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Abstract

Sheet erosion is the most extensively mapped erosion type in New Zealand.
With the current financial returns from pastoral framing, land which was
previously unaffected by sheet erosion is being cultivated and therefore
becoming more susceptible to sheet erosion.

The main objective of this study was to assess quantitatively, under the same
conditions of slope, cover, and rainfall, the erodibility of three soils which are
suitable for either arable farming or market gardening. Whether the eroded
sediment consisted of sand, silt or clay particles, or more predominantly
aggregates of these primary particles was also determined.

The three soils examined were from the Manawatu region and included the
Kiwitea silt loam (Dystrochrept), Levin silt loam (Dystrochrept) and the
Tokomaru silt loam (Fragiaqualf). A portable rainfall simulator was used to
~ generate runoff and sediment from soil packed in 0.2 m? trays. All "storms"
were for 60 minutes in which 65 mm of rain was applied. Particle selectively
was determined using pipette analysis methods and a settling tube.

Quantitatively comparing the erodibility of the three soils, it was found that the
Levin soil was the most erodible and the Kiwitea was the least erodible. [f the
same storm intensity and soil conditions were to occur over a large area, one
hectare could produce 6.4, 17.6 and 10.3 tonnes of sediment from the Kiwitea,
Levin and Tokomaru soils respectively. Soil particles and aggregates were
selectively removed by rainsplash and overland flow. The proportion of sand
particles present in the eroded sediment was always lower than the original
soil due to the inability of sand particles to be entrained by overland flow. Silt
particles were easily detached and were most commonly eroded as individual
particles. Clay particles were eroded and transported in the form of
aggregates, a result of their binding properties. The size distribution of eroded
sediment became progressively coarser over the rainfall period. This was
because initially there was insufficient runoff energy available to transport the
larger particles. A vegetative cover severely reduces the volume of runoff and
the amount of sediment eroded by cushioning the raindrop impact.
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Chapter One

Introduction

Sheet and rill erosion are just two erosion types found in New Zealand. Sheet
erosion (a surface type of erosion) and rill erosion (a fluvial type of erosion), have
similar characteristics in terms of their "erodibility action," but their intensities are
far from congruent. The more susceptible conditions for sheet and rill erosion are
those areas which are sloping and have either been cultivated, and or lack a
vegetative cover. A slope allows the development of overland flow and
consequently enhances particle or aggregate entrainment. A lack of a vegetative
cover encourages soil detachment by rainsplash due to the inability of the
vegetative cover to intercept or cushion raindrop impact. It also favours sheet
wash by not restricting the runoff velocity. Water storage and water infiltration are
~ also reduced when a vegetative cover is lacking.

Sheet Erosion

Sheet erosion is the removal of thin layers of surface material evenly from an
area of sloping land by broad continuous sheets of running water, rather than by
streams flowing in well defined channels (Bates and Johnson, 1980). It is caused
by a combination of raindrop impact which dislodges fine particles and moves
them only short distances, and overland flow which transports them greater
distances.

Surface flow can concentrate into channel flow with resulting increases in velocity
and capacity to detach and transport soil particles. The result is rill erosion.
Sheet and rill erosion often occur in association. These rill channels, may if
allowed, develop further into gullies.

Rill Erosion

Rills are many closely spaced channels resu!ting from the uneven removal of
surface soil by concentrating running water into streamlets of sufficient discharge
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and velocity to generate cutting power (Bates and Jackson, 1980). Rill channels
as defined in the "New Zealand Land Resource Inventory" (NZLRI) (Eyles, 1985),
are fewer than 60 cm deep and 30 cm wide. They could be smoothed out by
cultivation using normal farm equipment.

Rills occur most commonly on cultivated slopes where they usually incise to the
base of the cultivated layer. Generally the potential for rilling increases with
increasing slope angle. Rills are only occasionally observed on slopes with
pasture cover. Such occurrences are usually the result of erosion during
cultivation for re-grassing.

The extent of sheet and rill erosion in New Zealand

Table 1 (from Eyles, 1985) shows the areas of map units from the NZLRI in
which the different erosion types occur. The extent of sheet and rill erosion are
high-lighted.

Table 1 also shows that sheet erosion is the most extensively mapped erosion
type in New Zealand. In contrast, rill erosion hardly seems significant in terms
of land area affected. However, the real extent of this erosion type was thought
to have been under mapped in the NZLRI (Eyles, 1985), because most rills
occurred on steeper, concave slopes (within individual cultivated paddocks) which
usually comprised of only a small proportion of a map unit. Therefore, it was
rarely considered to be of significance to record in the erosion inventory. In
addition, rill erosion was usually masked by crop or pasture cover. Both sheet
and rill erosion are more common in the South Island when compared with the
North Island. This maybe because a high percentage of the South Island is
mountainous composed of schist and greywacke parent material which supports
a very limited vegetative cover due to the harsh climatic conditions.



