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Hydraulic Erosion at Head Water Slopes
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Summary : The basin ccosystems from the up- to down-stream arcas link and interact not
only within the same drainage networks but also into adjacent basins.  Thus, from the numerous
aspects on water management, disaster prevention, and {luvial or sca ccosystem conservation,
subsurface water discharge and sediment production in head waters must threaten directly the
human lives residing chiefly in down stream arcas. In order to mitigate the catastrophic
phenomena in residential arcas, forests arc widely expected 1o give full roles to the ability for the
water and soil conservation. Human activitics, however, are reducing the function of water and
soil conservation in forests. Quantitative studics for the practical hvdrogeomorphic processes
occurring in forests, such as the interaction between water discharge and sediment movement,
provide an adequate watershed management to increase the function of water and soil conserva-
tion of forests. In this study, subsurface water discharge and coarse- and fine-grained sediment
production resulting from subsurface water flow were measured in two forested drainages to
obtain the fundamental aspects relevant to watershed management. Quantitative results and
interactions between subsurface water discharge and sediment production derived both the
mechanisms of subsurface hydraulic erosion in non-uniform soils of slopes and the preventive
measures [or forest devastation with sediment movement, being represented by shallow land-
slides and/or debris flows, under unsteady state hydraulic conditions in subsurface water {low
regimes. The knowledge obtained in this study must supply the effective understandings for
turbid water discharge from forested head waters. In addition, this study provides the informa-
tion on valley development through coarse-grained sediment discharge at slopes, subsequently to
the release of fine-grained sediment, and on the head slope evolution resulting from subsurface
hydraulic crosion.
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Japanese Abstract

Introduction

Recent artificial alterations of land surfaces around headwaters, such as the tree felling, resort
construction, and residential developments, often bring environmental calamity to down strcam
areas ; for example, through floods or marsh destruction by sediment deposition. Based on
perspectives in the recent environment conservation, drastic environmental changes in basins
require the resolution of numerous social issues regarding people’s lives and productive environ-
ment, and the conservation of natural ecosystems.

Water and sediment discharge in headwaters commonly and immediately affects down
stream areas where human activities occur. Thus, significant themes such as “Natural disaster
and forest devastation caused by landslide and debris flow”, “Devastation of basin ccosystems
resulting from turbid water discharges”, and “Water quality and amount for human usc” have to
be considered in the estimation of the water and soil conservation mechanisms of forests
surrounding headwaters. The author, however, believes that a sufficient number of reasonable
suggestions have not been made resolve these issues from the aspects based on the water and soil
conservation. This is because many researchers have conducted individual studies to clarify the
water and soil conservation mechanisms of forests, but, they have scldom focused on the
interaction between the water cycle and geomorphic processes. Thus, an understanding of the
hyvdrogeomorphic mechanism in headwaters with interactive aspects is essential for obtaining
valuable information related to the water and soil conservation mechanisms of forests.

In humid and temperate regions, where forests cover most slope surfaces, rainfall infiltrates
mostly into soils and overland flow is rarely produced except in the case of artificially altered land
surfaces (DuxNE and BLACK, 1970).  Thus, most rainfall supplied to slopes flows out to streams via
subsurface routes in slopes. Ultimately, subsurface water flow controls mainly the strcam water
quality and provides topographic changes through shallow landslides, debris flows, slope depres-
sions, and initiations of rills and gullies (e.g., TANAKA, 1956 ; PIERSON, 1983 ; SIpLE and SWANSTON,
1986 ; SWANSTON et al., 1989 ; Hiceins and CoaTes, 1990). That is, subsurface water discharge
affects significantly the geomorphic processes in forested head slopes. Accordingly, a consider-
ation for the relationship between subsurface water movement and sediment production caused
by subsurface water flow is indispensable to quantify the function of the water and soil
conservation of forests. The importance of subsurface water discharge on topographic changes
at forested head slopes has long been indicated, but only a few studies have focused quan-
titatively on subsurface hydraulic erosion on slopes.

In this study, the author observed subsurface water flows and sediment discharges in two
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drainages composed of the similar soil structure, and tried to understand quantitatively the
process of subsurface hydraulic erosion, which is the main geomorphic process in humid and
temperate region.

The author greatly appreciates the appropriate instructions to this study by Prof. T. Arava,
Prof. T. HaTano, Prof. K. Sasa, and Prof. F. Nakaytra of Hokkaido University.  Thanks is also
given to Prof. Y. SakUra and Emeritus Prof. S. Sininpo of Chiba University for their grant to study
coarse-grained sediment discharge in the Kitadani Watershed ol the Tokvo University Forest in
Aichi. Dr. H. Kitanara of shinshu University and Dr. Y. Masuniy of the Forestry and Forest
Products Research Institute (FFPRI) in Kvoto, and Dr. A. Stz of the FFPRI, labored to install
the observation equipment and to maintain it at the Forest-Hydrology Experimental Watershed
in Jozankei in Hokkaido (described later as the Jozankei Watershed [or myv rescarch site).  Prof.
R.C. SinLE of the National University of Singapore provided advice on the interaction between
subsurface water flow and fine-grained sediment discharge. Associ. Prof. Jax HoxG-Jax of
Beijing Forestry University (a vice dean of the faculty of water and soil conscrvation at present),
who was visiting Hokkaido on an international exchange grant from JICA, exerted to arrange
observation devices in the Jozankel Watershed. Dr. T. Sakayoro of FFPRI, and Dr. Y. Nakal and
Mr. K. KitamMura of Hokkaido Research Center, FFPRI, and Mr. T. Stiral of Nakanihon Air Scervice
Co Ltd. provided much advice and assistance with this study, and Ms. H. Stcara of the
Environment Conservation Laboratory of Hokkaido Res. Ctr., FFPRI, analyzed the suspended
sediments in the collected water.

This article was supplemented and modified from a doctoral disscrtation of Hokkaido
University, whose title is: “Study on characteristics of subsurface water flow and sediment

production on head slopes and on the mechanism of subsurface hydraulic erosion”.
1. Methodology

1.1 Water and sediment movement in slopes

Figure 1 shows the relationship between the water movement and scdiment discharge in
headwaters. Topographic changes caused by subsurface water flow often occur in valley heads,
so that many researchers have long focused on headwaters as one of the most suitable places to
understand the implication between water and sediment discharge (¢.g., TSUKAMOTO, 1973 ; SHINDO,
1983, 1984 ; DETRICH and DUNNE, 1993).  This sediment movement is classified into either “Dircct
changes in slope surfaces resulting from shallow landslides and rill-gully crosion” or “Indircct
topographic changes resulting from scepage erosion caused by subsurface water discharge”.
These have to be considered sufficiently from the geomorphological aspects related to valley
development by the agent of water flow and sediment production because of their influence on the
expansion of strecam networks in mountainous areas. Simultaneously, sediment movement in
head waters must be considered in terms of disaster prevention, forest devastation, turbid water
discharge, and the damage to human lives and property.

Permeability of soils is usually higher than rainfall intensity in humid and temperate forested
slopes, and most rain infiltrates into soils (T'stkamoTo and O1A,1985). Hortonian overland flow is
seldom observed in forested slopes except on volcanic slopes where impermeable deposits occur.
This suggests that forested slopes chiefly provide saturated overland flow rather than Hortonian

overland flow (DuxxE and BLack, 1970). However, since saturated overland flow on slopes also
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Fig. 1 Water and sediment discharge in hcadwaters.

results from heavy rains, subsurface water flow is usually the main component of discharge from
slopes. Although erosion caused by surface water flow has commonly been considered in many
hydrological ficlds, subsurface water flow has vet to be cvaluated sufficiently as once of the
significant agents for the erosion of slope soils and for turbid water discharge from slopes.

The mechanism of subsurface water flow has long been explained on the basis of matrix flow
according to DARCY’s law. However, the flow mechanics depending on DARCY's law rarcly
demonstrate a quick discharge of subsurface water flow from slopes, nor do they include the
hydrological significance of the heterogeneity of forest soils.  Water and sediment discharge via
soil pipes, therefore, are important in the forest hydrology, initiation of gully formation, and the
process of subsurface hydraulic erosion (e.g., Joxes, 1971, 1978, 1987 : NewsoxN, 1976 : Beven and
GERMANN, 1982 ; Stinpo and Sakar, 1983 5 KiTanara ef al., 1988, 1989, 1992 ; TSUKAMOTO ¢t al., 1988 :
SwaNsox el al., 1989 ; GArLAND and HUMPHREY, 1992 ; Kitanara and Nakar 1992 ; Kitanara ef al..

1992 ; Kitanara ef al.,, 1994 ; Oxpa, 1994).  Accordingly, the interaction between the hydrological
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Fig. 2 Classification of piping phenomena.

and gemorphological processes through macro-pore drains at forested slopes is indispensable for
evaluating water and sediment discharge from forested watersheds.

When the hydraulic gradient of subsurfacc water flow increases during heavy storms, piping
flushes out more soils around soil pipes. This subsurface hydraulic erosion sometimes triggers
shallow landslides if the erosion comes up to the upper part of slopes (Taxaka, 1956). Photo 1
shows subsurface water discharge from a macro-pore that resulted from piping at a landslide site.
Piping is often responsible for slope collapses (Kopashr, 1993), so the process of piping at slopes is
commonly observed in valley heads including the area of stream flow gencration and at the
seepage faces of ephemeral subsurface water flows during heavy rain. Flush flood phcnomena
are the typical examples of piping, and both pipe-like holes observed at heads of rills and,/or
gullies (e.g., Photo 2) and spring points at the bottom of a valley deposit (c.g., Photo 3) may be
evidence of soil wash out induced by piping which occurred in the past.

Piping is classified into three types, such as boiling, tunneling, and heaving, depending on the
difference in style of sediment movement, as shown in Figure 2. This difference in soil move-
ment is mainly due to the cohesion and heterogeneity of soils as described in Chapter 4. Thus,
from the aspect of the mechanism of sediment movement, that is the effect of pushing out of soil
particles and/or soil clods by subsurface water flow, these all forms of sediment movement are
thought as a synonym of piping. There is little knowledge which relates to changes in sub-
surface water flow behavior and sediment movement with piping for 1) relationship between
subsurface hydraulic erosion and subsurface water discharge, and 2) forest devastation resulting
from subsurface hydraulic erosion, has developed quantitatively in comparison to the knowledge
on erosion by overland flow. This is due to the lack of precisc data on water and sediment
movement in slopes at shallow landslide initiation.

In contrast, subsurface water discharge from slopes creates turbid water discharge containd-

ing fine-grained particles of soils. Thus, water and sediment discharges in head waters directly
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Table 1 Topography, geology, meteoroclogy, and vegetation in the experimental watersheds.

. Saturated Mean
Watershed Area  Elevaion .0 Soil Hydraulic Conductivity Annual Temp.
(km?) (m) o C
(ms) (O
Kitadani  0.02 340~380 Granodiolit Decomposed granite 107"~10° 14
Jozankei  0.02 312~441 Quartzporphry  Sand and Gravel 10°~10° 7
Annual Precipitati Wood Vol
Capaton - Apnual Discharge Vegetation A
(mm) (mm) (" ha')
Mixed Conifer-hardwood Forest
Kitadani 1853 1004 in humid and warm temperate region 277.5
(e.g. Japanese Red Pine and Hinoki €s5)
Mixed Conifer-hardwood Forest
Jozankei 1000 512 in cool temperate region 175.0

(e.g. Todo Fir and Mizunara Oak)

affect the ecosystems in rivers, lakes, and scas, as well as the water management for quality
conservation. Accordingly, data on both the mechanism of water flow and the control for
fine-grained particle discharge are recognized important environmental indices (Sato, 1987 ;
MATSUNAGA, 1993).  Since the process of fine-grained particle discharge in subsurface water flow
has been little known, the systematic and quantitative comprechension of the influence of
fine-grained particle discharge in subsurface water flow on the watershed ccology in downstream
areas is indispensable. In addition, studies on fine-grained scdiment discharge have been con-
ducted chiefly in relatively large watersheds, containing the streams of at lcast the third or forth
order. Even though we can easily identify the source of the sediment, studics in small drainages,
including the streams below first order, have scarcely been conducted except for the studies of
SAKAMOTO et al. (1992, 1993a, 1993b, 1994, 1996). A few researchers have focused on quantitative
descriptions of subsurface hydraulic erosion at slopes (e.g., Jones, 1987). However, we have not
yvet procured complete knowledge about the role of subsurface water flow on finc-grained
sediment discharge and resultant turbid water discharge from slopes, and cfficient indices have
not yet been proposed for the preferable forest management associated with sediment discharge.
1.2 Observation sites

Table 1 shows the geological, geomorphic, and climatic characteristics of two drainage arcas
examined in this study. The walershed are respectively located in a humid and a cool temperate
region with considerable differences in mean annual temperature, annual precipitation, annual
discharge, and vegetation. However, the watershed are similar in their geology (felsic igncous or
metamorphic rocks), in their regolith constructed of sandy soil materials, and in the saturated
hydraulic conductivity of their soils.

1.2.1 Kitadani Watershed in Aichi Prefecture, central Japan

Figures 3 and 4 (after Yamacucii, 1963) show the Kitadani Watershed where coarse-grained
sediment discharge from a soil pipe and a topographic change in a slope with piping were
observed. The watershed is in the Akatsu Experimental Forest of Tokvo University (357 N,
137" E). The small drainage area containing the first order stream (Fig. 4) is focused on in this

study. The Kitadani watershed with an area of 0.02km* (2.0 ha) and a relicf of 40m with a
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Fig. 3 Location and topography of the Kitadani Watershed.

30,

Watershed boundary

Fig.4 Valley head in the Kitadani Watershed (sce Photo 5).

minimum elevation of 340 m at the Wl1-weir, is onc of the head waters of the Shonai River which
flows down to Ise Bay (Pacific Ocean). The geology of the watershed is granodiolite intruded
during the Cretaceous period (about 200 MY.B.P., Nakat, 1970).  Both the cone penetration test and
observation of soil profiles of trenches which were excavated on the ridges exposed the boundary
between the decomposed granite and the basement rock at N,,=40. The Kitadani Watershed is
located in a humid and temperate region. The ambient forests are the coniferous trees of
Japanese Red Pine (Pinus densiflora Sieb. et Zucc.), Hinoki Cypress (Chanaecyparis oblusa (Sich.
et Zucc.) Endlicher), and the broad-lcaved trees of Konara (Quercus serrata Murray) typical in this
area. Thin organic horizons have developed on the slope and portions in the bare lands which
are found on some ridges.

Table 2 shows the physical characteristics of the soil of the Akatsu Watershed (see Fig. 3) in
the Kitadani Watershed, measured by undisturbed 100 cm” soil cores. The numbers at the right
side of the hyphen on the sample name indicate the soil sampling depth (em ; the number 0

represents the depth of 0 to 5 cm).  The moisture characteristic curves (pF-test, sece Fig. 5) at the
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Table 2 Physical properties of soil layer in the Akatsu Watershed.

. Saturated . . . .
Location of Sample N - . Specific  Porosity Field capacity
sampling name Value hydraul(l ﬁnc(s)qld)uctlvny gravity (%) (%)
C2-0 5 6.7X10" 2.48 - -
Head f1 C2-50 2 4.8X10° 2.59 38.3 13.5
ead Hoor C2-100 2 5.6X10° 2.67 36.9 15.0
C4-100 3 5.3X10° — — —
Side slope C8-0 1 45x%10* 2.56 - -
Crest sl R6-10 10 5.4X10* 2.59 40.0 10.2
rest slope R6-30 20 6.3X%10° 2.60 36.8 8.3

The numbers at the right side of hyphen on sample name indicate the soil samplimg depth (cm).

2.5
2.0F
a 1.5:—
1.0F
r—0—- €2-50
+ —— C2-100
0.5 ~.a-- R6-10 ;
r--4--R6-30
n L L i) Il
0 10 20 30 40 50 %

WATER CONTENT

Fig. 5 Moisture characteristic curves ol soil layer distributed in the head floor and the
crest slope in the Akatsu Watershed.

drainage stage provide the unsaturated hydraulic conductivity used in a numerical experiment
which is described in Chapter 4. The field capacity of the soil is calculated from the saturated
moisture content minus the content where the moisture characteristics curve in Figure 5 almost
becomes perpendicular (pF=2.2:1585c¢m H,0).
1.2.2 Jozankei Watershed in Hokkaido, northern Japan

Figure 6 shows the topography of the Jozankei Watershed (437N, 141°E) where the mode of
subsurface water discharge and fine-grained sediment yicld were cxamined. The watershed is
situated 20 km west of Sapporo and includes only onc first order stream which is a tributary of the
Otarunai River. The watershed has an area of about 0.02km? a relief of 129 m with a minimum
clevation of 312 m at the Wt-weir, an average slope gradient of 36.7 degrees, and an average stream
bed gradient of 16 degrees. A perennial spring is located at a distance of 150 m down from the
crest slope.  The drainage arca contributing to the spring is about 0.011 km?*, corresponding to 55

per cent of the total watershed area. The geology of the watershed is quartz porphyry intruded
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Fig. 6 Location and topography of the Jozankei Watershed (sce Photo 3).

as a metamorphic rock during the Miocene period (20 MY.BP, GEOLOGICAL SURVEY OF
HOKKAIDO, 1980). The surface layver of the slope consists of the weathering products of the
basement rock (like decomposed granite). Vegetation in the watershed is a mixed conifer-
hardwood forest typical of this cool-temperate region, composed mostly of Todo fir (4bies
sachalinensis (Fr.Schmid.) Masters) and Mizunara oak (Quercus mongolica Fischer ot Turcz,). The
understory vegctation and organic matter that originated from the trees cover the surface of the
watershed. The Aj-horizon is well developed. Ambient temperature at the drainage ranges
from —20°C in late January to 25°C in mid July, and the average annual temperature is 7C.
Annual precipitation is about 1000 mm, with snow contributing about 45 per cent. Maximum
accumulated snow depth is typically 1.5 to 2m in early March. Strcam discharge measured at the
Wt-weir decreases during the snow-accumulation season {rom late November to late March, since
little melt water percolates from the bottom of the accumulated snow into the soil. There is
usually considerable melt water starting in late March or early April. In Junc and July, it is drier
because of reduced rainfall and melt water discharge. Subsurface water flow temperature
measured at the spring in the Jozankei Watershed ranges from 0°C to 10°C. Pipe flow during
storm runoffs occupies a maximum of 70 per cent of subsurface water discharge from the side
slope between the weir Ws and Wt (KiTanara and Nakal, 1992 ; KITAHARA ef al., 1994).

