distribution of  (a) in the middle layer and (b) at the soil–bedrock 

interface, respectively, at time point T3, denoted in Fig. 5.2c.
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5.4 Conclusions 

We analyzed long-term three-dimensional water movement data obtained by intensive 

tensiometer nests to trace temporal variations in the hydrological process. First, we compared pressure 

head, , variations between 2009 and 2011. The shapes of saturated areas and the directions of flux 

vectors under no-rainfall condition in 2011 showed a similar trend to that in 2009, indicating that the 

water flow domain under a no-rainfall condition varied only slightly from 2009 to 2011. In contrast, 

the  response to the rainfall event in 2009 was dramatically different from that in 2011, particularly 

at the soil–bedrock interface. Compared with 2009, continuous high pressure zones (i.e., > 50 

cmH2O) generated above the bedrock surface developed straight toward the lower end of the slope in 

2011. Direction and flux vector values indicated that the high pressure zones were an activated 

preferential water channel that appeared during rainfall events. This result indicated that the 

preferential channel likely developed due to the erosive action of lateral water movement from 2009 to 

2011. Moreover, preferential channels were detected where a perched saturated area existed in the 

middle layer, indicating that preferential flow occurred within fractures of the weathered bedrock layer. 

Fractures were developed by erosive action and weathering from 2009 to 2011 (Figs. 5.6a and 5.6b).  

 Secondly, we focused on seasonal variations in  values throughout the observation period 

from 2008 to 2011.  spiked sharply and had quite high positive values at points located within the 

preferential flow channel. However, the  spike response appeared and disappeared year by year and 

the peak values increased and decreased irregularly each year independent of rainfall intensity, 

whereas other points exhibited similar  responses throughout the observation period. 

The  spike response was observed at 19 points throughout the entire observation period of 

2008 to 2011. However, not all points exhibited a  spike response every year. While preferential flow 

occurred constantly throughout the observation period in one area, a preferential flow channel was 

generated during the observation period in other areas. Conversely, the preferential channel was 

transferred to another point because it developed straight in other areas. The number of points showing 

a  spike response tended to increase year by year, indicating that the preferential flow channels were 

enlarged by development of fractures. However, the number of points showing a  spike response 

tended to decrease and the peak values tended to get smaller over time within each year, suggesting 

that fine particles stuck within the fractures of weathered bedrock were washed by water flow from 

spring to fall, thereby improving the channel transmission capacity.  

 This study revealed the temporal variation in the hydrological process due to preferential 

channel development by the erosive action of lateral flow and weathering of fractured bedrock. The 

effect of freeze-thaw cycles on variation in the hydrological process should be assessed by 

observations during the winter season. 
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CHAPTER 6 

Conclusions 

Heterogeneous hydrological properties in the foot slope area of mountainous hillslopes 

should be assessed to gain an understanding of hydrological phenomena and their effects on water 

flow and sediment transport. Intensive observation of water flux by using tensiometers is the most 

reliable way of analyzing heterogeneous hydrological phenomena. However, intensive observations 

using dense tensiometer nests have not been conducted in previous studies due to the lack of a 

measurement technique to detect the existence of heterogeneous hydrological properties hidden locally 

within a slope. 

The objectives of this study were (1) to detect the existence of heterogeneous hydrological 

properties by using a new combined penetrometer-moisture probe (CPMP) (Chapter 3), (2) to clarify 

the detailed three-dimensional water movement by using tensiometer nests to construct a 

physics-based model for estimating the hydraulic properties inversely (Chapter 4), and (3) to 

investigate the temporal variation of hydrological properties by long-term observation (Chapter 5). 

In Chapter 3, the new CPMP was applied to investigate the hydrological properties in a foot 

slope area by simultaneous measurements of the soil water content, , and the penetration resistance, 

Nc, of soil mantles. Using the CPMP, we obtained detailed spatial patterns of within the slope as well 

as soil thickness distributions for calculating the topographic indices. By comparing the topographic 

indices and , we could effectively detect the heterogeneous water distribution that exists 

independently of topographic flow convergence. The CPMP data corresponded well with pressure 

head values, , observed using tensiometers under a no-rainfall condition. The distribution of 

saturated areas with concentrated soil water flux corresponded well with the high  regions observed 

using the CPMP, indicating that we can estimate the complex shape of the hydrological base line and 

water flow domain from CPMP measurements without measuring  using tensiometers and soil 

hydraulic conductivity by collecting soil samples. Moreover, the CPMP successfully located a point of 

bedrock groundwater exfiltration which was otherwise hidden in the studied hillslope because it could 

detect a sudden increase in  in the low-permeability subsurface layer. During a heavy rainfall event, 

preferential water flow was assumed to occur within the region where high values at the bedrock 

surface were observed by the CPMP. At points where the CPMP data indicated a thick subsurface layer 

with medium water content below a surface layer with large water content, intensive rainwater 

infiltration shifted the hydrological base line from the boundary between the surface and subsurface 
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layers to the bottom of the subsurface layer. Thus, complicated water movement phenomena during a 

storm event in a foot slope area can be inferred from the penetration resistance and water content 

distributions simultaneously measured by the CPMP under a no-rainfall condition.