Table 1. The area of NZLRI map units affected by erosion from Eyles (1985)

Erosion type North Island South Island New Zealand

Area (ha) % Area (ha) % Area (ha) %
Wind 526900 48 2865800 19.0 3392700 12,0
Sheet 2117400 18.6 8318400 55.0 10435800 39.0
Scree 417200 3.7 3259900 216 3677100 13.0
Total Surfical Erosion’ 2662600 ;3-:; 11150000 74.0 13812600 52.0
Sail Slip 3397000 30.0 3615800 240 7012800 26.0
Earth Slip p 280300 25 58500 04 338800 1.0
Debris Avalanche 1218900 10.7 1603000 106 2821900 11.0
Earthflow 1011500 89 33300 0.2 1044800 4.0
Slump 65800 06 44100 0.3 109900 -
Total Mass Movement 5038200 _“-;4—. 1- 4602000 30.5 9640200 36.0
Rill 13700 0.1 56400 0.4 70100 -
Gully 1157400 10.1 803500 53 1960900 7.0
Tunnel Gully 327600 29 98700 0.7 426300 20
Streambank 240400 21 491100 5.3 731500 3.0
Total Fluvial Erosion’ 1621900 _——-1_4-.2 1440100 9.6 3062000 12.0
Deposition 55100 05 157900 1.0 213000 -

* The total area of map units is less than the sum of areas affected by individual erosion types
because of up to three types can be recorded in a map unit.

In the North Island, according to Eyles (1985), the most extensive sheet erosion
occurs on the tephra-covered slopes of the volcanic plateau, with the most
severely affected areas being the younger Ngauruhoe ash and ashes older than
the Taupo ash found in the Tongariro National Park and the Kaweka Range.
Sheet erosion was recorded the dominant erosion type in the North Island for
2117400 ha. Of this, only 15 % (313500 ha) was ranked more severe than a
slight problem (that is, greater than 11 % of bare ground was exposed), and only
0.5 % (10800 ha) was considered severe (that is, greater than 60 % of bare
ground was exposed). Various other erosion types were associated with sheet
erosion in the North Island. This mainly coincided with scree and wind erosion
and only on those areas which were more severely affected by sheet erosion.
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In the South Island, widespread distribution of sheet erosion occurs on much of
the seasonally dry hill country and mountain areas, particularly inland
Mariborough, inland Canterbury and Central Otago (Eyles, 1985). The dominant
rock types associated with sheet erosion are schist and greywacke. From the
NZLRI, sheet erosion in the South Island was found to be the dominant erosion
type for 8318400 ha. Of this, only 12 % (631400 ha) had a severity ranking
greater than moderate (that is, greater than 21 % of bare ground was exposed),
and less than 0.2 % (10400 ha) was ranked severe. Other erosion types
associated with sheet erosion in the South Island include soil slip and scree
erosion for when sheet erosion was ranked moderate or less. Scree, gully and
debris avalanche types of erosion were associated with sheet erosion when the
severity ranking was greater than moderate (Eyles,1985). The mapped
distribution pattern of sheet erosion for both Islands, from Eyles (1985), is shown
in Figure 1.

Sheet Erosion is not usually a problem in forested steeplands because the impact
of rainfall is absorbed by the trees and the litter. However, logging and road
building, fires and mass movement can expose the soil to this process. Heavy
machinery compacts the soil which increases runoff and thus sheet erosion.
Contour ploughing, grass-seeding and aerial top-dressing help to reduce sheet
erosion by forming a surface cover and root network which holds the soil particles
in place.

Rill erosion in the North Island is most susceptible on loess and tephra parent
material, with the Taupo Pumice Formation tephras being particularly susceptible.
Rill erosion in the North Island was the dominant erosion type in only 13700 ha
from the NZLRI (Eyles, 1985). Of this, 94 % was ranked only slight. This
ranking is a subjective assessment and is based on seriousness. Other types of
erosion associated with rill erosion in the North Island include sheet and gully
erosion.

In the South Island, Rill erosion occurs most extensively on cultivated downlands
with loess-derived yellow-grey earth soils. Rills also occur on bare slopes in the
steep high country areas. Rill erosion in the South Island was the dominant
erosion type in only 9230 ha of NZLRI map units and of which 96 % was only
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Figu_re 1. The mapped distribution pattem of sheet erosion in New Zealand (from Eyles, 1985).
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ranked slight. Other erosion types associated with rill erosion in the South Island
include sheet and wind erosion.

Objectives

The main objective of this study was to assess quantitatively the erodibility of
several soils under the same conditions. The experiments also determined

whether soil particles or aggregates were being selectively eroded over the
erosion period.

Soil Types

This study investigated three soils from the Manawatu region that are suitable for
arable farming or market gardening. The soils were the Kiwitea silt loam
(Drystrochrept), the Levin silt loam (Dystrochrept) and the Tokomaru silt loam
(Fragiaqualf).

The Kiwitea silt loam

The Kiwitea soil is classed as a weakly leached yellow-brown earth and occupies
an area approximately 11000 ha. These soils are formed from a thick blanket of
quartzo-feldspathic loess derived from mainly greywacke and some volcanic ash,
overlying greywacke gravels. They are mapped on the undulating and dissected
high terraces between an elevation of 120 and 425 m. These soils occur on level
to strongly sloping sites (0 to 15°), however gentle slopes (0 to 7°) are more
common. The drainage status is considered well drained.

The Kiwitea soil’s profile consists of 0.18 m dark brown friable loam merging into
0.13 m yellowish-brown friable sandy loam to loam which overlies yellowish-
brown firm loam with faint mottling. The soil structure is moderately developed
in the upper 0.30 m but weakens with depth. Greywacke gravels often occur at
1.80 to 2.00 m depth and overly loose sands. The sands are unstable and down
cutting streams cause severe gully erosion. The gullies are formed by a



combination of water and wind erosion and can be extreme.