The head hollow in the valley head (sce Fig. 6) is 30 m long, a maximum of 15m wide, and 10
to20° ininclination. The upper part of the hollow gradually continues to the side slope (30 to 40°
in inclination). The rill (5 m long and 0.3 m deep), including no flow, runs between the spring and
well W1. Figure 7 shows the schematic longitudinal soil profile of the head hollow along with
values of saturation hydraulic conductivity (K,) measured in 400 cm® soil cores for the A-horizon, a
relatively shallow sandy layer, and a middle clay-rich layer. The clectrical conductivity measure-
ment of subsurface water discharge at the spring was used to estimate flow velocity in order to get
the hydraulic conductivity value for a lower sand after salt had been inserted into well W1.

The soil matrix consists mostly of particles with a diameter observed at the soil section of
below 5mm, corresponding to fine pebble. The maximum thickness of the soil layer is 3.6 m at

well W3, The A-horizon (K.=10 *ms ') is less than 0.3m. The underlying sedimentary soil is
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Fig. 7 Schematic longitudinal soil profiles of the head hollow in the Jozankei Watershed.

composed of three parts: (1) a relatively shallow sandy layer (K.=10 'to 10 "ms ') containing
much angular gravel (about 0.2m in diameter) ; (2) a middle clay-rich layer (K.=10 " to 10 *ms )
also containing much angular gravel (mostly below 0.2m in diameter) ; and (3) a lower sandy layer
(K.=10 *ms ") with some angular gravel. These sediments are colluvial deposits from the side
slope. The saturation hydraulic conductivity of the lower sandy layver is greater than that of the
upper clay-rich soil. A more permeable zone, therefore, must be formed along the bottom of
sedimentary soils {(e.g., as reported by SHINDO, 1983 ; TERAJIMA and MoroTo, 1990 ; Asaxo ¢f al.,
1993 ; and OKUNISHI ef al., 1993). Subsurface water flow is sometimes converged at the bottom of
head hollow soils and piping may be initiated at sites where the water level reaches a slope surface.
1.3 Research procedure

Figure 8 shows the flow chart of this study. Various hydrogcomorphic processes at channel
heads provide the topographic diversity of heads and valley development (DizTrict and DuNNg,
1993). Slope soil commonly piles up in the bottom of the valley following shallow landslides.
This repeated geomorphic process brings about the formation of head hollows (T avura, 1987) by
the creation of a relatively thick soil laver which retains a large capacity for water storage.
Thus, surface flow rarely occurs at the head hollows in humid and forested drainages except in
the case of heavy rainfall. Subsurface water discharge usually removes and redistributes the
sediment in valley heads. This gcomorphic process reveals that subsurface hydraulic crosion
transforms the topography of valley heads in the long term, that is, it shows that subsurface water
discharge from head hollows is a significant agent in valley development.

Sediment discharge in subsurface water flow signifies the following two crosion processes :
1) Sediment discharge with the creation of soil pipes (the formative process of soil pipes), and 2)
Sediment discharge through soil pipes (the effect of soil pipes on sediment discharge). Howecever,
both are the same hydraulic phenomenon in dynamic perspectives, that is sediment discharge
resulted form flushing out from soil matrices to preferential pathways (i.c., macro-pores) by

seepage force. Coarse- and fine-grained sediments are defined in this study as “soil particles
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being estimated visually as over 0.1 mm in diameter” and “wash load ranging from 0.1 to 0.001 mm
in diameter”, respectively.

In addition, fine-grained sediment is an adequate indicator for obscrvations and analyses of
the interaction between subsurface water discharge and scediment movement, because :
(1) Fine-grained sediment discharge represents the initial stage of subsurface hvdraulic crosion,
because turbid subsurface water containing fine-grained scdiment is known to flow out (rom

slopes belore a landslide initiation (Sassa, 1984).  Furthermore, movement of (ine-grained sedi-
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ment from the soil surface preceded movement of sand particles by several minutes in a hydraulic
experiment related to liquefaction (in Chapter 4).
(2) Fine-grained particles are the primary source of sediment in typical subsurface water flows
from valley heads ; movement of bed load materials may be initiated after extensive flushing of
fine sediment from a soil matrix (i.c., suspended sediment).
1.4 Observation method

1.4.1 Subsurface water discharge

Observations were conducted in the Jozankel Watershed from September 1993 to May 1995.
All observations of subsurface water discharge were discontinued at the Ws-weir during the
winter season between December and mid-March, because there was no suspended sediment yield
; this was a result of low subsurface water discharge due to accumulated snow. Instrumentation
within the drainage is shown in Figure 6. A 60" V-notch weir (Ws) was installed at 3 m below the
spring and automatically measured water discharge from the head hollow. The rain gauge (0.5
mm per pulse) registered precipitation at 10 min intervals out side the forest at a point of 20 m cast
of the Wt-weir. Potentiometers automatically recorded shallow groundwater level at 10 min
intervals in three wells (W1-W3) having depths of 2.6, 2.5, and 3.3 m respectively.  The bottom of
the W1-well reaches the basement rock.

1.4.2 Sediment discharge

The coarse-grained sediment yield was observed in the Kitadani Watershed where a piping
phenomenon occurred during the heavy rain on 25 September 1988 with total rainfall of 220 mm
and maximum one-hour rainfall intensity of 70 mm from 12 : 00 to 13 : 00. The W2-weir (sce Figs.
3,4 and Photo 4) measured water discharge from the valley head. The sediment deposited in the
W2-weir after the piping provided the approximate amount for sediment from the subsurface
portion of the slope.

On the other hand, manual and automatic water sampling at the spring in the Jozankei
Watershed collected fine-grained sediment in subsurface water flow during the heavy rainfalls
from September 1993 to November 1994. During the observation period, the author observed
eight storms accompanied by fine-grained scdiment vield in subsurface water flow (sce Tables 6
and 7 in Chapter 5 for details of the storms). Manual sampling required intervals of 15 to 60 min
to collect water during storm runoffs, and an automatic water sampling system (ISCO, model 2700)
enabled observation at night. Scdiment with particle diameter of less than 0.1 mm flows down
mostly as wash load (Ecasiira and Asinna, 1981).  Consequently, when the particles of less than
0. mm in diameter were croded, they arc certainly transported from the subsurface portion to the
spring by subsurface water flow unless they were trapped in the drainage networks of the
sedimentary soil.

The following method was used to determine the fine-grained sediment concentration (Fg.S.
C.)in subsurface water flow : The water samples were first passed through a 0.106 mm screen and
then strained in a 0.001 mm glass fiber filter (Whatman, GF/B). The desiccation of the residual
matter on the glass fiber filters required heating for 24 hours at 80°C. Organic matter was then
removed from the desiccated sediments by ashing for 30 minutes at 550 C in an clectric furnace.
The particle size of the remaining fine-grained sediments ranged from 0.001 to 0.106 mm, corre-
sponding to clay to fine sand. Multiplying the subsurface water discharge by Fg.S.C. produced

fine-grained sediment flux (Fg.S. Flux).
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2. Subsurface water discharge and sediment production

2.1 Subsurface water discharge from a head hollow

Shallow groundwater level in well W1 of the Jozankei Watershed strongly affects water
movement in the head hollow. For instance, the generation of saturated overland flow in the
head hollow is affected because well W1 is located at the head of the rill being formed between W
1 and the spring. The water level in well W1 must eventually reflect the upper boundary of
subsurface water flow in the valley head. Accordingly, well W1 better reveals the rcelationship
between the shallow groundwater level in the head hollow and subsurface water discharge from
the spring than the other two wells (W2 and W3). In addition, well W1 had uninterrupted records
of the shallow groundwater level in the head hollow during the observation period. Becausc of
these reasons, the author focused on the measurement of the shallow groundwater level in well W
1 to understand the subsurface water discharge regime in the head hollow.

Figure 9 shows changes in subsurface water discharges and shallow groundwater levels from
12 April to 13 May 1994. Maximum snow depth was 1.9m near well W1. Water cquivalents of
the snow pack on 8 March (prior to the melt season) were 450, 430, and 330 mm in a bare plot, the
deciduous forest, and the coniferous forest within the drainage, respectively. Bulk densitics of
the accumulated snow in these three plots were 0.32, 0.31, and 0.33 g-cm * respectively. Melt
water generated the maximum groundwater level on 16 April and a similar peak on 5 May. Onc
weir, buried by a snow avalanche, did not operate on 5 May. A similar interruption for the
measurement of groundwater level from 24 to 27 April was also attributed to a snow avalanche.

Subsurface water discharge and the shallow groundwater level clearly showed diurnal
variations which coincided in time. These same temporal trends were observed during the
subsequent storms on 27 May and 16 September. Becausc of these consistent data trends, the
relation between subsurface water discharge and the shallow groundwater level can be casily
analyzed for the same time periods. Hydraulic head gradient in this case is given by :

Lo =howep Lyy, ! (1)
where iy, is the hydraulic head gradient between the spring and well W1, Ay, is the ground-
water height (m) in well W1 based on the level at the spring, and /.,,, Is the horizontal distance
between the spring and well W1 (9.37 m).

Figure 10 shows the relationship between i.y,, and subsurface water discharge. Some
curvilinear correlations occur in Figure 10, so that the relationship between i/, and subsurface
water discharge is expressed as

Qi=a iy +8 (2)
where @, is the total subsurface water discharge (Is '), @ is the constant depending on the shape of
the correlation curves in Figure 10, and @ and 8 are the coefficients.
2.1.1 Subsurface water flow during low flows

Figure 10d shows that the iy, — @, relation in eq. (2) represents a linear correlation with the
correlation coefficient (r) of 0.985 and a=1 (@=3.165, B= —0.722) in iy, =0.233 (shallow ground-
water level on the basement rock was below 0.07m). Therefore, these low flows must originate
from matrix flow explicated by DARCY's law. If @, in eq. (2) is null, then iy, is 0.228, suggesting
that Zoyyy in eq. (1) is 2.14m (i.e., 0.03m above the basement rock). That is, no subsurface water

discharge is produced from the head hollow when the shallow groundwater level is consistent
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with the level of the basement rock. Consequently, the discharge from the spring consists

mostly not of groundwater discharge from the bascment rock, but of subsurface water flow via

the head hollow sediment.
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2.1.2 Subsurface water discharge during runoff events

Figures 10(c) and 10(d) show that the i.,,.— @, relation reveals a slightly concave curvilinear
correlation (Arrow 1) with the correlation coefficient (r) of 0.974 and ¢=91.6 (@=1.64, 8=0) in 0.233
=i =0260 (shallow groundwater level on the bascment rock ranged from 0.07 to 0.33m).
Subsurface water discharge abruptly augmented with an increase in i 1. In contrast, the iy,
— @, relation represented the convex curvilinear correlation (Arrow 2) in i, .=0.26. Further-
more, Figure 10(a) shows that when i ;. exceeded 0.30, corresponding to shallow groundwater
level of 0.7 m above the basement rock and to the upper level of the bottom sand layver, the 7y, — @,
relations exhibited the linear or slightly concave curvilinear correlations (Arrow S).  However,
under larger iy, the shapes of the correlation lines comprised the following two types during
both the rising and falling limbs of the hydrograph : (1) an abrupt increase in subsurface water
discharge by shifting for the prolongation (Arrow | in Fig. 10(a): a>1.0) of the concave curvilin-
ear correlation (the Arrow S), (2) a recession of the increasing rate of subsurface water flow (Arrow
2 in Fig. 10(a) ; 0<<a < 1.0) with shifting into the lower portion of the concave curvilinear correla-
tion (Arrow S).

2.1.3 Characteristics of subsurface water discharge

The following two aspects demonstrate the significance of pipe flow and the head hollow on
subsurface water discharge from the spring : (1) Soil pipes must be the main route of subsurface
watcr discharge, because subsurface water flow reaches the surface mostly from the soil pipes
occurring near the spring, and the saturated arca on the hollow expands only at overland flow
generation ; (2) Peak subsurface water discharge from the side slope measured at the trench
shown in Figure 6 accounted for a merely 10 per cent of subsurface water discharge from the
spring, and no subsurface water discharge from the side slopc occurred during the low flow at the
spring. Thus, it was impossible for the small scgment of the side slope between the spring and
well W1 to create the abrupt increase in subsurface water discharge from the spring.  According-
ly, both the variation in flow section area of subsurface water explained by DARCY's law (an
expansion of the saturated zone) and the contribution of subsurface water flow from the side slope
between the spring and well W1 could hardly account for the changes in mode of subsurface
water discharge in i.,;,=0.233 shown in Figure 10.

If the assumption that the subsurface water flow during the storms passed entirely through
the soil matrix of the head hollow is correct, the Reynolds number derives the subsurface water
flow regime during the larger hydraulic head gradient. Subsurface water flow via the soil matrix
is classified by Reynolds number (R,) into the following two states : (1) R, <10, laminar flow : (2)
R.>10, turbulent flow. The Reynolds number for subsurface water flow is given by :

R.=vd,v ' (3)
where v is the mean velocity of matrix flow (in m-s ' v=K,i where i is the hydraulic gradient), d.
is the soil particle diameter (in mm), and v is the kinematic viscosily (in m*-s ).

The soil profile observed at the excavation for the wells revealed that the soil matrix at the
head hollow consisted mostly of particles whose diameter was below 5mm, corresponding to fine
pebble. Insertion of the following three parameters into cq.(3) gives the maximum R, for
subsurface water flow in the head hollow of the Jozankei Watershed : 710495 <10 *m-s ' of the
maximum v (10 “m-s 'in maximum K, and 0.495 in maximum i.1.), 2' 5mm of the maximum d.

(for the maximum diameter of fine pcbble), and 3: 1.310 <10 “m*.s ! of the minimum v (for 10'C
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corresponding to the maximum subsurface water flow temperature in the Jozankel Watershed).
Consequently, the maximum R, is 1.89, suggesting that subsurface water flow is almost laminar
during a storm and consequently the curvilinear correlation in Figure 10 must be interpreted by
DARCY'’s law. However, the linear correlation in the relationship between the hydraulic head
gradient and subsurface water discharge can be explained only by DARCY's law. Accordingly,
subsurface water flow indicating the curvilinear correlation in Figure 10 must be duc not to
Darcy’s law but to some other kinematic law.

TAaNAKA et al. (1990) observed an abrupt increase in subsurface water discharge from a spring
accompanied with an increase in shallow groundwater level in a steep mountain slope.  Thus, such
abrupt increases in subsurface water discharge may be common in many valley heads and slopes.
2.2 Coarse-grained sediment discharge with piping

A heavy rain totalling rainfall of 220 mm occurred in the Kitadani Watershed (sce Fig. 3) from
23 to 25 September 1988. The rain began at noon on 23 September and supplied a one-day amount
of 191 mm on 25 September. The peaks in rainfall intensity of over 20mm-h ' occurred three
times during this storm, with a maximum of 70 mm from 12 : 00 to 13 : 00 on 25 Scptember.

During the storm, piping with the coarse-grained sediment discharge of 3m” (sce Photo 4)
occurred at a seepage zone in a valley hcad drain (see Fig. 4). According to the observation in
December 1988, the piping created a soil pipe of 0.25 m in initial outlet diameter, with a resultant
depression of about 0.5 m deep, 3m long, and 2m wide at a slope (Photo 5). The formation of the
depression brought about the slope disturbance resulting from the fall and lecaning of deciduous
trees. Coarse-grained sediment composed mostly of sandy materials (decomposed granite) was
suddenly produced and the sediment discharge gradually increased as rainfall and stream flow
increased after the sudden production of the sediment.

The direction of the soil pipe outlet was relatively ascending to the slope surface. No crosion
by overland flow took place between the down edge of the depression and the soil pipe.  Thus, the
concentration of subsurface water flow to the seepage zone with the supplv of heavy rain and the
drastic rising of seepage force was the likely cause of the piping and sediment discharge.

A heavy rain of the same amount and intensity happened the next year (20 September 1989).
Another sediment discharge of 3m® from the same soil pipe occurred and the diameter of the soil
pipe increased from 0.25 to 0.5 m, and the depression was also deepened, from 0.5 to I m deep.
2.3 Fine-grained sediment discharge in subsurface water flow

Figure 11 shows two typical cases of subsurface water discharge from the head hollow,
changes in fine-grained sediment concentration (Fg.S.C..in mg-1 ") and flux (Fg.S.Flux, in mg-s ")
in subsurface water flow on 22 October, 1993 and 16 September, 1994. Total rainfall and maxi-
mum rainfall intensity were 58 mm and 10.5mm-h ' (from 12: 00 to 13 : 00) during thc October
storm in 1993, and corresponding values were 68 mm and 14.5mm-h ' (from 9: 00 to 10 : 00) during
the September storm in 1994. Although these rainfall amounts were similar and they were large
storms for Hokkaido, northern Japan, overland flow was generated in the rill only from 11 : 45 to
15:30 on 16 September, 1994 ; at this point, antecedent soil moisture, surmised from initial
subsurface water discharge prior to the storm, was more than that on 22 October, 1993 (sce Table
6 in Chapter 5 for initial subsurface water discharge prior to the storm). The Fg.S.C. and Fg.S.
Flux preceded the peak in subsurface water discharge by several hours, except in the case of

overland flow initiation on 16 September, 1994. The maximum value of the Fg.S.Flux, however,
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Fig. 12 Relationship between subsurface discharge and fine-grained sediment discharge
on 22 October, 1993.

occurred a short time before the peak in subsurface water discharge.
Figure 12 shows the relationships between subsurface water discharge, the Fg.S.C., and the
Fg.S.Flux on 22 October, 1993. Although the Fg.S.C. and Fg.S.Flux conspicuously incrcased on

Uof

the initial rising limb of the hydrograph, both decreased to approximately 1 to 1.5 1-s
subsurface water discharge. The Fg.S.C. reduced notably to 0.3 times as much as its maximum
concentration when subsurface water flow showed the peak discharge. During the falling limb
of the hydrograph, both the Fg.S.C. and Fg.S.Flux were lower than during the rising limb.
Consequently, they represented clockwise hysteresis loops for a one-storm event.