In Chapter 4, high-resolution and three-dimensional water movement data obtained using 

intensive tensiometer nests were analyzed to clarify the hydrological process including heterogeneous 

phenomena in detail. Under a no-rainfall condition, perennial groundwater seepage was detected by 

exfiltration flux and temporal  waveforms, which showed delayed responses, only to heavy storm 

events, and gradual recession limbs. The seepage water spread toward the downslope direction and 

supplied water constantly to the lower section of the slope. At some points at the center of the slope, a 

perched saturated area was detected in the middle layer, while  exhibited negative values above the 

bedrock surface. At the peak of a rainfall event, continuous high pressure zones (i.e., > 50 cmH2O) 

were generated in the right and left sections of the slope. Both high pressure zones converged at a 

lower region, showing a sharp  spike up to 100 cmH2O. Along the high pressure zones, flux vectors 

showed large values and water exfiltration, indicating the occurrence of preferential flow. Moreover, 

the preferential flow occurred within the area beneath the perched water, indicating the existence of a 

weathered bedrock layer. This layer had low permeability, which prevents vertical infiltration of water, 

in upper part of the layer but had high permeability due to fractures distributed heterogeneously inside 

the layer. The fractures act as preferential flow channels and flush the water derived from lateral flows 

accumulated from the upslope area during a rainfall event. To reproduce the observed heterogeneous

distributions, the spatial distribution of hydraulic properties were estimated and assigned to the 

physics-based three-dimensional simulation model. A base flow volume, which was estimated from 

both the observed trench flow and the  waveform at the groundwater seepage point, was assigned to 

the source terms. The weathered bedrock layer was represented by stratified soils having high and low 

hydraulic conductivities. The resulting model calculations reproduced well the observed 

heterogeneous  distributions, such as the bedrock groundwater seepage, under a no-rainfall condition. 

Moreover, the model calculations successfully reproduced the hydrological process during a rainfall 

event, where water flowed into the weathered bedrock layer through water intakes and the 

accumulated water generated excess pore water pressure at the lower section of the slope. 

In Chapter 5, long-term three-dimensional water movement data obtained using intensive 

tensiometer nests (Chapter 4) were analyzed to trace the temporal variation of the hydrological process. 

Firstly, we made a comparison between the  variations in 2009 and 2011. The water flow domain 

under a no-rainfall condition varied only slightly from 2009 to 2011. On the other hand, the response 

of  to the rainfall event in 2009 was drastically different from that in 2011, particularly at the 

soil-bedrock interface. Compared to 2009, continuous high pressure zones were generated above the 
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bedrock surface, leading directly to the lower end of the slope in 2011. This result indicated that 

preferential channels were likely to develop due to the erosive action by lateral water movement and 

the weathering of fractures within the weathered bedrock layer from 2009 to 2011. At points located 

within preferential flow channels,  spiked sharply with considerably high positive values. The spike 

response of  was observed at 19 points throughout the whole observation period from 2008 to 2011. 

However, not all points exhibited a  spike response every year. While preferential flow occurred 

constantly throughout the observation period in one area, a preferential flow channel was generated 

during the observation period in another area. Conversely, the preferential channel in one area altered 

its course to pass another point because a preferential channel developed directly in another area. 

Overall, the number of points that showed a  spike response tended to increase every year, indicating 

that the preferential flow channels had been enlarged by the development of fractures. On the other 

hand, the number of points tended to decrease and the peak values tended to get smaller over time 

every year. It is possible that fine particles stuck within the fractures of the weathered bedrock was 

washed out by water flow from spring to fall and the transmission capacity of the channel was 

improved.  

In this study, the three-dimensional hydrological process, including heterogeneous 

phenomena, in the studied hillslope was clarified using densely nested tensiometers, supported by 

CPMP observations. The heterogeneous hydrological properties, such as water supply and spatial 

distribution of hydraulic conductivities, were estimated and well reproduced by model calculations. 

Moreover, the temporal variation in hydrological properties due to preferential channel development 

by the erosive action of lateral flows and the weathering of fractured bedrock was clarified. The new 

CPMP technique proposed in this study enables intensive observations at various sites, accelerating 

the progress of studies on heterogeneous hydrological properties. The results obtained in this study 

will contribute to the improvement of runoff/landslide prediction that takes into account (i.e., spatially- 

and temporally-) heterogeneous hydrological properties. 
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