The present land uses of these soils include sheep farming, fattening, dairying
and annual cropping. With the current economic returns from livestock farming,
a greater proportion of the Kiwitea soil is being cropped annually. Crops include
potatoes, carrots, wheat and barley. Brassica fodder crops are also common.

The Levin silt loam

The Levin soil is a moderately leached intergrade between the yellow-brown earth
and the yell—ow—brown loam. These soils occupy an area of approximately 7000
ha and are found on the terraces and fans older than the Ohakean terrace south
and east of Te Horo, east of Otaki and north of the Waitohu stream to Manakua
between the elevation of 10 to 100 m. They are formed from moderately
weathered quartzo-feldspathic loess of Ohakean age, with minor volcanic ash
over gravels, sands, colluvium or older loess. In some places the loess contains
rhyolitic Aokautere ash 0.05 to 0.15 m thick at a depth between 0.80 and 1.50 m.
The thickness of Ohakea loess in the Levin soil varies from 0.60 to 2.00 m.
These soils occur on level to strongly sloping sites (0 to 15°), however gentle
slopes of 0 to 7° are more common. The soil moisture class is udic and the soil
temperature regime is classed as mesic.

The Levin soil is a well drained soil having a dark brown, well structured, friable
silt loam A horizon overlying a yellowish-brown and brownish-yellow, friable and
generally non-mottled silt loam or silty clay loam textured Bw horizons with
moderately developed nut and granular structure. Wet consistence is smeary
and non-sticky throughout, with the upper Bw horizon having a weak to moderate
reaction to the NaF field test. Few (up to 2 %) low chroma colour mottles can
occur within the Levin silt loam but usually only at depths exceeding 0.80 m.

Few (up to 2 %) ochreous mottles may sometimes occur between 0.60 and 0.80
m.

The present land uses for the Levin soil are pastural farming, market gardening
and fruit orchards. Currently the areas of market gardening and orcharding are
increasing.



The Tokomaru silt loam

The Tokomaru soil is classified as a weakly leached, moderately to strongly
gleyed yellow-grey earth. Itis formed on loess under a relatively dry climate, and
it is thought that the seasonal wetting and drying typical of this climate was the
main factor causing the compaction and hardening of the loess as it accumulated.
This compact parent material slows downward drainage of rainfall through the
soil, leading to gleyed conditions. Under these conditions, most of the iron that
is weathered out is in a reduced form and is removed with the drainage waters
or concentrated in mottles or concretions. As a result of the low content of iron
oxides in these soils (apart from that in mottles and concretions) the clay is in a
dispersed state and is readily washed down from the upper horizons to
accumulate in the subsoil. Eluviation of clay is also helped by the cracking that
occurs in these soils in summer.

Profiles show 0.15 to 0.20 m of dark greyish-brown loam weakly to moderately
developed nut structure and some fine brown mottles, overlying 0.18 m of light
brownish-grey to greyish-brown heavy silt loam with many fine dusky red iron and
manganese concretions. This passes to 0.38 m of pale olive compact clay loam
with abundant strong brown mottles, and towards the lower part moderately thick
clay coatings occur on aggregate faces. This horizon rests at 0.76 m from the
surface on light grey very compact sandy clay loam with many fine brown
mottles. Vertical pale grey veins up to 0.025 m wide and about 0.30 m apart are
characteristic of this horizon. They are polygonal in plan and may go down to
depths of 2.50 m or more. In road cuttings, the sandy loam clay horizon stands
out as a well defined ledge. Below this ledge or fragipan the texture changes to
fine sandy loam, but it is still very compact and hard. In places, mainly at the
sides of heads of gullies, concretions in the subsoil horizon becomes abundant
and may form a solid pan.

The Tokomaru soil occurs on the terraces and fans older than the Ohakean
terrace and its elevation range is between 30 and 150 m. The slope is level to
strongly sloping sites on flat to more undulating land (0 to 15°), however the
gentle slopes of 0 to 7° are more common. The soil moisture class is udic and
the soil temperature regime is mesic. Drainage is classified as poor.



9

The current land use for the Tokomaru soil is mainly pastural farming, with areas
of arable farming and cereal cropping. The area occupies approximately 8500
ha. The Tokomaru soil also has similar characteristics to another soil, the Marton
silt loam. However the fragipan of the Marton silt loam is less developed. The
Marton silt loam occupies approximately 21000 ha and is intensively cropped with
cereals.

Apparatus

The above objectives were fulfilled using a portable rainfall simulator, a settling
tube and pipette sedimentation procedures. The rainfall simulator was used to
obtain sediment and runoff samples from bare and mulch covered soil plots at set
time intervals during a simulated storm event. Pipette sedimentation procedures
were used to determine the particle-size distribution of the fine material and the
settling tube was used determine the fall velocity characteristics of original soil
~ samples and sediment derived from the rainfall simulator.
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Chapter Two

Surface Erosion Experiments
Introduction

In New Zealand, sheet erosion is the most extensively mapped erosion type
(Eyies, 1985). To gain a better understanding of sheet erosion and the
hydrologic processes, Massey University developed a small rainfall simulator.
This rainfall simulator was used to evaluate the rates and amounts of sediment,
runoff and infiltration from three cropping soils (Kiwitea, Levin and Tokomaru
soils). The effect of a barley straw mulch on rates and amounts of sediment and
runoff for the Levin soil was also determined.