The above phenomena (sediment discharge prior to subsurface water low and a clockwise
hysteresis loop) were usually observed in the other six storms shown in Tables 6 and 7 in Chapter
5. The characteristics of fine-grained sediment discharge in subsurface water flow have some-
thing in common with observations in some rivers : for example, the observation in a small
catchment in the United Kingdom by WALLING (1974) and the measurement of suspended sediment
concentration in the forested basin of the Bankei River, near Sapporo, Japan, by KurasHiGE (1985).

In the Jozankei Watershed, the characteristics of fine-grained sediment discharge in stream

flow were described by SAKAMOTO et al. (1993b,1994) : (1) Fine-grained sediment concentration and
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flux preceded the peak in stream discharge and exhibited clockwise hysteresis loops, 2; Fine-
grained sediment flux correlated with stream discharge during the falling limb of the hydrograph,
and @@ The time lags between peaks in stream discharge and fine-grained sediment were smaller
than those in subsurface water discharge, as shown in Figure 11.

Thus, during the falling limb, the fine-grained sediment in subsurface water flow may also be
evaluated from the change in subsurface water discharge. This is because, during the rising limb
of the hydrograph, the fine-grained sediment discharge in subsurface water flow is not simply

based on the change in subsurface water discharge.

3. An analysis of subsurface water discharge from the head hollow

3.1 Experiment on subsurface water discharge through a soil pipe

Matrix flow and macro-pore flow (i.e, pipe flow) primarily characterize the mechanism of
subsurface water flow in the head slope of the Jozankei Watershed. The inability to apply
DARCY'’s low to interpret the subsurface water flow regime from the head hollow (in Chapter 2,
Section 2) and the existence of the permeability zone along the bottom of the head hollow
sediment signifies the significance of pipe flow on the subsurface drainage system at the head
hollow of the Jozankei Watershed. In addition, experiments on pipe flow provide the mode of
subsurface water discharge for understanding the contribution of pipe flow 1o the subsurface
water flow regime in the head hollow of the Jozankei Watershed, which is represented by the
various curvilinear correlations as shown in Figure 10.

Figure 13 shows the devices used in the pipe flow experiment. The experimental box was
constructed of a waterproofing plywood board and was fixed at 12.8°. Polyester felt materials,
whose thickness of 1.2mm and permeability of 1.0X 10 *m-s 'nearly the same as the value of the
experimental sand, were secured to the upper and lower faces of the soil block with wire meshes
to insure the even distribution of water entry and to prevent erosion from the block faces. The
box was filled with sand whose saturation hydraulic conductivity measured by a 400 cm” soil core
was 1.1X10" *m-s ' with a bulk density of 1.5t-m . The sand was saturated by adjusting water
levels at the top and bottom of the box. Water was then allowed 1o drain for 24 hours.

Table 3 shows the characteristics of artificial pipes used in the experiment. Only one pipe

Water supply

Fig. 13 Illustration of the experimental box related to pipe discharge.
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Table 3 Lengths and diameters of the artificial pipes used in the experiment.

Drainage capacity Small « — Large
Length (m) 0.14 0.54 0.74 0.94
Inner diameter (mm) 9 9 13 13

was placed 0.05m above the bottom and in the middle of a 0.6 m wide box. The pipe was oricnted
perpendicular to the slope counters, parallel to the side walls of the box. The combinations of
pipe length and inner diameter (ID) shown in Table 3 represent the changes in the drainage
capacity of the pipe. The long pipes have a high ability for concentrating subsurface water flow
into the pipe, and the large diameter pipes have a high ability both for concentrating inflow and
drainage from the pipes. These pipes were constructed from polyvinyl chloride (PVC) tubing,
and drain holes (4 mm in diameter) were evenly spaced around the pipes at a density of 1.5 holes
.cm % (open ratiois 75.4 per cent). Preliminary experiments exposed that the density of the drain
holes beyond 0.4 holes-cm * (the open ratio is 20.1 per cent) did not impede the amount of scepage
flow from the soil matrix into the pipes. To prevent the drain holes of the pipe from clogging
with sand and to ensure the even seepage distribution into the pipe, each pipe was wrapped with
two layers of polyester felt materials.

During the experiment, water was supplied to the upper end of the box and pipe discharge
(@, and total discharge (), : pipe discharge +matrix discharge) were measured separately at the
lower end. Thus, matrix discharge (Q,,) is calculated as the difference in &, —@,.

Water level for six or seven hydraulic differences was given at the upper end of the box (h.),
and discharge without water level was created at the end of the box in order to mcasurce the
discharge from the box with the various differences in hydraulic head gradicnt under steady-state
hydraulic conditions. Mecasurements were taken during the falling stage of discharge, because
the experiment had to be performed under sufficiently steady hydraulic conditions to take
account of the hysteresis phenomena of the soil moisture content during the rising and falling
stages. A full flow condition in the pipes was artificially created at the initiation of the
experiment. Six manometers (o, R, hu, A, heo, hw) were installed at the following positions
relative to the downslope end of the box : 0,0.1,0.2, 0.4, 0.6, and 0.8 m. Inlets of manometers were
placed at the bottom and center of the experimental sand.

3.2 Results and discussion
3.2.1 Shallow groundwater

Figure 14 shows the relationship between the pressure head measured at the side and center
of the experimental box when each pipe was placed. This preliminary experiment exhibited that
the pressure head differences were negligible between the side and center of the box for the wide
range of hydraulic conditions. Thus, two-dimensional analysis of the pressure head measure-
ment is reasonable for such a small box used in this experiment.

Figure 15 shows the pressure head distributions measured at the center of the experimental
sand for the lowest (9mm ID and l4cm long) and highest (13mm ID and 94 cm long) drainage
capacity of the pipes. The concave drawdown profiles in the pressure head were more remark-
able at the upslope side in the highest drainage capacity of the pipe (b) than in the lowest onc (a),
and the pressure heads ran parallel to the pipes at the downslope side.  These facts suggest that

the larger drainage capacity of the pipc brought about sufficient effects on subsurface drainage
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Fig. 15 Pressure head distributions along the center of the experimental box when the

pipes of the smallest (a) and the largest drainage capacities (b), shown in Table 4,
were laid.

via the pipe.
3.2.2 Mode of subsurface water discharge

The hydraulic head gradient i,,;, in the head hollow of the Jozankei Watershed was used for
the subsurface water flow analysis on the basis of the shallow groundwater level in well Wi that
recorded the highest water level during the observation. Accordingly, since the upper end of the
experimental box always showed the highest water level in the experiments, the hydraulic head
gradient used in the experiment was defined as :

i.=hdl,-cos12.8" ) (4)

where i, is the hydraulic head gradient used in the experiment ; and h.=h, + .- sin 12.8° —h, where
h. is the water depth (in m) in the up-slope end of the box, L is the length of the cxperimental sand
(in m), and A, is the pressure head (in m) measured by the manometer installed at the center and
down-slope end of the box.

The hydraulic head gradients in the head hollow of the Jozankei Watershed (7.w7) were



— 64 — BRMRER TR 09 381 77

(a) Ip=0. 14m, dp=9mm (b) Ip=0.94m, dp=13mm
30 e 60 e e
Total [
—~ 25L ] —~ 50 - Total ]
E 20¢ Matrix 7 £ 401 ]
S5 15¢ % S 30F Pipe 1
c ] ©
S 10L : 5 20¢ 1
0 . b BZ] ]
A 5t Pipe 4 a8 10¢ 3
] Matrix
o PSS SIS AN ET AT (TN ET IV NN ATET AR O NV ST I AT UN ST AT U AU U S TS SIS A S T )
0.2 0.25 0.3 0.35 0.4 0.45 05 0.2 025 0.3 0.35 0.4 0.45 0.5
Hydraulic head gradient (i, ) Hydraulic head gradient (/, )

Fig. 16 Relationship between hydraulic head gradients and discharge when the pipes of
the smallest (a) and the largest drainage capacity (b), shown in Table 3, were laid.

calculated for the down slope edge of the subsurface water body. In contrast, the hydraulic head
gradient in the experiment (i,) represented the average gradient of shallow groundwater in the box,
and was calculated from the whole body from the up- to down-slope ends of shallow groundwater.
Thus, in order to coordinate the results between the Jozankei Watershed and the experiment, the
values from hz, to s were inserted into eq. (4) instead of h,. The results emphasized the rationality
to use h, for the analysis in the experiment, for the following reasons: Only @ in ¢q. (2) was varicd
with the change in the hydraulic head gradient (i.) in the experiment for using h- to hgw instead of
hy, and the coefficient a was not changeable in spite of being over 1.0 or not.

Figure 16 shows the relationship between the hydraulic head gradient (i), matrix discharge,
pipe discharge, and total discharge for the minimum (a) and maximum (b) drainage capacity of the
pipes. The scale in longitudinal axis is different in the two diagrams because of the clear
description for each mode of discharge.

In the minimum drainage capacity of the pipe (Fig. 16 (a)), matrix flow correlated lincarly with
the hydraulic head gradient. The pipe discharge showed a convex curvilinear correlation in the
i.— @, relation that conveyed the reduction of the increasing ratio of pipe discharge with the rising
of hydraulic head gradient. For these reductions in pipe discharge, hydraulic experiments by
KiTaHArRA (1989) and SIDLE ef al. (1995) revealed that MANNING's equation or the DARCY-
WEISBACH formula exhibited well the mechanism of these flows via a pipe under a full flow
condition in the pipe. While matrix discharge strongly contributed to total discharge, the mode
of total discharge showed a slightly convex curvilinear correlation which was influenced by pipe
discharge.

In contrast, matrix discharge precisely correlated linearly with the hvdraulic head gradient in
the maximum drainage capacity of the pipe (Fig. 16 (b)), and controlled the total discharge in i, =
0.29 because of a larger matrix discharge than pipe discharge. Pipe discharge, however, showed
a concave curvilinear correlation in the i,— @, relation in Figure 16 (b), and the total discharge also
increased with an increase in the pipe discharge.

Despite the changes in the drainage capacity of the pipe, matrix discharge had a lincar
correlation with the hydraulic head gradient and eventually did not agree with subsurface water

discharge representing the concave and convex curvilinear correlations shown in Figure 10.
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Fig. 17 Relationship between hydraulic head gradients and discharge from the pipes under
full flow conditions at the initiation of the experiment.

Accordingly, the subsurface water flow regime in the head hollow of the Jozankei Watershed
during the runoff events cannot be disclosed only from the hydraulic theory based on DARCY's
law. On the other hand, the pipe discharge well described the substantial regime of subsurface
water discharge and intensively affected the mode of total discharge. Thus, pipc flow must be a
main cause of the change in flow style of the total discharge from the head hollow of the Jozankei
Watershed.

Figure 17 shows the change in pipe discharge (®,) for the different drainage capacitics of the
pipes. Thei.—@Q, relation exhibited convex and concave curvilinear correlations for a wide range
of drainage capacities. These correlations seem to be the same as the change in subsurface water
discharge shown in Figure 10a. Consequently, the flow via the pipe, resulting {rom the difference
in the drainage capacity of the pipe, created the convex and concave curvilinear correlations in
Figure 10 and was the main reason for constructing the subsurface water discharge regime under
the conditions of ¢ >1 and 0<a <1 in eq. (2). In addition, the shift from the concave (Arrow S) to
convex (Arrow 2) curvilinear correlations occurred at different points on the concave line.  This
is because the movement of fine-grained sediment, such as clogging and crosion, took placc in the
sedimentary soil : the various roles of the pipes for the subsurface water discharge regime were
displayed through subsurface hydraulic crosion at all runoffs (refer to Chapter 6).

3.2.3 Relationship between pipe flow and hydraulic head gradient

As described in the previous section, earlier studies have commmonly regarded pipe flow as
being under full low condition, and used theories based on MANNING's equation or the DARCY-
WEISBACH formula to interpret most of the subsurface water flow regime in drainage network
systems resulting from pipe flow (Kitanara, 1989 ; SibLE et al, 1995). This suggests that the
increasing ratio of pipe discharge recedes with the rising of the hydraulic hcad gradient of pipe
flow or subsurface water flow in soil matrices.

However, in the present experiment, pipe discharge suddenly increased with the rising of the
hydraulic head gradient of subsurface water flow in the high drainagc capacity of the pipe. In
order to understand the difference in the subsurface water discharge regime between high and

low drainage capacities of the pipes, the relationship between i. and &, was verified through
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Fig. 18 Relationship between hydraulic head gradients and discharge from the pipes when
the pipes of intermediate drainage capacity, shown in Table 3, were laid.

model experiments using the intermediate drainagc capacities of pipes of 0.54 mm long and 9mm
ID and of 0.74 m long and 13 mm ID, shown in Table 3. The results are shown in Figure 18. The
methodology for the creation of a full flow condition in the pipes was as follows : At the initiation
of the experiment with water discharge from the pipe outlets, a thin vinyl tube was inscrted into
the pipes and then new water was supplied into the pipes through the tube. This mecthod
required the creation of a full flow condition in the pipes (of course, the vinyl tube was removed
to measure the discharge). In contrast, air supplicd through the tube into the pipes provided and
subsequently maintained a partly full depth condition in the pipe.

Figures 18(a) and 18 (b) show pipe discharge under the full flow condition and the partly full
depth condition at the initiation of the experiment, respectively. Discharges from the pipes
showed convex curvilinear correlations under the full flow condition (Fig. 18(a)). Discharge from
0.74m long, 13mm ID pipe, however, changed to the partly full depth condition at i,=0.35 and
showed simultaneously a concave curvilinear correlation in @,=15ml-s '. Thus, pipe discharge
under the partly full depth condition at the initiation of the experiment may also have caused the
same discharge regime representing the concave curvilinear correlation in the i. — ), relation.

Under the partly full depth condition at the initiation of the experiments (Fig.18b), discharge
from 0.74 m long, 13mm ID pipe exhibited a concave curvilinear correlation at i, =0.37 (), = 15~20
ml-s ', that is, the opposite of what was under the full flow condition in @,=20ml-s '), and
discharge from the pipe of 0.54m in length and 9mm ID also showed a concave curvilinear
correlation at ,<0.37 (@,=10ml-s ).

The curvilinear correlations in the experimental results may be contained within an crror
range because of the availability of a linear approximation for these rclations. Supplemental
experiments, repeated three or four times, revealed no transition of the shapes of the curvilinear
correlations (<1 ora=11in eq. (2)) with the relative standard deviation of 0 to 3.47% for the values
shown in Figure 18 (b). Thus, the flow regime of @ > 1 was obviously created under the partly full
depth condition in the pipes.

In the relative high drainage capacity of the pipe, flow in the pipe with a small hydraulic head
gradient was under the partly full depth condition and pipe discharge increased with ¢ > 1 when

the hydraulic head gradient rose. If the hydraulic head gradient rose more, a decrease in the
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drainage capacity of the pipe resulting from an increase in seepage flow from the soil matrix into
the pipe would promote the full flow condition in the pipe, and then MANNING's equation or the
DARCY-WEISBACH formula, supporting the reduction of the increasing ratio of pipe discharge,
would interpret the pipe flow mechanism as demonstrated in Figure 16(a). In other words, the
hydraulic property expressed by MANNING's equation or the DARCY-WEISBACH formula
(KiTAHARA, 1989 ; SIDLE et al., 1995) can only be applied to the pipe flow mechanism in the relatively
low drainage capacity of the pipe and to the convex curvilinear corrclations shown in Figures 16
(a) and 18(a).

From the above results, we can make the following conclusion from the simultaneous records
of the concave and convex curvilinear correlations at one storm event in Figure 10c¢ : Subsurface
water via the soil pipes was mostly an open channel flow owing to the sufficient and optimum
drainage capacity of soil pipes to shallow groundwater at the initial stage of runoff cvents.
However, the relative reduction of drainage capacity of the soil pipes, resulting both from the
continuity of rainfall and the rising of the hydraulic head gradient, converted the open channcl
flow into full low in the soil pipes.

Subsurface water flow can be expressed by Q.= Av,, where Q. is the subsurface water flow, A
is the flow section area, and v, a is the mean velocity of subsurface water flow. According to the
experimental results, this equation suggests that the reason for the abrupt increase in subsurfacc
water discharge shown in Figure 10(a) (i.e., the concave curvilinear correlation) derived not from
an increase in flow section area (A) as the shallow groundwater level rose, but from an increase in
the mean flow velocity (v,) resulting from an increase in pipe flow. That is, the increasc in the
mean flow velocity (v,) ultimately depended on the increase in the subsurface water flow velocity
from the soil matrix into the drainage networks typical in soil pipes. Accordingly, subsurface
water discharge abruptly increased with the increase in pipe discharge under the partly full depth
condition in soil pipes.

There is no information that can confirm whether these open channel flows actually occur at
any head slopes. However, the concave curvilinear correlations in Figure 10 must disclose the
occurrence of partly full depth condition in soil pipes or drainage networks causing the open
channel flow.

3.2.4 Subsurface water discharge regime
Table 4 shows the subsurface water discharge regime from the head hollow of the Jozankeci

Watershed :

(1) The drainage capacities of the soil pipes had a small effect on subsurface water discharge
during low flows, and subsurface water discharge shows linear correlations to the hydraulic
head gradient (¢=1in eq. (2)). Matrix flow contributed chiefly to subsurfacc water discharge
and DARCY'’s law elucidates the subsurface water discharge regime.

(2) Pipe flow intensively affected the subsurface water discharge regime during runoff events.
1) In the high drainage capacity of the soil pipes (or drainege networks), the flow via the soil

pipes shows hydraulic property as the open channel flow (the partly full depth condition).
The increase in pipe discharge with the rising of the hydraulic head gradient of subsurface
water flow created the abrupt increase in subsurface water discharge (the concave curvilin-
ear correlation ; a >1 in eq. (2)).

2) In the low drainage capacity of the soil pipes (or pipe networks), the flow via soil pipes
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Table 4 Modes of subsurface discharge at the valley head of the Jozankei Watershed.

During small flow During storm runoff
Dominant pathways . .
of subsurface flows Matrix Plfe
Drai i ! L

ramnage capaciiies Mostly unrelate Large Small
of pipes
Dominant flows Matrix flow Open-channel flow  Pipe flow
. Manning

Equation Darcy ? Darcy- Weisbach
Coefficient “a” in Eq.(2) a=1 a>1 a<l

Correlation curves _v J
shown in Fig.10 /

shows the hydraulic property as being full of water in soil pipes (the full flow condition),
indicating the reduction of the increasing ratio of pipe discharge with the rising of the
hydraulic head gradient of subsurface water flow. The increasing ratio of subsurface
water discharge also decreased with the rising of the hydraulic head gradient of subsurface
water flow (the convex curvilinear correlation : ¢<1 in cq. (2)).