Processes which occur in "sheet" erosion

The combined action of raindrops impacting upon a surface and the flow of water
over that surface produce sheet erosion (Eyles, 1985). Soil is initially removed
from the soil matrix then transported down the slope. Removal of sediment from
the original (parent) cohesive soil may occur due to water shear stresses
resulting either from the dissipation of the power of raindrop impact (Al-Durrah
and Bradford, 1982; Luk, 1979; Wright, 1987), or from overland flow (Luk, 1979).
These processes are termed rainfall detachment and entrainment respectively
(Rose, 1985).

Once sediment is lifted into overland flow a sediment concentration exists and
providing the sediment has a positive immersed weight, it will return towards the
soil bed (Rose,1985). Rose also showed that sediment resting on the bed,
termed the deposited layer, is then available to be re-lifted into the water flow by
the same type of stresses which originally lifted it from the soil bed. As this layer
consists of recently deposited material only, it is considered to be non-cohesive
and therefore much more susceptible to the action of erosive agents than the
original soil. Raindrop impact removes sediment from the depdsited layer in a
process termed rainfall re-detachment, and stresses caused by overiand flow may
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remove sediment from the deposited layer by a process called re-entrainment.
Sediment introduced into the flow by rainfall detachment, entrainment, rainfall re-
detachment or re-entrainment is all subject to deposition (Rose, 1985).

Theoretical aspects of sheet erosion

The rates of rainfall, infiltration and runoff may be simply related in a water
balance. Rainfall excess, R, is the difference between rainfall rate per unit area,
P, and the infiltration rate, /. This is the amount of water on the soil's surface
available for runoff. If this excess is evenly distributed across the slope then the
expression for runoff rate per unit width, g, (Hairsine and Rose, 1991) is:

- Gg ,  dp 1
R dx+dt: (1)

where D is the depth of flow, x is the distance down-slope and t is time. When
the depth is steady over time then the rainfall excess per unit area equals the
runoff rate per unit area, Q. Therefore equation (1) becomes:

g = {x (2)

It is normal for flow down-slope to be non-uniformly distributed across the slope.
Flow channels or rills may form, or variations in the surface micro-relief or
vegetation may alter an otherwise uniform "sheet" flow. However equation (2) is
still appropriate for such situations providing no large scale across-slope flow
occurs.

Hairsine and Rose (1991) described the interaction of the processes of rainfall
detachment, rainfall re-detachment and deposition in the presence of overiand
flow. They derived the expression for the sediment concentration, ¢, (mass of
sediment per unit volume of water/sediment mix) by the expression:

C,a P. (1-H)
o(1-2)
m

& =

(3)

where C, is the fractional area exposed to raindrops and not intercepted by living
or dead vegetation, or other material such as stone, a is the detachability of the
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soil matrix, P is the rainfall rate, H is the fraction of the soil surface covered by
the deposited layer, Q is the runoff rate per unit area (assume to equal R), b is
a depth related decay constant (assume b equals 0.7) and m is a constant
describing the degree of turbulence (assume m equals 1.66). Hairsine and Rose
(1991) and Proffitt et al. (1989) derived these assumptions.

Also Hairsine and Rose (1991) suggest that the sediment concentration is related
to the rainfall re-detachability of the deposited layer, a, by the expression:

HC,a,P
iallssesen s (4)

I(sumVv)

where 1// (sum V) is the "depositability” of the original surface soil as determined
by settling tube tests. They found typical values of the depositability to be 0.02
m sec™ for a clay loam and 0.04 m sec™ for a sandy soil.

‘Investigations of rainfall detachment of cultivated aggregates by Proffitt et al.
(1989) found the fraction of the soil surface covered by the deposited layer to be
approximately 90 percent. Therefore H equals 0.9.

Factors affecting rainfall detachment of the soil

As a raindrop impacts upon the soil surface the energy of the drop (typically
travelling at 8 m sec (Gunn and Kinzer, 1949; Laws, 1941)) is transferred to both
the water covering the soil surface and the soil surface beneath (Laws and
Parsons, 1943; Walker et al., 1972; Wischmeier and Smith, 1958). The impact
of drops on shallow flows result in the development of a crater in the surface
water (Savat, 1981). The movement of water out of and (to a lesser extent) back
into this crater causes soil to be lifted into the flow (Moss and Green 1983; Savat,
1981). Moss and Green (1983) and Savat (1981) showed that as the depth of
the surface water increases then the crater becomes less developed and more
of the raindrops energy is absorbed by the water itself. For deep flows, when the
flow depth is greater than three raindrop diameters, the water layer absorbs
almost all the raindrop impact and the values of rainfall detachment and re-
detachment are insignificant. Factors influencing the depth of water on the
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surface are infiltration and rainfall, surface roughness, vegetation in contact with
the soil surface and the presence of any rills (Moss and Green, 1983).

Moss and Green (1983) showed that the shearing of water over the surface
which occurs in cratering will result in varying amounts of soil detached from
either the original soil or the deposited layer. They found a well compacted clay
soil will exhibit strong resistance to detachment, whereas a silt loam which has
been finely cultivated will have little resistance.

Rainfall simulators

Rainfall simulators are research tools designed to apply water in a form similar
to natural rainstorms. They are useful for many types of soil erosion and

hydrologic experiments. However, rainstorm characteristics must be simulated
closely.