(3) The various curvilinear correlations during the snowmelt season, shown in Figure 10,
indicate that the drainage capacities of soil pipes (or drainage networks) changed at every
runoff event. This changeable drainage capacity of soil pipes, accompanied with their
expansion, retrenchment, and closing, is often induced in slopes, so that various subsurface
water discharge regimes appear in the slopes of head waters.

(4)  An abrupt formation of a shallow groundwater level, destroying the steady state hydraulic
condition at slopes during heavy rain, provided insufficient pipc flow to the subsurface
drainage (i.c,, the low drainage capacity of soil pipes). If the drainage capacity of soil pipes
is not restored by the contribution of the other soil pipes to the subsurface drain or by
subsurface hydraulic erosion, it is impossible to drain subsurface water in slopes through soil
pipes in a sufficient amount and rate. Accordingly, if more rain is supplicd to the slopes,
generation of saturated overland flow or sediment movement in subsurface portions can
release the subsurface hydraulic pressure in the slopes. That is, changes in the drainage
capacity of soil pipes are closely related with the mechanism of overland flow generation and

sediment production at the slopes of headwaters.

4. Coarse-grained sediment production

4.1 Dynamics on sediment yield initiation
In order to provide a physical understanding of both piping with coarse-grained sediment
discharge and the mechanism of subsurface hydraulic crosion, theoretical cquations regarding

the hydraulic agent of coarse-grained sediment discharge at slopes are given below.
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4.1.1 Seepage force and hydraulic gradient

DunnE (1980) described how spring sapping and seepage erosion such as piping primarily
caused soil movement through the agent of subsurface water flow, and the change in scepage
force was an important index for describing the erosion by subsurface water flow.

Seepage force of subsurface water flow affecting a unit volume of soil under the steady state
hydraulic condition is given by CEDERGREN (1977) as :

Fy=p.8i (5)
where Fy, is the seepage force of subsurface water flow, p, is the subsurface water flow density, g
is the gravitational acceleration, and 7 is the hydraulic gradient. Since p,g in eq. (5) indicales the
unit weight of subsurface water flow, £, is modified for unit length of soils as

Fy=p,. Agi=A7y.i (6)
where A is the flow section area, 7, is the unit volumetric weight of subsurface water flow that has
a narrow range in variation under normal air temperature (7, =1 (tf-m %) =1 (gf-cm %). Thus, the
seepage force depends on the change in the hydraulic head which reveals the primary significance
for sediment movement by subsurface water flow. YAasunara et al. (1984) reported that the
hydraulic gradient during a storm was larger than that before the storm at a valley head of a
hillslope, and they discussed the possibility of pipes forming through the subsurface scdiment
movement as seepage force changes. In addition, SAKURA et al. (1987) conducted that the instanta-
neous vertical ascending hydraulic gradient to a slope surface ranged between 0.5 and 1.0 for the
flotation of sand particles and that sandy soils liquified when hydraulic gradients exceeded 1.0.

Saturated subsurface water flow flux in soils is expressed as

g=K;i (7
where ¢ is the subsurface water flow flux in saturated soils and K, is the saturated hydraulic
conductivity of soils. Eqgs. (5), (6), and (7) indicate that an increase in the subsurface water flow flux
with a rising of the hydraulic gradient induces sediment movement through the increment of
seepage force that influences slope soils.

On the other hand, on account of the various hydraulic gradients and {low dircctions of
subsurface water flow in slopes during storms, the direction of subsurface water flow is an
essential element in the sediment movement caused by piping as well as the change in the
hydraulic head gradient (IvErson and MaJor, 1986 ; Howarp and MacLang, 1988 ; Remn and
IVERSON, 1992). That is, if the hydraulic head of saturated subsurface water flow is sufficient for
liquefaction and if the direction of flow that can transport coarse-grained particles from slopes is
ascending enough to a slope surface, there is a large possibility that piping will be initiated in
slopes.

The dynamics of the sediment movement caused by liquefaction or by shear destruction are
arranged in the following sections with consideration of the changes in the hydraulic gradient
and the direction of subsurface water flow.

4.1.2 Liquefaction and seepage force

Critical conditions for piping initiation at a slope which is composed of cohesionless,
isotoropic, and homogenous sand is given by ZasLavsky and Kassire (1965) for a case in which the
saturated subsurface water flow is ascending perpendicular to a slope surface :

f =0 (lfn>cos6L (8)
Ou a;
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Fig. 19 Schematic illustration of saturated subsurface flow, seepage force,
and gravitational force affecting a clod on a slope.

where I, is the vertical ascending hydraulic gradient of saturated subsurface water flow to the
slope surface, p, is the density of sand, n is the porosity, 8 is the slope inclination, and «; is the
shape coefficient of soil particles which is usually negligible (ie., «;=1) from cxperimental
evidence. If piping results from liquefaction, eq. (8) is adequate for analyzing the rclationship
between piping and liquefaction originating in cohesionless soils. Eq. (8), however, is applicable
only to piping caused by the vertical subsurface water flow to a slope surface. As previously
described, the direction of subsurface water flow varies at slopes, so that the effect of the direction
of subsurface water flow on liquefaction has to be combined into eq. (8).

Figure 19 shows the schematic conditions of saturated subsurface water flow, seepage force,
and gravitational force affected on a soil clod at a slope with an infinite length, the inclination 0,
and the conditions for an isotropic and homogeneous soil layer. The following assumptions arc
made for the subsurface water flow agent affecting point A in Figure 19 : Slope soils at the site of
piping initiation are saturated with subsurface water, and not overland flow but saturated
subsurface water flow causes all sediment discharges that accompany pipe formation. When the
vertical ascending subsurface water flow seeps from the subsurface to point A and scepage force
acts on a soil clod at point A, vector AC exhibits the seepage force. The combination of AC and
AD (gravitational force of the soil clod) provides the seepage force that removes the clod by
liquefaction. If the direction of the combined force is parallel to a slope, then the situation
indicates a critical condition for piping initiation, and just a slight ascending dircection of
subsurface water flow will rapidly create piping. The hydraulic gradient of this critical sub-

surface water flow in Eq. (8) is modified for piping caused by liquefaction as follows :

Ps — Pu

(1—n)cos O (9)

Lic=
u

where ¢ is the critical hydraulic gradient perpendicular to a slope surfacce resulting in eq. (8).

In contrast, the vector AB indicates the seepage force of all directions of subsurface water
flow affecting a clod at point A. The critical condition of piping initiation by such a flow,
therefore, is that the combined force of AB and AD is parallel to a slope surface. That is, the
condition is given from eq. (9) by :

O =P (1—p)<08 0
sina

i11f:i1(5in ’a: (]0)

O

where i, is the critical hydraulic gradient for any direction of subsurface water flow and « is the
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angle between the direction of the slope surface and subsurface water flow (positive for ascending
direction to the slope). Even though the hydraulic gradient is large, the condition of ¢=0°
(parallel to and descending the slope surface) adds a descending force to the sediment, which
increases the submerged weight of the soil. This indicates that sediment removal outside a slope
by piping is impossible in this situation. Thus, « in eq. (10) ranges from the ascending to vertical
directions to a slope surface (0° <a=90° +0). This fact demonstrates the applicability of cq. (10) to
piping occurring in a cohesionless soil.

KoHNO et al. (1987) studied the critical hydraulic gradient of cohesive soils under the onc-
dimensional vertical flow condition, and they obtained :

= O () +
Pu Yp0u &

where i, is the critical hydraulic gradient, c is the cohesion of a soil, and 7, is the radius of a circle

(1

when seepage force acts on a circular cross-section of the soil. Eq. (11) is in equilibrium with eq.
(8) under6=0 and a cohesionless soil. Eq. (11), therefore, supplies important information on piping
caused by one-dimensional saturated subsurface water flow in cohesive soils.
4.1.3 Shear destruction and seepage force

When subsurface water flow seeps from a soil surface slowly, shear destruction in the soil
precedes liquefaction of the soil (IVERSON and MaJor, 1986). In this case, the critical condition of
sediment movement caused by shear destruction at a slope composed of an isotoropic and
homogeneous sand is given by the following equation :

. Ps POu o Sln(¢79)
L U=n) G ire)

where ¢ is the angle of internal friction of a porous medium, and 1 is the angle between the normal

(12)

direction to a slope surface and flow directions. In eq. (12), the qualification of @=¢ and 07 =<1 1
$=<180° derives i=0 under the situation of 90°=2=180" —¢. This shows the descending sub-
surface water flow to a slope surface at a steep slope whose angle is larger than the internal
friction, and indicates that the slope is being destabilized and a landslide may instantancously
occur. Piping does not necessarily always take place in the case of descending subsurface water
flow to slope surfaces. Accordingly, eq. (12) is not applicable to piping at a steep slope composed
of sediments of §=¢. That is, the confirmation of 6<<¢ and —0=24 =90° in eq. (12) is indispensable
for the analysis of piping caused by shear destruction.

In addition, taking into account the balance of torque acting on soil, KocnEl el al. (1985)
improved the critical condition of sediment movement caused by shear destruction with negligi-
ble surface flow :

. :Q Os Pu Sll’l(¢*9)
T e cos(@ty—o)

(13)

where C, and C, are the coefficients for soil particle shape and packing, and v is the angle between
horizontal direction and flow direction. The complete evaluation of C,/C: is impossible owing to
the heterogeneity of soils on slopes. Eq. (13) is, therefore, inapplicable to the analysis in this study.
4.2 Analysis of coarse-grained sediment yield with piping
4.2.1 Numerical analysis using the Finite Element Method
In order to understand the unsteady two-dimensional hydraulics in an isotropic and homoge-

neous slope, the Finite Element Method (FEM) was applied to quantify the changes in the
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hydraulic gradient and flux of subsurface water flow at a slope (see Fig. 4 and Photo 5) where a
soil pipe and a depression were created during a storm.

The slope was first divided into many parts with small triangles in the FEM. The average
value of the hydraulic heads and fluxes of subsurface water flow, calculated for cach apex, were
expressed at the gravitational center of the individual triangles. Rainfall intensitics of 10 min
intervals during a storm event (24 to 26 September, 1988) were inserted to the FEM calculation.
Slope inclination (45°), horizontal distance (15 m), and permeable soil depth (5m), corresponding to
the location of the depression shown in Figure 4 and in YAaMAGUCHI (1963), were used in the FEM
calculation. The effect of the three-dimensional concentration of subsurface water flow was
negligible because of the topographical smoothness at the slope surface. Eq. (7) derived the flux
of subsurface water flow based on the hydraulic conductivity of saturated and unsaturated flows.
The average saturation hydraulic conductivity of soils, calculated both from the four samples in
the head floor shown in Table 3 and the other four samples at the depression shown in Table 5 and
in 4.2.2, was applied in the FEM calculation.

The following equation (BRUTSAERT, 1968 ; Tani, 1982) expresses the unsaturation hydraulic
conductivity based on a saturation hydraulic conductivity (K,) and the moisture characteristics
curve (C2-50) shown in Figure 5 as :

K=K.M} (14)
where K is the unsaturated hydraulic conductivity, and M, is the effective moisture content given
by :

M.=00,-0)0.-6,) ! (15)
where 0, is the practical soil moisture content, 8, is the field capacity, and 6, is the saturated water
content equal to the porosity. In addition, 8 is given by :

B=0u¢™" (16)
where ¢ is the pressure head of subsurface water flow.

Neither the changes in the hydraulics of subsurface water flow with the enlargement of soil
pipes nor the physical characteristics of soils such as heterogeneity, the angle of internal friction,
and soil cohesion, were combined into the FEM calculation. The boundary conditions were
described as follows : The fact that the perennial low was produced at the bottom of the slope in
the Kitadani Watershed established a shallow groundwater table at the lower end of the model
slope. Subsurface water flow from the model slope was impeded to flow out toward the opposite
site of the model slope without passing through under the strecam, owing to the emergence of
subsurface water flow from the opposite facing slope. Thus, subsurface water flow from the
model slope was drained completely in the stream in the Kitadani Watershed. The rainfall
supplied to the model slope did not flow out to the other slopes bevond the drainage divide on the
ridge. Additionally, the cone penetration test completely delineated the boundary betwecen the
regolith zone and the basement rock at N;y=40. Thus, the bottom of the model slope reached the
basement rock that acted as an impermeable zone for quick subsurface water discharges.

Figure 20 shows the temporal variation in the hydraulic gradient (a) at the foot of the slope
where piping was initiated, and the hydrographs of the valley head drain (b) measured at the W
2-weir and the Kitadani Watershed (c) measured at the Wl-weir (see Fig. 3). The data on the
hydrographs of (b) and (c) were obtained from the Tokyo University Forest in Aichi. The

hydraulic gradient (a) increased gradually from 0.03 to 0.05 rise-h ' with the storm on 25
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Table 5 Saturated hydraulic conductivity, critical hydraulic gradient obtained by liquefaction
experiments, and type of liquefaction.

Saturated Critical Type of
Sample name hydraulligl(;{}()iuctmty hydraulic gradient  Liquefaction
Toyoura sand 1.68X10* 1.01 Boiling
Corresponding slope
. 5 1.03 Tunneling
Depression 1(V)  2.30X10 T Boiling
Depression 1(L) 2.30%X10° 1.14 Tunneling
Depression 2(L) 5.95X10° 1.31 Tunneling
Depression  3(L) 5.95%X10° 1.52 Tunneling
Pipe 1(L) 2.11X107° 1.42 Heaving
Pipe 2(L) 3.67X10° 1.42 Heaving
Pipe 3(V) 6.43X10°% - —
AKkatsu watershed
Head floor (V) 8.86X10° - -
Side slope 1(V) 1.16 X10* - —
Side slope 2(V) 1.90X 10™ - -
Side slope  3(V) 3.67X10° 1.73 Heaving
Crest slope (V) 6.30X107° 1.10 Tunneling

— marks mean that liquefaction of samples did not occur with a hydraulic
gradient below 2.0.
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Fig. 20 Hydraulic gradient at the soil pipe calculated by numerical analysis (a), and
hydrographs in the valley head (b) and the Kitadani watershed (c).

Seplember, but, it rose suddenly from 0.6 to 0.8 (0.2 rise-h ') from 4 : 00 to 5 : 00 and formed a peak
at about 0.8 at 5: 00. The hydraulic gradient then decreased after the peak ranging between 0.7

and 0.8 regardless of the change in rainfall intensity. The maximum hydraulic gradient near the
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(A) Hydraulic gradient (B) Flow flux

Fig. 21 Hydraulic gradient and flux of subsurface flow in the model slope when hydraulic
gradient shown in Fig. 20 represented the first peak.

soil pipe was at least about 0.8 in the two-dimensional model slope of 45° in inclination, 15m in
length, and 5m in regolith thickness. One reason for the gradual rising of the hydraulic gradicnt
on 26 September may be the no program on the pressure reclease of subsurface water flow
associated with pipe formation.

In contrast, the stream flow (b) from the valley head drain mcasurced by the W2-weir
decreased suddenly at 10 : 00 on 25 September. This interruption of flow measurement significs
that sediment yield from the soil pipe and its deposition in the W2-weir interrupted the continu-
ous measurement of stream flow at around 10 : 00. The lack of deposition of sediment enabled the
continuous measurement of stream flow at the W1-weir.

Figure 21 shows the spatial distribution of both the hydraulic gradient and flux of subsurface
water flow at the model slope at 6 : 00 on 25 September, 1988, calculated by the FEM. The shallow
groundwater table expanded gradually with the continuity of rainfall, eventually reaching the
upper portion of the slope at the peak in the hydraulic gradient. While the hyvdraulic gradient (A)
exhibited a larger value in the unsaturated zone at the upper portion of the slope, the directions
were almost all vertically descending. The hydraulic gradient at the downslope became parallel
or ascending to the slope surface. A relatively large hydraulic gradient of saturated subsurface
water flow, corresponding to the peak in the hydraulic gradicnt in Figure 20, appeared at the
boundary between the down slope end of the slope surface and the head floor,

Subsurface water flow fluxes (B) had low intensity and the descending directions in the
unsaturated zone at the upper slope, but, saturated subsurface water flow with high intensity of
flux dominated below the water table. At the downslope, subsurface water flow in an ascending
direction and with a high intensity of flux occurred, and the concentration of the flow was
simultaneously promoted at the foot of the slope with the formation of a knick point. The
ascending flow established the most upward direction with an angle of 72° at the pcak in the
hydraulic gradient shown in Figure 20. Consequently, these subsurface water flows exhibited at
the down slope end must have initiated piping and created the soil pipe.

4.2.2 Experiment on liquefaction of granitic soils
A liquefaction experiment under one-dimensional steady state hydraulic conditions disclosed

the true values of the hydraulic gradient to cause piping in undisturbed soil samples of 100 cm’
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soil cores, collected either near the soil pipe below the depression or in the Akatsu Watershed (sce
Fig. 3).

Figure 22 schematically shows the experimental equipment which enabled the hydraulic
gradient to be measured when piping began in the soil samples. The 100 cm? soil cores filled with
the samples were installed at the end of the equipment. The saturation hydraulic conductivity of
the paper filter was 1.0X10 *m-s ' which was larger than the conductivity of the samples. The
change in the position of a tank with a constant water level in the tank derived the hydraulic

"in the hydraulic gradient)

gradient under the quasi-steady-state hydraulic condition (0.1 risc-h
from :

i=Ahls ! (17)
where Ak is the hydraulic head difference between the surface of the samples and the water level
in the tank, and Is is the thickness of the samples.

Critical hydraulic gradients (CHG) to cause sediment movement in this study were calculated
from eq. (17) through visual observations of the removal of soil particles and/or clods. In general,
during a liquefaction experiment, the abrupt changes in water discharge from the surface of a
sample supply the CHG under the gradual change in the hydraulic head. This is because the
hydraulic conductivity of the sample becomes larger as fine-grained particles arc removed and
resultant water discharge from the surface of the sample increases. The measurcment of water
discharge from the sample is, therefore, more accurate for the soil particle movement than the
visual determination of piping initiation. In many cases in liquefaction experiments, a suspension
of very fine-grained particles, indicating piping initiation, occurs before the hvdraulic gradient
reaches its critical value. However, in this study, the time when sand-sized particles or soil clods
actually and obviously began to move was recognized as the piping initiation. Thus, the valuces
of the CHG introduced here are likely to be larger than those in usual cases because of the no
attention to removal of fine-grained particles.

Table 5 shows the experimental results for the soils in the corresponding watershed and the
Toyoura standard sand which was used as the control. The parenthescs after the sample names
indicate the samples collected vertically (V) and laterally (L) at each soil profile. The samples

"o«

termed as “depression 1 to 3", “pipes 1 and 27, pipe 3, “head floor

"o [

,“side slopes 1 and 2", “side slope
37, and “crest slope” were collected at the upper small scar of the depression (0.5 m deep), the side
wall of the soil pipe outlet (0.3 m deep), the bottom of the soil pipe outlet, and the head floor (1 m
deep), the surface of the side slope, 0.2 m deep of the side slope, and 0.3 m deep on the ridge in the

Akatsu Watershed, respectively (see Figs. 3 and 4 and Photo 5 for the locations of sampling). The

Tank /z;/

£ 4 up

¥ down

Sample

Filter

Fig. 22 Schematic illustration of an apparatus used in the liquefaction experiment.
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- symbols in Table 5 indicate that liquefaction was not induced at a hydraulic gradient below 2.0.
All the CHGs registered values higher than 1.0 with the various types of piping. In the
Toyoura sand, boiling occurred at the hydraulic gradient of 1.0 and the sample liquefied complete-
ly. Tunneling was induced in the sample of the depression 1 (V) at the hydraulic gradicnt of
approximately 1.0 ; however, it liquefied completely with the boiling after the further ascent of
the hydraulic gradient. This phenomenon demonstrates that two types of liquefaction were
present in one sample. The samples at the depression maintained lower CHGs than those near the
soil pipe outlet (Pipes 1 to 3) and they tended to create the tunneling. The low hydraulic
conductivity was represented and the heaving was created in the samples of Pipe 1 and 2 at the
hydraulic gradient of 1.42. The samples at the side slope in the Akatsu Watershed seemed to have
relatively high hydraulic conductivity and CHGs. The sample at the crest slope in the Akatsu
Watershed caused tunneling at the hydraulic gradient of 1.10 with low hydraulic conductivity.
4.3 Mechanism of coarse-grained sediment discharge
4.3.1 Sediment movement by liquefaction for cohesionless soils

The mean values of the physical properties of the slope soils in the Akatsu Watershed arc

0:8=2.58 (tf -m ) and n=0.38 (see Table 2). when p..=1.0 (tf-m *), eq. (10) is modified as
i15=0.98cosf + sin '« (18)

Accordingly, subsurface water flow causes liquefaction for the cohesionless soils in this
granodiolite region at the values exceeding i,z in eq. (18). That is, eq. (18) reveals the relationship
between the direction of subsurface water flow (@) and the piping initiation by liquefaction in the
cohesionless soils under the slope inclination 6.

Figure 23 shows the relationship between the direction and the CHG of subsurface water flow
for the cohesionless soils, derived from eq. (18). At the same «, the gentle slopes require a larger
hvdraulic gradient to cause piping by liquefaction than the steep slopes. when subsurface water
flow had a vertical ascending direction (@ =90° for 8=0°, a=120° for §=30°, a =135 for 6=45",
and a=150° for §=60°), the CHGs were a constant 0.98 for each slope inclination. Figurc 23
indicates that the slope inclination of 45° and the maximum hydraulic gradient of 0.8, which were
calculated by the FEM, require 60° =a=<120° for the sediment discharge by liquefaction. In
contrast, Figure 21 shows a=72° at the timing of a maximum hydraulic gradicnt calculated at the
downslope end where piping initiated. This suggests a satisfying of the condition needed for
piping initiation by liquefaction (it needs i=0.73 for «=72°). That is, when there was no cohesion
in the slope soil of the Kitadani Watershed, the maximum hydraulic gradient of 0.8 and the
direction of subsurface water flow of 72° were sufficient to cause the piping triggered by
liquefaction.

4.3.2 Sediment movement by shear destruction for cohesionless soils

According to IVERSON and MaJor (1986), shear destruction must cause piping at a smaller
hydraulic gradient before reaching the CHG to produce liquefaction. Thus, the relationship
between shear destruction and sediment movement is examined in the following part.

Osaka et al. (1992) proposed the following equation for the granodiolitic soils measured in the
Akatsu experimental forest of Tokyo University :

¢'=29.6+9.20In(N,) (19)
where ¢’ is the internal friction angle of the soils inferred from the N.-value, {n is the natural

logarithm, and N, is the number of beating which needs to penctrate the cone to 10cm deep (=
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Fig. 23 Relationships between the direction and critical hydraulic gradient of saturated
subsurface flow in case of cohesionless soil according to Eq.(18).

Ny), supplied from the cone penetration test. The penetration resistance of the soils at the head
floor and side slope in the Akatsu Watershed was in the range 1=N =5 (see Table 2). Eq. (19),
therefore, supplies the internal friction angle of 29.6° <¢<44.4° for the valley head soils around
the Akatsu Watershed.

Eq. (12) provides the relationship between shear destruction and the CHG with the parameter
@ under the condition of 30°=<¢=45°. Under p,g=258 (tf-m *) and p,g=1.0 ({f-m 7, cq. (12)
transforms 2 into 1=90° —« and is modified as

. sin(¢—0)
=098 sin(90° —a+¢)

(20)
Eq. (20) represents the relationship between i and « in shear destruction as shown in Figurc 24,
where “M.V.” indicates the maximum value of the hydraulic gradient calculated by the FEM.
Independently of the ¢-values, i decreased with an increase in @ at the same a. If the slope
inclination was large, a small hydraulic gradient was required for shear destruction occurring in
the same direction as subsurface water flow. The peaks in both a (=72°) and { (=0.8) cvaluated
from the FEM exceeded the threshold for shear destruction for every combination of ¢ and 8. The
hydraulic gradient by the FEM was particularly higher than this threshold at steeper slopes such
as 6=30°. Thus, slow subsurface water discharge near the site of the piping initiation may have
induced the initial sediment discharge caused by shear destruction before liquefaction. If shear
destruction was responsible for piping, the sediment discharge occurring on 24 September should
also be considered as well as sediment production caused by liquefaction on 25 Scptember.
4.3.3 Effect of soil cohesion on the critical hydraulic gradient in the liquefaction experi-
ment

In the relationship between the cohesion of the soil and the CHG, the condition of 8=0°, ¢ =
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Fig. 24 Relationship between the direction and critical hydraulic gradient of saturated
subsurface flow in case of cohesionless soil according to Eq.(12). "M.V.” in the
figure indicates the combination of maximum value of hydraulic gradient and flow
direction calculated by numerical analysis.

90°, p &=258 (tf-m %, and p.g=1.0 (tf-m ) modifies eq. (11) into
i=098+2cr ! (21)

The liquefaction experiment satisfies the limits for liquefaction (i.c, under the vertical
ascending flow condition, which is indicated by IvirsoN and MaJor (1986) and eq. (21)). Thus, ¢q.
(21) identifies sufticiently the piping mechanism in the liquefaction experiment.

Figure 25 shows the relationship between i, for the ambient soil of the Kitadani Watershed
and » with the parameter ¢ based on eq. (21). When the cohesion is negligible as a sand (i.c., ¢ =0),
all soil particles can move individually at i.=0.98 for the corresponding samples at the study site,
implying that boiling can occur under this condition. When the CHG is around 1.5, the radius of
a soil pipe becomes larger with an increase in the cohesion of the soil, mecaning that heaving can
occur in cohesive soils. That is, sediment movement in cohesive soils at small CHGs requires a
large failure region, and soils are extensively removed just like a clod.

The differences in liquefaction stvles such as boiling, tunneling, and heaving shown in Table
5 results from the heterogeneity and cohesion of the soil samples. That is, when hydraulic
gradient reached the critical value, boiling could be instantaneously created in cohesionless soils
such as Toyoura sand by the liquefaction of individual soil particles. In the heterogencous
samples, water selectively and intensively passes through the permeable (and less cohesive) zone

in the samples with the rising of the hydraulic gradient. Thus, tunneling must have been induced
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Fig. 25 Relationship between the radius of soil pipe and critical hydraulic gradient for
different values of soil cohesion from eq.(11).

at the permeable and cohesionless zonecs in the samples by liquefaction. In addition, since
cohesive soils require a larger radius of failure region by seepage force at the hydraulic gradient
of 1.5, which was beyond the radius of the soil core of 0.025 m, heaving must have been induced in
the samples.

TANAKA et al. (1984) reported that the ratio (K,/K,) constructed by the saturation hydraulic
conductivity of soils (X,) and the filter (K,) used in experiments affected the type of scepage
failure. That is, tunneling and boiling were induced at K,/K, > 15 and 1 <K./K,<5, respectively.
In the present liquefaction experiment, K, is the saturation hydraulic conductivity of the paper
filter (1.0X 10 *m-s '). Thus, all samples excluding the samples in £,=10 'm-s 'shown in Tablc
5 arc under the condition of K./K,>15. This indicates that tunneling occurs in the experiment.
However, three types of liquefaction, such as boiling, tunneling, and heaving, occurred in the
samples. This was not always consistent with the description by Taxaka ef el (1984). This fact
supports that the cohesion and heterogeneity of samples provide the difference in the ligucfaction
style rather than the relation between the saturated hyvdraulic conductivity of samples and filters.
Despite the extensive dependence of soil samples on the cohesion and heterogeneity of the
liquefaction style, these physical properties of soils were ignored for measuring K, by Taxaka el
al. (1984). Thus, the results in TANAKA ef al. (1984) can not be applied to interpret the sediment
movement indicated here.

4.4 Topographic change and forest devastation by piping

Figure 20 represents the gradual rising of the hydraulic gradient with rainfall, and the abrupt
increase in the hydraulic gradient appeared prior to its peak. There is no useful evidence for
understanding the cause of piping ; that is, the piping initiation depended on shear destruction at
the smaller hydraulic gradient indicated by IVERsON and MaJor (1986) or on liquefaction with an
abrupt increase in the hydraulic gradient exceeding the CHG. At any rate, the maximum
hydraulic gradient obtained by the FEM showed a sufficient value to remove the soil particles or

clods by liquefaction. Accordingly, liquefaction with the ascending change in subsurface water
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flow direction and with the abrupt increase in the hydraulic gradient (i=0.8, at 6:00 on 25
September) or shear destruction on 24 September, at the foot of the slope, must have initiated
sediment discharge with piping. Sediment discharge likely continued until a decrease in the
hydraulic gradient or the change in subsurface water flow to the descending direction, and the
sediment entirely buried weir-W2 at about 10 : 00 on 25 September, subsequently interrupting the
stream flow measurement there.

In addition, the observation and the results shown in Table 5 and Figure 25 strongly indicate
that the large and small CHGs were required for the soil near the soil pipe outlet and in the
depression, respectively. The hydraulic gradient, therefore, seemed to have been large at the
piping initiation. Since the soil pipe enlarged with the progression of piping into the sandy (less
cohesive) soil in the depression, which showed small CHGs in the liquefaction experiment, a larger
hydraulic gradient was not required for the pipe expansion. The area of piping expanded
optionally in the slope soil during the storm with the change in the hydraulic gradient and the
direction of subsurface water flow.

As described in Chapter 2, forest devastation resulting from the formation of a depression
with piping also occurred in September 1989, in which the rainfall amount was similar to the
storm episode in September 1988. Accordingly, these sediment discharges from slopes must
sometimes be repeated during heavy rains and bring about subsurface hydraulic crosion as
progressive failure at slopes. Moreover, topographic changes at slopes derives the forest devasta-
tion.

The depression by piping often characterizes the topography of slopes as rills and gullies, so
that not only the denudation process by overland flow but also seepage force of subsurface water
flow is involved with sediment removal from slopes as the initial process of rill and gully
formation. Furthermore, since stream flow generation and piping occur at the samec sites,
sediment movement with subsurface hydraulic erosion makes a significant contribution to
hillslope evolution through the upstream migration of the site of stream flow generation.

The magnitude of the hydraulic gradient and the direction of subsurface water flow are
important factors affecting piping, and the cohesion of slope soils and the area on which secpage
force acts significantly affect the formation and enlargement of soil pipes as sediment is removed
from slopes. However, the mechanism of piping has not been explicated completely by liquefac-
tion experiments. That is, there is still debate regarding which of the following two theorics
explain cause of piping :

(@ The gradual change in hydraulic gradient on 24 September, 1988 (according to the theory

proposed by IvVERSON and MAJOR, 1986)

@ The exceeding CHG or the abrupt rising of the hydraulic gradient prior to its peak on 25

September, 1988

The reason for remaining above two theories depends certainly on no observation data on the
temporal variations in subsurface water discharge and sediment yield, and on the little quantita-
tive comprehension of the relationship between subsurface water flow and sediment vield in head
slopes.

For a more quantitative understanding of the relationship between subsurface water dis-
charge and sediment yield, the author has attempted to analyze the process of fine-grained

sediment production in subsurface water flow, which is easy to measure the temporal variation.
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5 Fine-grained sediment production

The previous chapters revealed the following information about subsurface water discharge
and coarsc-grained sediment in head slopes : (1) Water via soil pipes contributes intensively to the
subsurface water discharge regime at a head slope during storms (Chapter 3), and (2) coarsc-
grained sediment discharge results in piping accompanied with creating a soil pipc at a hcad slope
(Chapter 4).

Most sediment discharges from slopes resulting from the agent of subsurface water flow,
therefore, must be produced through preferential flow pathways typical in soil pipes. In this
chapter, in order to understand the effect of soil pipes on subsurface sediment movement, the
author analyzes the process of fine-grained sediment discharge passing chiefly through soil pipes.
5.1 Pipe flow and fine-grained sediment yield

Figure 26 shows the relationships among the hydraulic hecad gradient £.,,,., subsurface water
discharge, and fine-grained sediment yield during the rising limb of the storm hydrograph on 27
May and 16 September 1994, when the shallow groundwater levels in well W1 were completely
measured without any interruption caused by problems with data loggers.

Subsurface water discharge tended to show concave curvilinear correlations hetween 0.25
and 0.39 of the hydraulic head gradient on 27 May and between 0.36 and 0.45 on 16 September. On
16 September, overland flow was initiated in the rill running between well W1 and the spring
when the correlation line changed convexly near 0.45.

Fine-grained sediment rcached peaks at 21 : 00 on 27 May and at 11 : 00 on 16 September, and
both peak times coincided well with the gradient changes in concave correlation lines as shown
in Figures 10, 16b, and 17. Almost no gradient changes in thce more concave curvilinear
correlation were observed after the sediment peaks. That is, as will be described in Chapter 6, no
sediment discharge during the snowmelt created the concave curvilinear correlation in the iy, Q,
relation, showing the indistinct alteration of the gradient (sec Fig. 10). In contrast, sediment
production during the storms provided a notable gradient change in the iy, @, rclation.

The concave curvilinear correlation of subsurface drainage with the hydraulic head gradient,
as described in Chapter 3, corresponds to an optimum drainage condition where preferential {low

networks, including soil pipes, drain subsurface water from the head hollow. Therefore, the

(a) 27 May, 1994 (b) 16 September, 1994
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Fig. 26 Relationship among hydraulic head gradient, subsurface discharge and finc-grained
sediment on (a) 27 May and (b) 16 Scptember in 1994.
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sediment peak preceding the peak in subsurface water discharge affects the sudden increase in
the subsurface drainage capacity of the head hollow during the rising limb of the hydrograph, and
interacts with the subsurface water flow system in the head hollow between well W1 and the
spring.

Consequently, the fine particles occurring between well W1 and the spring affected the
sediment peak at the spring, resulting from subsurface hydraulic crosion causcd by preferential
flows (including pipe flow). Thus, the main origin of the fine particles was possibly the site
between well W1 and the spring. Since the particles measured after the sediment peaks scarcely
affected an increase in the drainage capacity of the head hollow soil between well W1 and the
spring, these sediments came not from the site between well W1 and the spring but from another
subsurface portion of the valley head.

Preferential flows cause sediment discharge during storm runoffs as well as the indicated
macro-pores for sediment and solute transport in subsurface water flow (e.g., PiLGrint and Huvr,
1983 ; TsUBOYAMA ef al., 1994). Thus, the rise of the seepage flow velocity from the soil matrix to
the soil pipes must have led to the concave curvilinear correlations in the iy, €, relation
described in Chapter 3. Many fine particles produced before the sediment peak originated from
the head hollow soil between well W1 and the spring, and the seepage force of subsurface water
flow (which has the same mechanism as piping) must have transported the fine particles from the
soil matrix into the macro pores (i.e., preferential flow pathways). Then, the pipe flow transported
this sediment to the spring after an extensive flushing of the soil particles from the walls of the
soil pipes.

5.2 Relationship between fine-grained sediment and rate of change in subsurface water
discharge

Although the fine-grained sediment discharge from the head hollow poorly correlated with
the subsurface water discharge, the concentration and flux of fine-grained sediment obviously
increased as subsurface water discharge increased at the initiation of the storm runoffs. Thus,
some physical mechanisms must appear in the relationship between the subsurface water
discharge and fine-grained sediment production.

The rate of change in discharge (dQ/dt, where d is differential, @ is stream discharge, and ( is
time) is an important parameter for describing suspended sediment yield following road construc-
tion and logging in a second order drainage basin. Hydrograph characteristics, such as dQ/dt, aid
the explanation of the variability of observed suspended sediment concentration (ANDERSON and
Ports, 1987). Sediment yield during the early period of storm discharge results from the rapid
rising of the sapping force associated with subsurface water flow acceleration (Naxiki el al., 1993).
Therefore, the correlations between the rate of change in subsurface water discharge (1-s %) and
the changes in Fg.S.C and Fg.S. Flux offer uscful information for understanding more (ully the
fine-grained sediment discharge in subsurface water flow, because the rate of change in sub-
surface water discharge is a function of subsurface water flow velocity (that is, dQ/dt=dAv/d!,
where A is the flow section area and v is the flow velocity), and because the effect of dv/dl on
subsurface hydraulic erosion is supported physically by one of NEWTON's laws (F=mduv/d!,
where F is the body force, m is the body mass, and dv/dt is the acceleration).