The major advantages of rainfall simulators are that:

(1)  soil conservation or hydrologic characteristics of newly developed cropping
and management practices can be measured in a very short time,

(2) simulated storms can be applied for selected durations on selected
treatment conditions and measurements from a few such storms often can
show conclusively at least relative information about those treatments,

(8) plot preparation before applications of such storms usually takes much
less time than plot maintenance for studies depending on natural
rainstorms,

(4) inspection of plots and equipment immediately before and during data
collection,

(5) researchers can make measurements and observations during simulated
storms that are difficult or impossible during natural rainstorms, and

(6) they are readily adaptable for highly controlled laboratory research on
basic infiltration, runoff and erosion processes.

Rainfall simulators can have major limitations and disadvantages. These include
the difficulty of simulating natural rainfall characteristics and the proper



14

interpretation of data obtained from rainfall simulators that fail to fully achieve
such characteristics. Other problems are the relatively small area to which rain
can be applied by most rainfall simulators and the compromise in rainfall
characteristics that is necessary for large area rainfall simulators.

Characteristics of rainfall simulators

The ideal rainfall simulator would be easy to operate, simulate rainfall perfectly,
be simple to move, and could be used whenever and wherever needed. Most
researchers realise that such an ideal rainfall simulator is impossible to acquire.
Thus, different rainfall simulators have different characteristics to meet their
research goals. The most important characteristics of natural rainfall that need
to be closely simulated for soil and water management research include:

1. Raindrop size distribution

Observations of natural rainfall from a wide range of geographic locations
suggests that the distribution of raindrop sizes range from near zero to about 7
mm in diameter (Laws and Parsons, 1943; Mueller and Sims, 1967). Raindrops
greater than 7 mm may occur briefly as a result of collisions. However large
raindrops so produced will tend to be unstable, given atmospheric turbulence
(Blanchard, 1950), and will disintegrate into many smaller raindrops. The
medium raindrop diameter, by volume, is between 1 and 3 mm for erosive
rainstorms (Walker et al., 1972). Raindrop diameter generally increases with
rainfall intensity (Laws and Parsons, 1943; Mueller and Sims, 1967).

2. Raindrop impact velocities

Raindrop fall velocities vary from near zero for mist-size drops to more than 9 m
sec” for the largest sizes (Laws, 1941; Gunn and Kinzer, 1949). A common-size
raindrop of 2 mm falls at a velocity between 6 and 7 m sec™ (Gunn and Kinzer,
1949).



15

3. Raindrop intensities

Intensities of natural rainfall vary from near zero to several millimetres per minute
(Laws and Parsons, 1943). Generally, very low intensities are not of interest for
erosion and hydrologic studies, and very high intensities are so rare that they be
of limited interest. Those of major interest are between 12 and 120 mm hour™.

Raindrop size distribution, impact velocity and intensity are key features in soil
detachment, soil surface sealing and resulting runoff. = Other desirable
characteristics for rainfall simulators include research area size, raindrop
uniformity, angle of impact, rainstorm repeatability and the portability of the
rainfall simulator.

Types of rainfall simulators

During the past 50 years, researchers have used a broad range of techniques
and equipment for simulating rainfall. These techniques and equipment have
varied from walking up and down the slope with common sprinkling cans to
electronic and hydraulic machines (Hall, 1970; Mutchler and Hermsmeier, 1965).
The raindrop former is the key component of rainfall simulators. Their techniques
can be grouped into pressurized and non-pressurized systems (Bubenzer, 1980;
Mutchler and Hermsmeier, 1965).

a. Pressurized systems

The pressurized system utilises nozzles from which water is forced at a
significant velocity by pressure. Nozzles can produce a wide range of drop sizes,
as do rainstorms. However the large nozzle orifices that are necessary to obtain
large drops require that the nozzles spray only intermittently to reduce application
rates to typical rainstorm intensities. The non-pressurized system produces
raindrops which form and fall from a tip starting at zero velocity. Tips produce
only one drop size or a very limited range of sizes, so they are used mostly for
fundamental studies when a carefully controlled drop size is important.
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Early rainfall simulators were much less sophisticated than today’s models. This
was because little information was available at the time on rainfall characteristics.
The importance of raindrop impact on soil detachment also had not been
recognized. Thus, the primary concern was to apply water uniformly over the
research area in some manner. Later research (Blanchard, 1950; Gunn, 1949;
Gunn and Kinzer, 1949; Laws, 1941; Laws and Parson, 1943; Hudson, 1971;
Walker et al., 1972; Wischmeier and Smith, 1958) evaluating the characteristics
of rainstorms provided an understanding of appropriate goals for the design of
rainfall simulators. Most of the equipment developed in recent decades has
considered raindrop size and velocity data as a basis for a more realistic
simulation of rainstorms.

The proceedings of the 1979 Tucson, Arizona rainfall simulator workshop (United
States Department of Agriculture, 1979) describes several rainfall simulators
currently being used for soil conservation research. These rainfall simulators vary
from applying rainstorms to runoff-plot-sized areas to being suitable only for very
small field plots or laboratory studies.

Several rainfall simulators have been designed for use on field plots that are
similar in size to those used in natural rainfall studies of runoff and erosion. The
rainulator of Meyer and McCune (1958) was the first simulator designed to apply
rainstorms with drop characteristics near those of naturai rainfall on several runoff
plots simultaneously. Simulated rainfall was applied by downward-spraying
nozzles that were moved laterally across the plots and border areas. Spray
application was intermittent and only a few intensities could be simulated.

The rotating boom rainfall simulator (Swanson, 1965) used the same nozzles as
the rainulator, but the nozzles were located along arms extended from a central
vertical shaft which rotated slowly. Only two intensities were possible, and the
application was intermittent. The entire rainfall simulator was portable as it was
trailer mounted.

The programmable rainfall simulator designed by Foster et al. (1982) and the
Kentucky rainfall simulator of Moore et al. (1983) used rapidly oscillating nozzles
that reduced interrﬁittency to short periods. They could produce a wide range of
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intensities. Both were electronically and mechanically complex. The Kentucky
machine was on wheels for more rapid movement to adjacent plots.

Sprinkler irrigation equipment and the Colorado State University RRER rainfall
simulator (Holland, 1969) are suitable for larger runoff plots and small
watersheds. These typ'es of rainfall simulators tend to be less successful in
achieving natural rainfall characteristics, especially drop size distribution (United
States Department of Agriculture, 1979).

Other rainfall simulators have been designed primarily for small field plots of
about 1 m? and for laboratory studies. The Purdue sprinkling infiltrometer
(Bertrand and Parr, 1961) and the rotating-disc rainfall simulator (Morin ef al.,
1967) used static nozzles, but the latter tended to give a much better simulation
of raindrop-impact energy. The interrill rainfall simulator (Meyer and Harmon,
1979) used rapidly oscillating nozzles to produce a wide range of intensities at
energies very near natural rainfall. This design has also been adapted for use
with long plots by using additional nozzles (Meyer and Harmon, 1985).

b. Non-pressurized systems

Non-pressurized designs use yarn or capillary tubing of various materials to form
drops. These have been mainly used for laboratory studies. Their raindrop sizes
are moderate to large, and all are about the same diameter for any specific
design. Impact velocity is considerably lower than terminal velocity for drop
heights less than 5 to 10 m. Designs that are being used for soil erosion
research include those by Blackburn, Bubenzer, Gifford, and Romkens (United
States Department of Agriculture, 1979).

Massey’s portable rainfall simulator
Massey University has developed a small rainfall simulator suitable for the

investigation of soil erosion and hydrologic research. It was based on the design
of the USDA-ARS demonstration rainfall simulator by Laflen from Ohio State
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University (Keen, 1986). It consists of fan spray nozzles which oscillate across
the soil bed. The rainfall simulator produces rainfall rates, drop sizes and drop
velocities not dissimilar to natural rainfall. Varying the time between sweeps
alters the rainfall intensity.

The unit as shown in Plate 1 consists of three horizontal plateaus united by four
vertical aluminum pipes. The first plateau consists of a rectangular water tank
at ground level. This is used for the collection of runoff water from the second
plateau, which is approximately 50 cm above that tank. The second plateau is
an adjustable tilting platform holding the soil trays being studied. In front of the
tilted platform, a trough is mounted for the collection of runoff water and
sediment. On the third plateau, approximately 1.8 m above the tilting platform,
the nozzles are mounted on a two-piece shaft that can be adjusted horizontally,
allowing the distance between the two nozzles to vary within a range of about 1
m. The shaft makes a partial rotation back and forth on its axis, causing the
water to fall in a sweeping arc. The angle of the shaft’s back and forth rotation

can be adjusted, causing a corresponding change in the size of the arc of falling
water.

A 0.012 kw motor, two micro switches and a electronic timer keep the nozzles
rotating back and forth. At both extremes of the angle of rotation, the motor
shuts off and the nozzles pause. Adjusting the length of the pause varies the
rainfall intensity. During the pauses the nozzles continue to spray water which
falls into collecting troughs located at the extremes of each angle of rotation. The
trough unit resembles a rectangle within a rectangle, the inner rectangle being an
open air space and the troughs forming the outer rectangle as shown in Plate 2.
As the nozzles sweep over the open air space, water falls onto the soil trays.
When the nozzles reach the pause positions on either end of the arc, the water
falls into the troughs and is recycled back to the simulators water source. The
water source comprises of a 50 / container equipped with a 0.375 kw submersible
pump. The mains water system supplies the water container. A floating valve

attached to the container maintains a constant pressure head at the outlet spray
nozzles.
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Plate 1. The Massey Rainfall Simulator. (A) the rectangular water tank, (B) the tilting platform
supporting the soil trays, (C) the trough unit, (D) motor and micro switches, (E) the water source,
(F) the soil containers, (G) runoff collection container, (H) the two spray nozzles, and (I) the
floating water valve.
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Plale 2. The third plateau consisting of (a) the non-spray time collecting trough, (b) the spray
nozzles and (c) the water recycling drain pipes from the collecting trough to the water source

The tilting platform has sufficient space to contain three soil trays, with
dimensions 0.5 m by 0.4 m as shown in Plate 1. Each soil tray represents 2x10°
ha (0.2 m?. Grating encloses the front and helps lateral drainage from the
container. A runoff flume rests on the top of this grating and is covered by a
Splash guard to ensure that only runoff originating from the soil surface is
Collected (Plate 3).



Plate 3. The soil container showing (a) the grating, (b) the runoff flume, (c) the splash guard and

(d) the runoff-sediment collection beaker.