In addition, the extended BErNOULLI theorem derives the following equation for the unsteady

flow condition :



Mechanism of Subsurface Hydraulic Erosion at Head Water Slopes 83 —

—0(v*/2g+Z+P/o L&)/ 0x=1/gdv/ot (22)

where x is the distance along a flow line, g is the gravitational acceleration, Z is the potential head,
Pis the pressure, and v*/2g and P/p .g indicate the velocity head (kinetic energy) and the pressure
head, respectively. Egq. (22) reveals that the change in the unit volume of flow cnergy is
proportional to the acceleration of the flow. However, the precisc mecasurement of subsurface
water flow velocity is often difficult in the field, due to the complex routes of subsurface water
flow. Accordingly, dv/dt is not usually applicd to analyze sediment production, and d@/dt is
preferable for indicating crosion force caused by subsurface water flow because measurement of
subsurface water discharge is easier than that of subsurface water velocity.

In contrast, the analysis used the stream power recommended by BaGNoLD (1960) gives the
following useful equation for sediment production :

Q=p.ghSWV=p,g0S (23)

where £ is the stream power, & is the flow depth, S is the energy gradient, W is the flow width, V
is the average flow velocity, and  is the stream discharge. However, as shown in Figures 11 and
12, the fine-grained sediment discharge did not depend entirely on the change in subsurface water
discharge, and clockwise hysteresis loops occurred in the relationship between sediment yield and
subsurface water discharge. In addition, as will be described in Chapter 6, almost no fine-grained
sediment discharge was generated during snowmelt even though subsurface water discharge was
more than that during storms. Consequently, not only the stream power in eq. (23) but also the
soil mobility expressed by the effective stream power (BAGNOLD, 1966) and the effect of energy
gradient under unsteady flow conditions are the most significant parameters for describing
fine-grained sediment discharge in subsurface water flow.

Owing to the variation in slope topography or flow pathways, the critical strcam power as the
threshold related to sediment removal involves various values for each storm (Ikepa, 1981). In
addition, the acceleration term is commonly included in S in eq. (23) under the unsteady flow
conditions. Thus, the function composed of subsurface water discharge and cnergy gradient
under steady flow conditions rarely explicates the actual process of sediment discharge in
drainage basins where an abrupt change in subsurface water discharge usually occurs. A
one-dimensional function based on subsurface water discharge such as eq. (23) may be in-
appropriate for describing the mechanism of sediment production with piping.

Consequently, the rate of change in subsurface water discharge associated with the sub-
surface water flow velocity (dQ.,/dt; where Q. is subsurface water discharge) is an adequate
parameter to explain the relationship between Fg.S.C., Fg.S. Flux, and subsurface water discharge
under unsteady flow condition.

Figure 27 shows the results for the two cases of 22 October 1993 and 16 Scptember 1994,
Positive and negative values in the rate of change in subsurface water discharge occur during the
rising and falling limbs of the hydrograph, respectively. The ascending (dQ./dt-d/dl > 0) and
receding (dQ./dt-d/di<0) portions of the change in d@./dt during the rising limb appear to be in
the acceleratory (concave hydrograph) and deceleratory (convex hydrograph) rising limbs, re-
spectively. In both cases, the initial changes in Fg.S.C., were consistent with the initial rises in the
rate of change in subsurface water discharge.

The maximum valuc of Fg.S.C. on 22 October 1993 mostly corresponded with the fourth (and

largest) peak in the rate of change in subsurface water discharge, but this corrclation diminished
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Fig. 27 Rate of change in subsurface discharge, changes in concentration (Fg.S.C) and flux

(Fg.S.Flux) of fine-grained sediment on (a) 22 October 1933 and (b) 16 September,
1994.

thereafter. In both cases, the changes in Fg.S. Flux correlated precisely with the variations in the
rate of change in subsurface water discharge. These facts reveal that the erosion process of
subsurface water flow, associated with the rate of change in subsurface water discharge, created
the changes in Fg.S. Flux during the storms.

Figure 28 shows the relationships between the rate of change in subsurface water discharge,
Fg.S.C., and Fg.S. Flux during the rising limb of the hydrograph (including both the acceleratory
and deceleratory rising limbs, see Fig. 31 and below for the definition of terms) on 22 Oclober, 1993
and 16 September, 1994. The linear correlation coefficient (r) of Fg.S.C. was 0.52 and 0.66 on 22
October and 16 September, respectively. In contrast, the correlation coefficient of Fg.S. Flux was
0.88 and 0.91 on 22 October, 1993 and 16 September, 1994, respectively. Accordingly, for under-
standing the physical aspects of fine-grained sediment discharge in subsurface water flow from
the head hollow, the Fg.S. Flux is a better indicator of sediment yield process than the Fg.S.C.

Table 6 shows the linear correlation coefficients for the relationship between the rate of
change in subsurface water discharge and the Fg.S. Flux during the rising limb in the eight
observed storms. The minimum value of the linear correlation coefficient was 0.88 on 22 October,
1993. Consequently, at least during the rising limb of a storm hydrograph, crosion processes
associated with the rate of change in subsurface water discharge lead to changes in Fg.S. Flux. If
the Fg.S. Flux during the deceleratory rising limb (dQydt-d/dt<0, which shows a convex
hydrograph, see Fig. 31) is ignored, the correlation coefficients in Figure 28(b) and Table 6 are
modified to 0.96 and 0.97 for the storms on 22 October, 1993 and 16 September, 1994, respectively.
That is, the Fg.S.Flux during the deceleratory rising limb is distributed in the upper part above
the linear correlation line for every storm as shown in Figure 28(b). Thus, in principle, the linear
correlation is applicable during the acceleratory rising limb of the hydrograph (dQ./dt-d/dt =0
which shows the concave hydrograph, see Fig. 31).

By rearranging the results in Figure 28 b and Table 6, the following equation can be used to

respect the process of fine-grained sediment discharge in subsurface water flow for the ac-
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Table 6 Linear correlation coefficient for the relationship between rate of change in subsurface
discharge and fine-grained sediment flux during the rising limb of the hydrograph,
coefficient ¢ in Eq. (24), and initial subsurface discharge prior to the storms.

Linear correlation

Storm coefficient € (gsl=") Initial discharge (Is™)
30 Sep. 1993 0.93 0.007 20.99
22 QOct. 1993 0.88 0.005 73.48
27 May 1994 0.94 0.115 20.98
16 Sep. 1994 0.91 0.031 19.32
23 Sep. 1994 0.95 0.205 8.18
30 Sep. 1994 0.99 0.126 7.28
5Oct. 1994 0.98 0.115 3.92
19 Nov.1994 0.94 0.110 29.60
Fg.S.C. Fg.S.Fi
oBrese oo D FOSA

o 22 0ct.1993 E o 220ct.1993 3
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from the valley head (mls®) from the valley head (mls™)

Fig. 28 Relationship between rate of change in subsurface discharge and (a) fine-grained
sediment concentration and (b) flux during the rising limb of the hydrograph on 22
Oct., 1993 and 16 Sep., 1994.

celeratory rising limb of the hydrograph at which subsurface hydraulic erosion occurs and both
the production and transport of fine-grained sediment are caused :

S=e{dQ./dt—(dQ./dt)s} (24)
where S is the Fg.S. Flux, ¢ is a coefficient, @, is subsurface water discharge (low rate), dQ./dt
indicates the rate of change in subsurface water discharge, and (dQ./dt), is the threshold value to
produce fine-grained sediment.

In addition, d®./dt is expressed by :

dQ./dt=dAv/di=Adv/dt+vdA/dt (25)
where A is the flow section area of subsurface water flow. CHoLEY ef al. (1984) indicated that wash
load flowed down with the same velocity as stream flow. This may suggest that eqgs. (24) and (25)
indicate that the seepage force acting on soils causes fine-grained sediment production and
consequently fine-grained sediment is subjected to the acceleration corresponding to dv/dt. The
kinetic equation for the volume of subsurface drainage is expressed by

Fy=p.Adv/dt (26)
Eqgs. (25) and (26) gives
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dQ./dt=F/o,.+vdA/dt or F,=p,.(dQ./dt—vdA/dt) (27)
Thus, the rate of change in subsurface water discharge (dQ./dt) shows the linear correlation with
the seepage force acting on fine-grained sediment under the condition influenced by vdA/dL
If the Fg.S. Flux is proportional to seepage force bevond the threshold valuce (ic., dQ./dl -
(dQ./dt)o) and under the sufficient sediment availability, and besides it is represented from S=u F,

(where u is the coefficient [S]), eq. (24) is modified as

Fy=¢/u - {dQ./dt—(dQ,/dt)y} (28)
and combining eqs. (27) and (28) derives
(dQ/dt)y=vdA/dl (29)

That is, (dQ./dt), depends eventually on subsurface water flow velocity and the rate of change in
flow section area (dA/dt) : this may describe a term associated with the hydraulic boundary of the
laminar and turbulent flows (critical Reynolds number) under unsteady flow condition. Anyway,
the problem is that the assumption of S=u F,, should be certified : the relationship between Fg.S.
Flux and seepage force must be obtained in future.

In addition, the equation combined by egs. (27) and (28) shows that the dimension of € is
[KSM 7], which is also shown from eq. (24). This indicates that ¢ is inversely proportional to the
volume of water flow (i.e., [M?]). Table 6 and Figure 29 show the relationship between e and initial
subsurface water discharge (@,) prior to the storm runoffs. Coefficient ¢ is inverscly correlated
with @, and exhibits rare seasonal variation. Therefor, the initial condition of fine-grained
sediment production associated with subsurface water discharge affects € on account of the
different gradient of the correlation lines (Fig. 28 (b)), providing more evidence that the change in
flow section area strongly affects sediment production. The small water low scction arca prior to
the storms, which is one of the suggestive indicators to consider the antecedent soil moisture
condition in the head hollow, created a lot of fine-grained sediment discharge even though the
same magnitude of rainfall occurred. This indicates that an unsaturated area in slope soils plays
an important role in the mode of fine-grained sediment discharge in subsurface water flow.
Fine-grained sediment, therefore, tends to be low when the soil moisture content prior to a storm
is high.

Fine-grained sediment discharge can be characterized as follows : Subsurface water dis-
charge with storms intensively promotes a large amount of fine-grained sediment production
under dry antecedent conditions of the soil moisture at slopes. That is, an increase in dQ./dl with
the rising of seepage force creates subsurface hydraulic erosion with crosive sediment discharge
from unsaturated zones during the acceleratory rising limb of the hydrograph.

5.3 Clockwise hysteresis loop and the origin of sediment

The clockwise hysteresis loops in the relationship between subsurface water discharge and
fine-grained sediment production have long becn explained for the sediment discharge in moun-
tainous streams as [ollows :

1) Lack of sediment during the falling stage of stream flow owing to the preceding sediment
transport during the rising stage (a theorem for sediment availability proposed by WarLLixG and
WEBB, 1982).

2) Supply of sediment from the riparian zone during the rising stage associated with a
rain-splash and overland flow.

3) Even though stream discharge during the rising and falling stages is the same, the
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transportation forces of stream flow are different because of the difference in energy gradients of
the stream flow during the respective stages.

4) Even though the water levels during the rising stage and the falling stage arc the same, the
stream discharge is different owing to the difference in the cnergy gradient of stream flow. Thus,
stream discharge, calculated from the water level-discharge relationship, includes some unreliable
errors for the rising and falling stages in storm runoffs.

Reason 1) for the creation of clockwise hysteresis loops is inapplicable because fine-grained
sediment must have been sufficiently supplied {rom the hcad hollow soil during the observation
period. Reason 2) has no relation to fine-grained sediment discharge in subsurface water flow.
Additionally, the other reasons involve only a qualitative indication for the sediment discharge
and offer only an ambiguous explanation for clockwisc hysteresis loops owing to the insufficient
consideration of the mechanism, process, and origin of sediment production.

This study revealed that fine-grained sediment discharge in subsurface water {low depended
on the change in seepage force shown in cgs. (24) and (27). Accordingly, based on the change in
seepage force affecting the fine-grained sediment, the author will now examine why clock-wisc
hysteresis loops are created in the relationship between subsurface water discharge and fine-
grained sediment production.

If the supply and availability of fine-grained sediment is ignored, “crosion (or production)”
and “transport” must primarily characterize the processcs of fine-grained sediment vield in
subsurface water flow : The relationship between “erosion (or production)” and “transport” deter-
mines the modes of fine-grained sediment vield in subsurface water flow. The term “erosion (or
production)” in this study is applied not in the broad sense that includes particle transport in
subsurface water, but simply to the phenomenon by which soil particles are removed from the
sediment. Thus,in this study, the process of fine-grained sediment dischargc is defined as follows
“After the extensive flushing of soil particles from the matrix into subsurface pathways, the
particles are transported by subsurface water flow, and then sediment discharge eventually
occurs atl the spring”. According to this definition, the intcraction between “crosion (or produc-
tion)” and “transport” operates on the process of finc-grained sediment discharge under an initial
condition associated with sediment supply. The fact that fine-grained sediment was measured at
the spring outlet indicates that the sediment had been eroded and produced according to Eq. (24)
and had been transported rapidly via the subsurface pathways (i.e, soil macro-pores) without
being trapped in drainage networks in the sedimentary soil.

SAKAMOTO ef al. (1993 a) argued that, being beyond 0.1 1-s ' the stream flows in the Jozankel
Watershed and an adjacent drainage (6.0 ha in arca) enabled the transport of finc-grained sedi-
ments up to 20mg-s ' regardless of the change in stream flow velocity. Fine-grained sediment
discharge in subsurface water flow ranged from a maximum of 20mg-s ' for usual storms to at
least about 50mg-s ' for the storm on 16 September, 1994 when overland flow was generated on
the head hollow. Table 7 exhibits that most of the subsurface water discharge prior to the storms
exceeded 0.11-s . Furthermore, even if the initial subsurface water discharge prior to the storm
was below 0.1 1-s !, Figure 11 indicats that subsurface water discharge had already exceeded 0.1
l-s ' when sediment production was taking place. Fine-grained sediment discharge depends
mostly on the open channel subsurface water flow via soil pipes as described in Section 1 of this

Chapter. When the sediment transportation capacity of the open channel subsurface water flow
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Fig. 29 Coefficient ¢ distribution associated with initial subsurface discharge prior to the
storms.

in the head slopes followed the results in SAKAMOTO ef al. (1993 a), most subsurface water dis-
charges had already maintained the transportation capacity that enabled them tocarry the
maximum amount of fine-grained sediment during the low flow prior to the storm.

Figure 30 shows a conceptual illustration of the erosion and transport of fine-grained
sediment. Subsurface water flow associated with soil pipes eroded and simultaneously trans-
ported fine-grained sediment in soils under an optimum condition for sediment transport, and
thereafter only the transportation force of subsurface water flow created sediment discharge at
the spring.

Accordingly, the possible clockwise hysteresis loops in the relationship between subsurface
water discharge and fine-grained sediment yield are summarized in Figure 31, based on the
aspects on “erosion (or production)’” and “transport”. Changes in Fg.S. Flux resulting from
subsurface hydraulic erosion are caused during the acceleratory rising limb of the hydrograph
(between A and B in Fig. 31 (a), (b)) which is chiefly observed at the initial stage of storm runoffs.
Thus, during the initial rising limb of the hydrograph, subsurface hydraulic erosion producecs
fine-grained sediment particles and subsurface water flow transports them. That is, “erosion (or
production)” and “transport” of fine-grained sediment simultaneously occur in the head hollow
during the acceleratory rising limb, and intensive sediment production arises from the spring,
with increasing subsurface water discharge (see AB Fig. 31(¢)). Since the peak in fine-grained
sediment is affected by the subsurface water flow system between well W1 and the spring (sec Fig.
26), the sediment forming the peak chiefly originates from the subsurface portion ncar well W1.
Accordingly, the production of fine-grained sediment prior to the sediment peak (between A and
B shown in Fig. 31 ¢) should come mostly from the lower part of the hollow between well W1 and
the spring.

However, because of the reduced erosion (or production) force of subsurface water flow



Mechanism of Subsurface Hydraulic Erosion at Head Water Slopes - 89 —

Transportation

Erosion force

Sediment yield under
constant transportation force

AT

Transportation force increases,
whereas sediment is constant.

No erosion

proportional to
dv/dt

Sediment production

Fig. 30 Conceptual illustration of the erosion and transport of fine-grained sediment.

resulting from decreased d@Q,/di during the deceleratory rising limb (between B and C, sce Figs.
31(a), (b)), the transport of fine-grained sediment must be more important than the crosion (or
production) and likely occurred more during increased subsurface water discharge than during
the initial acceleratory rising limb. Since gradient changes into the more concave corrclation
were hardly observed after the sediment peak (see Fig. 26), fine-grained sediment measured after
the sediment peak scarcely affected the subsurface water flow system between well W1 and the
spring. That is, fine-grained sediment measured during the deceleratory rising limb (Fig. 31 (b),
(c)) originated from the upper subsurface portion of the hollow above well W1, and the sediment
may have come with a time lag to d@,/dt measurcd at the spring.

During the falling limb, negative d@./dt (Fig. 31 (b}) in the any subsurface portion of the head
hollow caused no erosion (or production) of fine-grained sediment. Only transport, accompanicd
with decreased subsurface water discharge, released the residual sediment in the hollow. Consc-
quently, the clockwise hysteresis loop appears in the process of fine-grained sediment discharge
in subsurface water flow (Fig. 31(c)).

5.4 Role of head slopes for different categories in drainage basins

Figure 32 and Table 7 show the relative importance of subsurface yields to total basin viclds
for fine-grained sediment discharge. The drainage area contribution to the spring corresponds to
55% of the total drainage area. Thus, if the ratio exceeds the 55% in Figure 32, water and sediment
discharge from the valley head greatly affect those from the total drainage.

Water discharge from the valley head contributed considerably to stream discharge during
the falling limb of the stream hydrograph (Fig. 32). When saturated overland flow was initiated
on 16 September, 1994, water discharge from the valley head affected the total discharge from the

drainage as soon as thc stream discharge formed the peak. In contrast, the cffect of the
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Fig. 31 Conceputal model to explain the clockwise hysteresis loop in the relationship
between subsurface discharge and fine-grained sediment.
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fine-grained sediment discharge from the valley head on the total sediment discharge from the
drainage appeared during the rising limb of the stream hydrograph.