Difficulties with intermittent rainfall

Intermittent rainfall is a common design feature of modern pressurized spray
nozzle type rainfall simulators (United States Department of Agriculture, 1979).
These simulators generally use spray nozzles of larger diameter sizes. To
produce raindrops with the characteristics of natural rain, in terms of raindrop size
and velocity, the nozzles must produce very high rainfall rates. In order to
produce more realistic time-averaged rainfall rates, the spray pattern must be
regularly interrupted or oscillated across the soil surface. This results in
intermittent rainfall which may potentially affect both the water balance and
sediment transport processes which occur at the soil surface.

Hairsine (1989) showed that rainfall pulsating on a soil will result in time-variability
of both the rate of infiltration and runoff. He showed that the degree of such
variability compared with the rates of infiltration and runoff when the rainfall rate
is steady was important in assessing whether the rainfall simulations were
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appropriate. For example, a sandy soil has a steady infiltration rate of 100 mm
hour”. Applying a steady rainfall rate of 100 mm hour” would result in no runoff.
However, if this rainfall rate is simulated by applying 500 mm hour™ for two
seconds in every ten, then there would be some runoff which would be an artifact
of the simulation. Such runoff may subsequently infiltrate or exit the plot being
considered so that runoff (and the associated erosion processes) apparently
commences at a lower rainfall rate than would be found in a steady rainfall
situation. The error of this effect is proportional to the length of the spray cycle.
Long cycles allow surface water to flow a significant distance down-slope before
completing infiltration. Reducing the cycle to a fraction of a second reduces this
effect but does not eliminate it. N

Intermittent rainfall may also produce artifacts in erosion processes (Hairsine,
1989). The time-variability of the runoff rate and the depth of water on the soil
surface have important ramifications for both raindrop impact and overland flow
driven processes. Hairsine and Rose (1991) suggested that the detachabilities
of a soil can be related to the flow depth by an inverse power expression. They
found intermittent rainfall will produce surface water depths which are greater
than the mean for much of the time, producing very low detachabilities. They
showed for the period when the flow depth is lower than the mean depth, the
detachabilities will be very much higher than the mean case. These researchers
showed that the total effect over one cycle is likely to be soil and frequency
specific.

It has been suggested that overland flow produced using intermittent rainfall
simulators may have an artifactual component through the time-variability
described above. If the entrainment or re-entrainment of sediment does occur
in the soil under consideration, then it is also affected by the time-variability of
runoff. This is particularly so for the threshold of entrainment which is exhibited
by soils of significant cohesive strength. Pulses of the high intensity rainfall may
temporarily boost overland flow so that it exceeds the threshold streampower
(streampower being the energy per unit area which the flow applies to the soil
surface), therefore producing entrainment. For the steady state rainfall case,
overland flow may not exceed this threshold level and clearly the pulsing of the
simulated rainfall is introducing new processes (Hairsine and Rose, 1991).
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A further difficulty is the relationship of the rate of rainfall detachment, a, to the
rainfall rate, P. The rates of rainfall detachment and re-detachment are generally
proportional to A, where pis an exponent which has been found to vary from 0.8
to 2.0. The recent investigations of Proffitt et al. (1989} using the process
definitions of Hairsine and Rose {1991), found p to be close to unity for two
contrasting soils with a range of flow depths and rainfalt rates. However, if p was
not unity, then the time averaged rates of rainfall detachment and re-detachment
would not be equal to those expected with continuous rainfali.

In summary, the intermittent nature of some rainfall simulators has important
implications for the use and interpretation of simulated erdsion or infiitration
experiments. The effects on erosion and deposition processes vary with the
frequency and "no rain time". These effects may be minimized by increasing the
speed of the sweep so that the processes are as near as possible to continuous.
This has been achieved in existing rainfall simuiators by using high speed spray
choppers in spinning disc simulators and by using sweeping frequencies of the
order of four cycies per second in oscillating nozzle simulators (Hairsine, 1989).

Experimental Objectives

Using the rainfall simulator at Massey University, the objectives of this study

were:

(1) 1o determine the rainfall uniformity of the rainfall simulator using
"catchcans™,

{2) 1o evaluate the rates and amounts of infiliration, runoff and sediment loss
from bare soil subjected to simulated rainfall over similar time periods for
the three soiis studied, and

{3) todetermine the effects of barley muich on rates and amounts of sediment
and runoff generated.
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Experimental methods

i. Rainfall uniformity

Rainfall uniformity of the rainfall simulator was determined using a series of
catch-cans laid out across the tilting tray platform in a grid fashion. This is shown
in Plate 4. Rain was applied continuously (ie. no delay timer setting) for a period
of time. The rain volume in each catch-can was then determined using a

calibrated ruler.