Additionally, fine-grained sediment discharge in subsurface water flow (Fig. 32(a)) con-
tributed to total sediment discharge and exceeded 10% during the falling limb of the stream
hydrograph. However, the ratio of Fg.S. Flux was at most 13.5% in the case of subsurface water
discharge (Fig. 32(a), Tab. 7 and rarely exceeded 18% cven in the case of overland flow initiation
(Fig. 32(b), Tab. 7).

In comparison with both the drainage area contributing to the spring (55%) and the ratio of
water discharge from the valley head which exceeded 55% during the falling limb of the stream

hydrograph, the small effect on sediment yield from the total drainage occurs in the yicld from the

Table 7 Maximum ratio of sediment yields in subsurface flow from the valley head to total
drainage yield.

Storm Maximum ratio (%) Notes

30 Sep. 1993 0.003 Low Q,

22 Oct. 1993 13.50 Fig.35a, low

27 May 1994 - No data on fine-grained sediment
discharge in stream flow

16 Sep. 1994 18.00 Fig.35b, Overland flow generated

23 Sep. 1994 5.39 Large Q,

30 Sep. 1994 4.00 Middle Q,

5Oct. 1994 0.43 Middle Q,

19 Nov.1994 12.07 Middie Q,

(a) 22 October 1993 (b) 16 September 1994
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Fig. 32 Relative importance of subsurface yield to total drainage yields of water and
sediment discharge on (a) 22 October, 1993 and (b) 16 September, 1994.
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valley head. Accordingly, more than 80% of Fg.S. Flux from the Jozankei Watershed originates
from the stream bed and banks in these typical storms. However, in comparison with finc-grained
sediment for unit drainage area, the ratio of fine-grained scdiment discharge from the valley head
(o that from the total drainage was a maximum of 24.3% for subsurface water discharge alonc and
a maximum of 32.4% for overland flow generation. If the stream bank is integrated into the
drainage area calculation for subsurface water flow, the subsurface drain occupics about 99.5 per
cent of total drainage area. Therefore, the ratio of sediment discharge considering this total
subsurface drain must be larger than that considering only the valley head. Except for the
sediment supply caused by rain-splash, the rate of change in stream discharge also explains the
changes in Fg.S. Flux in the stream of the Jozankei Watershed (TerAJNMA ef al., 1996) during the
acceleratory rising limb of the stream hydrograph. From the aspect of sediment discharge caused
by water flow, finc-grained sediment discharges in subsurface water and stream flow may be
created fundamentally by the similar mechanism in the aspect of water flow agent depending on

the rate of change in discharge.

6 Relationship between subsurface water discharge and sediment yield
in subsurface hydraulic erosion

As described in Chapters 2 to 5, the erosion and transport processes of subsurface water flow
intensively interact with sediment discharge in the head waters. These hydrogeomorphic
processes obviously affect the forest devastation, valley formation, slope evolution, and turbid
water discharge caused by subsurface hydraulic erosion. Research on the watershed manage-
ment and land utilization phases will seck to investigate thoroughly the characteristics and
interrelation of subsurface water flow and sediment vicld and to understand the cffect of
subsurface hydraulic erosion on topographic change in forests.

Individual studies on water discharge and sediment movement have been conducted pre-
viouly. For instance, the recent development of interdisciplinary knowledge in hillslope hydrol-
ogy has provided information on water movement in hillslopes (KirkBY, 1978), and obscrvations
and experiments have led to an understanding of rainfall-runoff mechanism in hillslopes. The
integration of hillslope hydrology with topographic diversity, such as variations in drainage
networks or in valley head configurations, has recently emphasized the importance of
hvdrogeomorphic processes in valley development (Beviey and Kirky, 1993).

Most watershed studies on sediment movement do not address the interaction between water
discharge and sediment yield. Instead, these investigations have focused on such issues as
sediment budgets and the mechanism of debris flows and shallow landslides (Jsitc, 1992). This
may be because the interactive processes of hydrology and sediment movement, which dictate the
hydraulic conditions that generate sediment discharge and changes in the hydraulic condition
resulting from sediment vield, are difficult to quantify in terms of hydrogeomorphic processes in
headwaters.

In Section 1 of this chapter, the author discusses mcasurement of shallow groundwater,
subsurface water discharge, and suspended sediment yield from the valley head of the Jozankei
Watershed and considers the interactive processes of subsurface water flow agents and sub-
surface soil movementin the valley head. In addition, subsurfacehydraulic crosion resulting from

subsurface water discharge and sediment yield under unsteady hydraulic conditions led to forest
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devastation and valley development, so the effect of sediment yield with subsurface water
discharge on geomorphic process in the drainage is considered in Section 2. On the basis of the
above results, the effect of subsurface hydraulic erosion on the drainage environment is described
in Section 3, and the technical evolution of both measures for priventing slope devastation and
the management of water quality is discussed in Section 4.
6.1 Interaction between subsurface water discharge and fine-grained sediment yield
6.1.1 Hydraulic head gradient and subsurface water discharge from the head hollow
during a thaw season

The thaw season is a sufficient time interval to evaluate hydrological processes in the valley
head because of the extended wet soil moisture conditions. Thus, melt water discharge from 18
March to 13 May, 1944 was examined to analyze the Interaction between subsurface water
discharge and fine-grained sediment yield.

Figure 9 shows that melt water generated the maximum groundwater level on 16 April and
a similar peak on 5 May. An easy analysis of the relation between subsurface water discharge and
the shallow groundwater level for the same time periods is possible as shown in Chapter 2. Four
strong repeated patterns of melt water discharge are shown in Figure 9 : (1) from 16 to 18 April, (2)
from 21 to 23 April, (3) from 27 to 29 April, (4) and after 2 May. Details of subsurface water
movement and fine-grained sediment yield during these four melt water discharge cpisodes
provide information about the interaction between subsurface hydrology and soil movement.

Figure 33 shows the relationship between subsurface water discharge and the hydraulic head
gradient of shallow groundwater in the head hollow during the rising limb of the hydrograph.
Most data from 21 to 23 April and 27 to 29 April exhibited a linear or slightly concave curvilincar
correlation. On 16 April, a greater concave curvilinear deviation from the linear corrclation was
observed. However, the data from 17 April and from 10 to 12 May exhibited a convex curvilincar
correlation compared to the more linear correlation of the data for 21 to 23 April and 27 to 29 April.
The ratio of subsurface water discharge to hydraulic head gradient increased from 18 : 00 to 20 :
00 on 21 April and remained constant through 29 April. After 10 May, groundwater levels declined

— Rising limb
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Fig. 33 Relationship between subsurface water discharge and hydraulic hecad gradient in
the head hollow during the rising limb of meltwater discharge in 1994
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Table 8 Fine-grained sediment concentration (Fg.S.C.) during the initial snow melt scason in

1994.
Day 18 March 19-21 22 22-31 1 April 2-11
Time 0,6,12,18 h 0.6,12,18 h 0,6 h 14 h 14 h 14 h
Number of Samples 12 12 2 10 1 10
Fg.S.C (mgi" 0 0 0 0 6 0
Notes on mixed for each for each  for each for one for each
Fg.S.C. value four samples sample sample sample sample sample
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Fig. 34 Subsurface discharge and fine-grained sediment vield from the valley head during
the meltwater discharge in 1994.

sharply because of reduced melt water supply and the subsurface water discharge was lower for
the same hydraulic heads compared to April. These results indicate a wide ranging subsurface
water discharge from the valley head for the same hydraulic head gradient and changes in
drainage capacity of the soil occurred in the specific period during the melt water scason.
6.1.2 Fine-grained sediment discharge with thaw and storms

Table 8 shows (ine-grained sediment concentration during the initial thaw scason from 18
March to 11 April in 1994. The shallow groundwater level in well W1 during the period was not
recorded because of a snow avalanche and subsequent data logger troubles. Water sampling was
conducted only once a day, at 14: 00, from 22 March to 11 April because the rate of change in
subsurface water discharge shown in eq. (24) was sufficient to understand fine-grained sediment
discharge in subsurface water flow and was likely to be the highest in the carly afternoon.
Fine-grained sediment (6 mg-1 ') at the outlet from the spring was gencrated when the melt water
discharge was initiated on 1 April {about 0.0221-s ' of constant basc flow from 18 to 31 March and
0.771-s 'of peak flow at 23 : 00 on 1 April). No fine-grained sediment occurred that until 11 April.

Figure 34 shows subsurface water discharge and fine-grained sediment vield from the hollow
from 21 to 23 April in 1994. Bed load material and fine-grained sediment in the subsurface water
flow were not produced by the spring from 12 April to 13 May except in one case at 20 : 00 on 21
April. Although the maximum subsurface water discharge was generated on 16 April (sce Fig. 3),
no fine-grained sediment was produced on that day. It is possible that the two-hour collection

intervals of subsurface water discharge might have yvielded an incomplete record of finc-grained



<

Mechanism of Subsurface Hydraulic Erosion at Head Water Slopes - 9

sediment. However, the infrequent production of finc-grained sediment during the melt water
discharge in 1994 indicates that this is a stochastic process. Only 2 out of 119 samples (1.7 per cent
of samples) collected between 1 April and 13 May contained measurable sediment. On 1 April, a
sample containing 6mg-1 ' was collected during snowmelt. On 21 April, a small sediment pulse
(1mg-1 ") was produced during a small peak in the snowmelt hydrograph. At the time of this
small sediment discharge, the relationship between discharge and hydraulic head shifted notice-
ably.

During 1995, there was no sediment discharge mecasured during the melt scason in the 148
samples collected between 22 March and 22 April (unfortunately no records of groundwater were
available because of problems with the data logger). Sediment initiation, like that for I April
shown in Table 9, could not be observed during the melt period in 1995 because melt water
discharge had already begun before 22 March when sample collection was initiated.

In any case, fine-grained sediment in subsurface water flow with melt water is produced quite
sporadically. There are two reasons for this : 1) dQ./d¢t in cq. (24) of melt water discharge is usually
smaller than that of storms (a maximum of 0.1l ml-s %), 2) regardless of the sufficient sediment
transportation capacity of subsurface water flow during the snow melt, € in eq. (24) is extremely
small because initial subsurface water discharge prior to the storm (€,) during the snow melt (I~
151-s !, see Tab. 6) is more than during storms. That is, sediment discharge shown in Figure 34
was attributed not to the erosive agent resulting from the changes in d@./d!{. but to some
antecedent factors that cause sediment removal.

The sediment discharge on 21 April shown in Figure 34 recorded barely I mg at 20 : 00 (cquals
to 1.43cm?®-sec !, 86 cm?-min ', or 5000 cm®- hr 1) ; however, the time of sediment discharge initi-
ation (20 : 00 in Fig. 34) precisely coincided with the time of an increase in drainage capacity of the
head hollow soil (from 18 : 00 to 20 : 00 in Fig. 33). Hence, fine-grained sediment discharge scemed
to relate to an increase in drainage capacity of the head hollow soil, that is, may have been
influenced the subsurface drainage system in the head hollow.

Figure 35 shows subsurface water discharge, fine-grained sediment yield, and the hydraulic
head gradient (head gradient is only for the rising limb of the storm hydrograph) for storms on 27
May and 16 September, 1994. The 27 May storm flow peak was less than many of the carlier melt
water episodes. No storms occurred from 13 to 27 May. Subsurface water discharge increased
more on 27 May than during the snow-melt period from 10 to 12 May and finc-grained sediment
began to discharge after 17 : 00 on 27 May, forming two discharge peaks:onc at 18:00 and
another from 21:00 to 22:00 (Fig. 35(a)). Although we have no fine-grained sediment data
between 17 : 00 and 18 : 00 due to the onc-hour collection interval for subsurface water discharge,
the first sediment peak may actually have occurred between 17 : 00 and 18 : 00 because of the
increase in drainage capacity measured from 17:00 to 18:00. Although subsurface water
discharge exhibited a linear or slightly convex curvilinear correlation before 17 : 00, it abruptly
increased from 17 : 00 to 18 : 00 and from 21 : 00 to 22 : 00 (Fig. 35(b)). Gradient changes in the
correlation line from convex to concave (Fig. 35(b)) clearly appeared from 17 : 00 to 18 : 00 and at
21 : 00 when fine-grained sediment began to discharge or peak ; that is, the peak in fince-grained
sediment discharge might provide a sudden increase in subsurface water discharge.

More detailed (15-minute interval) changes in subsurface water discharge, fine-grained sedi-

ment vield, and the hydraulic head gradient (hydraulic head is only for the rising limb) arc
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Fig. 35 Charges in (a), (c) subsurface discharge and fine-grained sediment and (b), (d) the
relationship among hydraulic head gradient of subsurface flow, subsurface
discharge and fine-grained sediment.

presented for a larger autumn storm on 16 September 1994 (Fig. 35(c), (d)). No bed load material
was generated during the storm. The sediment peak occurred at 11:00 and preceded peak
subsurface water discharge.

Subsurface water discharge exhibits a concave curvilinear correlation from 11 : 00 to 11 : 20,
but, it abruptly changes to a convex curvilinear shape after 11: 20 (Fig. 35(d)). Pipe flow was
discharged at the surface in the area near well W1 at 11 : 40 and the saturation overland flow was
generated simultaneously between well W1 and the spring when the gradient of the correlation
line changed from concave to convex (also at 11:40). The earlier change in gradient in the
correlation line from convex to concave (at 11 : 00) clearly appeared when fine-grained sediment
discharge peaked. The peak concentration and flux of fine-grained sediment appeared to affect
the sudden increase in subsurface water discharge during the 16 September storm as was the case
during the 27 May storm (Fig. 35(b)). Thus, interaction between changes in subsurface water
discharge and subsurface soil movement may commonly occur during storm runoffs.

The following conclusions can be drawn from the results in Chapter 5 and the data from the
thaw season :

(1) Subsurface water discharge concerns fine-grained sediment yield during the storm, and

simultaneously,
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(2) Fine-grained sediment yield affects also the changes in mode of subsurface water discharge
during both snow melt and storms.

Consequently, regardless of the origin of runoff (by melt water or storms), subsurface water
discharge and fine-grained sediment removal interact with cach other in the head hollow.

6.1.3 Change in the drainage capacity of a slope soil and fine-grained sediment yield
Changes in drainage capacity of the sedimentary soil in the hollow (shown in Fig. 33)

resulting from macro-pore volume variation directly affects subsurface water discharge. The
linear or slightly concave curvilinear correlation of subsurface drainage with hydraulic head
gradient corresponds to an optimum drainage condition where preferential {low networks,
including soil pipes, drain subsurface water from the hollow. The convex curvilinear correlation
corresponds to conditions of insufficient drainage capacity of the soil. These two tvpes of
drainage conditions are shown in plots of subsurface water discharge versus hydraulic head
gradient for various snow-melt periods in the hollow as well as during the May and September
1994 rain storms. Subsurface soil movement and enlargement of preferential flow passes may
provide these changes in the drainage capacity of the sedimentary soil.

Figure 36 shows the qualitative relations among drainage capacity of the soil, finc-grained
sediment discharge in subsurface water flow, and forms of sediment movement in the hollow (in
italics) from 16 April to 27 May, 1994.

(1) 16 to 18 April : Since the drainage capacity of the sedimentary soil in the hollow declined
between 16 and 17 April, subsurface water discharge decreased on 17 April even though the
hydraulic head gradient was the same as on 16 April. Although stream power (BaGNOLD, 1960),
calculated from subsurface water discharge and hydraulic head gradient, was maximum on
16 April, no fine-grained sediment was generated via the spring. These results reveal that an
obstruction of sediment discharge occurred in the hollow ; that is, clogging of preferential
flow paths with fine-grained sediment caused the decrcase in soil drainage capacity between
16 and 17 April. During such wet conditions in the melt water season, the interactive zone of
the macro pores and the macro pore network is believed to expand (TsUBOYAMA ef «l., 1994).

The measured decreasc in soil drainage capacity caused both a decrease in subsurface water
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Fig. 36 Relationship among the drainage capacity of the sedimentary soil, finc-grained
sediment discharge in subsurface flow, and forms of subsurface sediment
movement in the hollow during the meltwater discharge and subscquent storm
runoff in 1994.
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discharge and a risc in the shallow groundwater level in well W1.

(2) 21 to 23 April : On 21 April, a small discharge in fine-grained sediment was noted at the
spring outlet. Subsurface water discharge subsequently increased from 18 : 00 to 22 : 00 with
the increase in drainage capacity. This increasein drainage capacity was the result of both
sediment discharge and subsequent redistribution of fine-grained sediment n the hollow.

(3) 23 April to 4 May : Drainage capacity remained relatively constant from 23 April to 4 May,
because subsurface ater discharge, which is related to hydraulic head gradient, also varied
very little. No fine-grained sediment was generated from 23 April to 4 May. Therefore,
sediment supply was unavailable within the subsurface water flow system of the hollow and
clogging of the preferential flow paths with fine-grained sediment or discharge and redistribu-
tion of fine-grained sediment during this period was negligible.

(4) After 4 May : Between 4 and 6 May, the drainage capacity of the soil declined abruptly.
This decline coincided with a decrcase in subsurface water discharge after 5 May with the
same hydraulic head gradient as before 4 May (when discharge was higher). This low
drainage capacity continued until 12 May, and no fine-grained sediment was generated from
6 to 12 May. Clogging of the subsurface drainage system with fine-grained sediment may have
occurred on 5 May to instigate this decrease in drainage capacity of the sedimentary soil.
This low drainage capacity increased again during the storm runoff on 27 May, accompanicd
by fine-grained sediment discharge and redistribution.

6.1.4 Implication of subsurface water discharge and fine-grained sediment yield
Fine-grained sediment flux in the subsurface water flow gencrated during the rising limb of

the storm hydrograph was correlated precisely (r=0.88 to 0.99) with the rate of change in
subsurface water discharge. This relationship was developed for the rising limb of the hydro-
graph where subsurface hydraulic erosion is likely initiated.

Figure 37 shows the conceptual relationship between subsurface water discharge and fine-
grained sediment yield from the valley head, based on the results of this study. According to cq.
(24), fine-grained sediment moves without impediment in drainage networks in the sedimentary
soil when subsurface water discharge increases during storm runoff. This sediment is transported
out through the spring without being trapped in soil macro pores when the subsurface water flow
is able to carry the fine-grained particles from the subsurface to the secpage outlet of the hollow
(in case of e >0 and d@/dt>(dQ/dt)). That is, discharge and redistribution of the finc-grained
particles occur in the sedimentary soil, and the drainage capacity increcascs with the enlargement
of the pore volume.

Since much subsurface water flow is generated during melt water discharge, the transporta-
tion force of subsurface water flow is sufficient for the production of fine-grained sediment duce to
the larger stream power than the cases of storm runoff on 27 May. If subsurface hydraulic crosion
in the valley head occurs according to eq. (24), finc-grained sediment would be expected to flow
out through the spring. However, subsurface water discharge associated with melt water rarely
produces fine-grained sediment (i.e,, when e =0 and dQ./dt=(dQ,/dt),) because of clogging duc to
fine-grained particles in the sedimentary soil which decrease the permeability and drainage
capacity of the soil. The clogging due to fine-grained particles consequently causes the shallow
groundwater level to rise. On the other hand, the lack of fine-grained sediment dischargce

indicates that fine-grained particles are not available under the wet soil conditions because they
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are probably immobile or are bound by the cohesive forces of the sediment. Thus, the drainage
capacity of the soil in the valley head was relatively constant.

Periodic clogging with fine-grained particles terminates fine-grained sediment discharge. The
lower drainage capacity of the soil continues to cause the shallow groundwater level to rise and
saturation over land flow is consequently generated in the hollow. Furthermore, the decline in
drainage capacity may initiate shallow landslides due to increased hydraulic gradicents and pore
water pressures (BLONG and DUNKERLEY, 1976 ; TsUKAMOTO et al., 1982).

The phenomena described in Figure 37 do not always take place independently ; they are
often interrelated, since discharge, redistribution, and clogging due to fine-grained particles some-
times arise simultaneously in the valley head.

6.2 Subsurface hydraulic erosion and topographic change
6.2.1 Significance of coarse- and fine-grained sediment discharges for topographic changes

Eq. (24) involves no data for coarse-grained sediment discharge in subsurface water flow. The

following items, however, are essential for understanding fine-grained sediment discharge in

subsurface water low under the unsteady hydraulic condition as described in Chapter 5: 1) The
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temporal variation in subsurface water flow velocity (i.e., acceleration) controls strictly the
fine-grained sediment removal, and 2) If the temporal variation in low section areca is combined
into the discussion related to fine-grained sediment discharge in subsurface water flow, the rate of
change in subsurface water discharge is an indispensable parameter to understand subsurface
hydraulic erosion.

Eq. (6) is modified :

Fy=0.8A(—dh/dx) (30)
where & is the hydraulic head of subsurface water flow and x is the downslope distance. The
—dh/dx indicates the hydraulic gradient with the change in shallow groundwater level toward
downslopes. Combining eq. (26) with eq. (30) induces :

(~dh/dx)=1/g -« dv/dt (30
Although the velocity head (kinetic energy term) in the BERNOULLI theorem under unsteady
hydraulic conditions (see eq. (22)) is ignored in eq. (32), eq. (32) indicates that the hydraulic gradient
is in proportion to the acceleration of subsurface water flow, and consequently that the increases
in the acceleration provides the increase in seepage force that is proportional to the hydraulic
gradient (—dh/dx).

Accordingly, the following view explains the coarse-grained sediment discharge : The piping
created on 25 September 1988 shown in Figure 20 must have resulted not in “shear destruction
with the slow rising of hydraulic gradient on 24 September (based on eq. (12))” but in “liquefaction
caused by the expanding seepage force increasing with the rising of acceleration of subsurfacce
water flow (based on eq. (9))". In contrast, coarse-grained sediment discharge may be created
during the acceleratory rising limb of the hydrograph (dv/dt-d/dt >0) as well as the crosion of
fine-grained sediment during the acceleratory rising limb (that is, coarse-grained sediment dis-
charge possibly depended on —dh/dx-d/dt in Eq. (32)). In other words, the liquefaction in the
slope of the Kitadani watershed was encouraged by the abrupt rising of the hydraulic gradient
prior to its peak at 5: 00 on 25 September 1988 (see Fig. 20), being supported both from the time
that the cohesionless sediment buried the weir-W2 (at 10 : 00 on 25 September) and from the
substantial sediment discharge observed at the time.

Landslides caused by shear destruction resulting from subsurface water flow parallel to a
slope have chiefly been examined in studies which dealt with mass movement by subsurfacce
water flow. The safety factor constructed by the ratio of shear force to soil resistance has
commonly been employed to solve the numerous problems regarding slope instability, without
involving the process of shallow landslide under unsteady hydraulic conditions. However, the
results of this study indicate that liquefaction of part of the sediment (the spouting of individual
soil particles or clods out of slopes) is created by 1) an increase in the acceleration (scepage foree)
of subsurface water flow as the hydraulic gradient rises, 2) fine-grained sediment crosion during
the acceleratory rising limb of the hydrograph (dv/dt-d/dt>0) with an abrupt rise in the
hydraulic gradient (—dh/dx-d/di>0), and 3) the ascending changes in direction of subsurface
water flow. Hence, piping triggers sediment removal from the subsurface portion of slopes. This
conclusion is supported by KosasHhr (1993), who found that landslides were often initiated not by
shear destruction, but by the piping of slopes.

6.2.2 Effect of subsurface hydraulic erosion on geomorphic processes at slopes

Sediment movement, such as landslides, usually occurs during a heavy rain under the
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Fig. 38 Conceptual model of the effect of initial subsurface discharge prior to the storm on
sediment discharge in subsurface water flow. @s.,: Subsurface water discharge
prior to storm runoff ; @s,. : Critical subsurface water discharge for scediment
production under steady hydraulic conditions.

sufficient soil moisture content following a previous rainfall events as during the rainy scason.
This fact seems to contradict the statement that “Fine-grained sediment discharge is rarcly
promoted by a wet condition of the soil” in Figure 29. The rate of change in subsurface water
discharge (dQ./dt) and initial subsurface water discharge prior to storms (;) at the landslide
initiation, possibly have much larger values during the rainy season than during the ordinary
rainfalls that are dealt with in this study. Few rainfall events during the study periods exhibited
dQ./dt and Q; representing the critical situation for landslide initiation, so that sediment discharge
under such conditions was likely not observed in this study.

Figure 38 shows the conceptual model related to the effect of @s,, on sediment discharge in
subsurface water flow. If @s; is previously over the critical subsurface water discharge (@s;.,) for
creating sediment movement, sediment discharge depends on the critical tractive force (z,) or
critical hydraulic gradient (i) without being affected by d@./dt because of unconditional crosion.
These situations are summarized below :

(1) at @s;<@s,-:Sediment discharge is explicated by Eq. (24) expressing the sediment
removal under unsteady hydraulic conditions. The soil structure of the slopes controls fine-
grained sediment discharge as follows: 1) When @s., is small under the dry antecedent soil
moisture condition, loose packing of soil particles may enable fine-grained sediment erosion, and
2) When @s;;, is optimum for the wet antecedent soil moisturc condition, very little fine-grained
sediment discharge may be produced by the effect of the armor coating or cohesion of sediment.

(2) at @sy,= Qs (@s; is more than the discharge nceded to create t. or i) : Sediment discharge
depends on the changes in 7. or i, under the corresponding hvdraulic property, and the sediment
is produced through the lost equilibrium between erosion force and soil resistance. These phases
of sediment discharge disclose that sediment production occurs mostly under static criticality and
that a different mechanism of sediment movement opposite to condition (1) exists in the process
of subsurface hydraulic erosion.

Subsurface hydraulic erosion caused by liquefaction resulting from changes in d®./d!( and

the critical velocity of subsurface water flow has to be considered sufficiently to quantify the
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slope evolution and topographic change in valleys. This consideration contributes to the
quantitative comprchension of the forest devastation with sediment removal in drainages, such as
landslides, mud and debris flows, and rill and gully formation.

In future, the universal application of eq. (12) to sediment movement should be validated :
that is, whether eq. (24) is applicable or not to coarse-grained sediment discharge and to sediment
discharge in slopes underlying different topographies, geology, and vegetation. Additionally, the
relationship between the universal application of eq. (24) and the concept shown in Figurc 38
should also be verified. More information on the characteristics of subsurface water discharge
from slopes needs to be obtained to completely disclose the relationship between flow generation
and sediment movement in various areas. The theories based on the critical hyvdraulic valucs for
sediment movement under steady hydraulic conditions may not be sufficient to quantify the
hydrogeomorphic processes in drainages where drastic changes in subsurface water discharge are
promoted under unsteady hydraulic conditions. This is because the flow energy is proportional
to the acceleration of flow as shown in eq. (22), and the energy gradient expressed in eq. (23)
usually involves a term of unsteady hydraulic condition (i.c., acceleration). Accordingly, when
sediment movement at slopes is examined, the interactions of subsurface hydraulic crosion and
topographic change should be described by elucidating the relationship between changes in flow
energy and soil resistance under unsteady hydraulic conditions.

6.3 Influences of subsurface hydraulic erosion on the drainage environment

Figure 39 shows the impact of subsurface water discharge and sediment yicld from the valicy
head on head water hydrology and environment in temperate and humid regions.

Rainfall infiltrates mostly into soil ; consequently, subsurface water discharge is onc of the
main agents for erosion. Sediment discharge caused by piping is one of the most important
processes in watershed hydrology, shallow landslides, and debris flow. It produces sediment that
often triggers fine-grained sediment discharge, and turbid water is simultaneously supplicd into
streams. Furthermore, sediment discharge resulting from piping induces the topographic
changes, such as slope depressions or rill and gully formation at valley heads, and subsequently
shifts the arca of stream flow generation upslope leading cventually to valley development.
Vegetational destruction and the change in conditions of forest soil caused by fallen trees, root
excavation, and soil loss ultimately bring about the forest devastation.

In contrast, subsurface water discharge creates fine-grained sediment flushing as the initial
process of subsurface hydraulic erosion. This fine-grained sediment flows down mostly as turbid
water, and affects the downstream environment through the destraction of fluvial ecosystem, and
lake or marsh reclamation. The removal and transport of fine-grained particles at head slopes
promotes the physical weathering of slope materials, which affccts, directly and indirectly, the
consequent coarse-grained sediment discharge.

Numerous studies have long focused on “the agent of overland flow as the enlargement
process of rills and gullies or sheet wash erosion” and “the mechanism of shallow landslide by
shear destruction”. However, this study indicates that the effect of subsurface walter flow agents
on hydraulic and geomorphic processes in drainages must be integrated sufficiently into the
studies on forest hydrology when the forest conscrvation with sediment movement at slopes is
examined, for the following reasons: I’ Subsurface water flow is the most significant and

dominant agent in head water hydrology and geomorphology, 2 Subsurface water flows via soil
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pipes or forming soil pipes are indispensable for head water hydrology and geomorphology
during heavy rains, and they are the main agents involved in sediment movement in head slopes
of humid region, and 3 Topographic changes in valley heads are often caused by piping.
6.4 Technical problems for erosion control and creating water quality

Figure 40 shows the methodology for controlling subsurface water discharge and sediment
vield in head waters, based on the forest management that aims at both water and soil conserva-
tion. The goal of “sediment control in head waters and restraint of turbid water discharge” is
indispensable for watershed conservation and management. In other words, “no liqucfaction of
soil in head slopes caused by subsurface water flow” ahould be allowed. Consequently, the
following two aspects arc essential for examining forest utilization :

(1) Keeping the value of d@./dt in eq. (24) small : That is, watershed management for keeping
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small values of d@,/dt during storms and for creating gentle runoffs from slopes.

(2) Keeping the value of € in eq. (24) small : That is, watershed management for keeping wet
soil conditions and much subsurface water discharge during low flows. Conscquently, the
flow from the spring is conserved.

An increase in the infiltration capacity of soils through the artificial coating of the land
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surface in forests is the most effective measure for fundamental treatment as “increasc in water
storage capacity of slope soils”. However, an increase in the water storage capacity of soils
through the more spontancous functions provides temporal, spatial, and economic benefits,
Forests are common in humid regions, so that the following is effective for the forest soil
conservation : Maintaining and developing forest soils contains organic matier typified by A,
and A-horizons, and increasing the permeability and water storage capacity of the soils. Litter
layers play a major role in natural erosion control because they directly cover slope surfaces,
which is expected to create a litter flow (LEE and SHIBANO, 1990), restrain a rain-splash on slopes,
mitigate frost and melt in soils (TERAJIMA, 1994), and reduce the tractive force of flow duc to an
increase in the roughness of slope surfaces (KiTanara and Jaxe, 1994). Subscquently, depending
on the soil thickness on slopes, changes in the mode of sediment movement occur (ONDA, 1989), and
the reduced sediment movement contributes eventually to forest soil conservation.

In addition, the litter layers make subsurface water discharge increase by hindering cvapora-
tion from the soil surface and help to maintain the soil moisture content during dry periods
(TERAJIMA et al., 1993). Moreover, the litter layers regulate infiltration of rainwater into soils, and
keep about 5% of the annual precipitation (HErvEY and PARTRIC, 1965). TErRAJINA el al. (1993) and
TERAJIMA (1994) investigated the effects of typical litter covers in Hokkaido, such as Mizunara oak
(Qerucus mongolica Fischer et Turcz.), Todo fir (Abies sachalinensis (Fr. Schmid.) Masters), and
Japanese larch (Larix Kaemp/feri (Lamb.) Carriere), on hydrological processes on forest floors, and
indicated that 1) the litter of broad-leaved trees, such as Mizunara oak, was adequate to promote
infiltration into and restrain evaporation from soils, and 2) the litters of Japanese larch were
optimum for controlling frost and melt of soils as well as the litter of Mizunara oak. That is, the
litters of broad-leaved trees play important rolls in water and soil conservation on forest floors.

At any rate, the litter cover supplies the desirable soil moisture conditions for water and soil
conservation on the forest floor and develops the growing environment for understory vegetation
and trees., It is also favorable for germination, and is thus indispensable for the creation and
maintenance of the forest for succeeding generations.

Once forests are established on slopes, litter would be absolutely supplied to land surfaces.
Thus, in order to control the erosion caused by water flow in head slopes and to sustain the most
desirable type of water management in head waters based on natural processes, the Ay and
A-horizons must be long maintained through the spontaneous deposition and decomposition of
litter on forest floors.

To improve the water quality conservation and crosion control by creating a more favorable
environment on forest floors, the author makes the followings suggestion : Assume that the
recently required function of forests, erosion control, is associated with the improvement of water
storage of forest soils. In addition, assume the function for the water quality conscrvation is
related to turbid water discharge, a supply of iron ions regarding the growth of the sca plants
such as tangles, and the organic matter (carbon) removal from the aspect on the green-house
effect, as well as ordinary chemical component discharge. Based on these views, litter lavers play
an important roll in turbid water flushing, iron ion supply, carbon component behavior, and the
improvement of water storage capacity, because litter layers arc organic matter which contain
many macro-pores, and they are the origin of corrosive matter that decompose into fulbo-acid that

contains —COOH and —C=0 species that react easily with metal ions (MaTsuxaca, 1993).
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Accordingly, the maintenance and/or positive utilization of litter layers is essential for improving
the environmental conservation function of forests in future.

Litter cover on slopes may itself be insufficient as a technical material for the forest
conservation toimprove the above functions. This is because a lot of litter is removed from forest
floors when overland flow is generated where there is no understory vegetation, as typically
occurs in Hinoki cypress (Chamaecyparis obtusa (Sieb. et Zucc.) Endlicher) forests (Otkawa, 1977 ;
YosuiMURA et al., 1982 ; and Sakal et al, 1987). Another suggestion is that, instead of litter,
artificial soil should be used to keep a favorable environment for water and soil conservation in
forests. Artificial soils as the organic materials have to be made for rain water absorption, storage,
and quality conservation. Thus, artificial soils that retain organic matter are desirable to use for
covering forest floors. Artificial soils are already applied to the beds of trees lining strects,
promenades and lawns in parks, and on erosive areas such as climbing routes.

The application of tree chips to the pavement of promenades seems to be onc of the best ways
to examine artificial soils. The cover of land surface with the artificial soils which are made of tree
chips contributes to the soil conservation and simultaneously acts as natural permeable pave-
ment. In addition, the flushing effect of the artificial soils is useful for the bio-remediation that is
recently gaining notice in soil physics and chemical hydrology, from the aspect of holding organic
materials containing numerous effective pores.

What kind of the forest management is desirable to create the ideal water and sediment
discharge for the human life and ecological conservation ? The answer to this question requires a
multi-disciplinary approach covering not only geomorphology, hydrology, and erosion control but
also soil physics, ecology, fisheries, and social science. Moreover, there must be an understanding
of the mechanism of sediment production and water quality creation. In order to gain a holistic
picture of the function of forests affecting the watershed management from the mountains to the
rivers to the sea, cooperative multi-disciplinary research activities, are essential to solve the

problems on the basis of water flow as a common factor affecting the watershed environment.
Closing remarks

In the past few decade, Japan has been increasingly urbanizing. The urbanized zones arc
expanding to plateaus and hills and also to mountainous areas. Until a few decades ago, forests
were utilized as places for the production for woody fuels and building matcrials, and of food
procurement by the collection and capture of wild plants and animals. However, pcople are
increasingly viewing forests as spaces related closely to their urban lives and recreation.

The water and soil conservation of forests, such as the preservation of water resources and
the mitigation of floods and disasters by sediment movement, has been indispensable for improv-
ing urban living condition. The recent sudden urbanization and increase in population require
forests to play greater roles in water management, disaster prevention, and environmental
conservation. Moreover, the utilization of forests for recreation is growing at a rapid pace. Thus,
not only water management, disaster prevention, and environment conservation but also the
more direct applications, such as a recreational use through the preparation of forest parks, are
required for manifesting the public functions of forests.

At the same time, though, human impacts produce the negative loads for water and soil

conservation of forests. Environmental changes in and around forested watersheds mean that
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forests must adapt to new circumstances, making them more vulnerable to hydrogeomorphic
phenomena such as floods, landslides, debris flows, and turbid water discharges. This study had
an objective to technical procedure to make display effectively the functions of the water and soil
conservation of forests, and was assigned to model fundamentally forest devastation with
subsurface hydraulic erosion and turbid water discharge from forests. Thus, integrating the
results from this study into the relationship between water and sediment discharge in the water
cycle will be useful for obtaining more information on desirable watershed management. In
addition, understanding the discharge process of turbid water will give us significant information
on the effect of water purification in forests on fluvial and coastal ecosystems. In this sense, this

study should provide useful information for forest hydrology, geomorphology, and engineering.
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