Plate 4. Catch-cans laid out across the tilting tray platform for determining rainfall uniformity.

ii. _Rainfall simulation experiments

Three cropping soils of the Manawatu: Kiwitea, Levin and the Tokomaru soils,
were subjected to simulated rainfall to evaluate the rates and amounts of
sediment and runoff produced. The procedures of soil collection, exposing the
samples to rainfall, and the processing of the sediment and runoff are described
in the following sections.
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a. Collection of soil material

All soil collected for rainfall simulation experiments was from the A horizon of
pastural land. To simulate tillage under a cropping situation the organic root
mass was excluded. Storing soil in air tight plastic bags prevented moisture loss.

b. Packing of soil containers

Soil collected was passed through an 8 mm square hole sieve into the soil
containers. It was evenly packed to a dry bulk density between 800 and 900 kg
m>. This density was selected to simulate soil conditions in the field following
cultivation. Re-packing at densities greater than this can destroy the soil
structure. A coarse sand layer approximately 10 mm deep was placed at the
base of the container to reduce the effect of a perched water table and improve
the general drainage. To improve rainfall uniformity, only two soil containers
were subjected to simulated rainfall at one time.

c. Rainfall intensity, duration and slope

In this study all soil samples were subjected to a rainfall intensity of 65 mm hour
for 1 hour. This rainfall intensity and duration represents a return period for a
storm far in excess of 100 years (Tomlinson, 1980). The reason for choosing a
storm of this intensity was primarily to reduce the effect of rainfall intermittency
from the rainfall simulator. Although a rainfall intensity of this calibre for 60
minutes is very infrequent, they can occur, but usually for a much shorter
duration. It is normally the short duration, high intensity storms that cause most
surface erosion damage.

The soil containers were raised to simulate a slope angle of 7°. This is typical
of cultivated slopes in the region for the three soils studied.

Rainfall simulation experiments on each soil type were repeated. The Kiwitea soil
was repeated 8 times, the Levin soil 6 times, and the Tokomaru soil 10 times.
From these results, mean values for each soil type were determined.
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d. Collection of runoff and sediment

The runoff and sediment displaced from the flume was collected at 5 minute
intervals over the storm event. Sediment trapped on the flume was scraped into
the collecting beaker. Disruption of aggregates in this procedure was minimal.

e. Processing of sediment and runoff

The volume of the water-sediment mix for each interval was obtained by
measuring the water depth in the beakers with a calibrated ruler. The dry mass
of sediment was determined after evaporating the water off in an oven at 105°C
for 24 hours.

Further examination of the sediment generated from the rainfall simulator was
carned out. This included particle size distribution analysis and settiing tube
expenments. These procedures are described in chapters three and four
respectively.

f. Preparation of muich covered plots

The effect of a bariey muich on runoff and sediment generation was studied for
the Levin soil. On the suriace of bare soil packed identically to the procedure
descnbed above, barley straw was placed to resemble the situation when cereal
trash remains after harvesting (see Plate 5). Rainfall intensity, slope, intervals
and procedures for collecting sediment and runoff samples were similar to
previously described techniques. However the duration of the storm event was
reduced to 45 minutes. This, as will be shown [atter, was due to the reduced
sediment and runoff generation. Mulch covered experiments were repeated 4
times to obtain mean values.
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Plate 5. Straw mulch covered runoff plot.
g. Sediment-runoff concentration

The sediment-runoff concentration was determined by dividing the mean mass
of sediment by the mean volume of runoff from each five minute interval.

h. Infiltration rate

The infiltration rate is the volume fiux of water flowing into the profile per unit of
soil area. In this study it was calculated from a simple water balance equation,

the difference between rainfall and runoff.

Data analysis methods
a. Rainfall uniformity

Catch-can data was used to derive Christenson's Coefficient. This is defined as
a coefficient of variation for a specified area and was determined by a computer

programme written by Hairsine (unpublished).
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b. Runoff volume and rate of runoff

A Mitscherlich Function (Bowden and Bennett, 1974) was fitted to the mean
results of runoff volume over 5 minute intervals for each soil type. The following
conditions were applied:
1. V=0atT=0, and
2. VoV, asT o
where:
V is the runoff volume yield (V = 0) (cm®)
T is the time from the commencement of rain (T 2 0) (minutes)
V... equals 1100 cm’.
V...« is obtained when runoff output equals rainfall input, therefore infiltration is
zero. The amount of water falling onto the soil tray in any five minute interval
was calculated by multiplying the rainfall intensity with the surface area of the soil
tray.

The Mitscherlich functions applied to the runoff volume over time were:

¥ £ V.. (1-gxp® =5riT) (5)

V = V,,(l-expleD) (6)

where V is the runoff volume yield, V,,,, is @ maximum yield (1100 cm®), a and
b are curvature coefficients, and T is the time.

The consequential requirements on the fitted functions (5) and (6) are:
for equation (5), (a + bT) <0, forall T > 0.
Therefore aand b < 0.
for equation (6), a < 0.
If the requirements from equation (5) failed due to b being calculated greater than
zero, equation (6) was preferred. This occurred for the Tokomaru soil.

For the three soil types the following statistics were determined:
(1)  The regression coefficient.

(2)  The sample standard deviation.

(3) The standard error.
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Since the fitted curves for the three soils approach the asymptote V., = 1100
cm® as time approaches infinity, the time T* at which 0.99V,, (when V = 1089
cm®) is achieved was calculated.

c. Mass of Sediment eroded over time

The Mitscherlich function (Bowden and Bennett, 1974) similar to that used to fit
runoff volume over time was fitted to the mean results from the mass of sediment
eroded over 5 minute intervals for each soil. The following conditions were
applied:
1. S=0atT=0,and
2. $55,,a5T 5 e
where:
S is the sediment yield (S > 0) {grams),
T is the time from commencement of rainfall {minutes), and
Snax IS the asymptotic sediment yield.
The function equations fitted for the mass of sediment eroded over time were:

S = S, (l-exp® VT (N
s = 5, (1-expl™) (8)

where S is the mass of sediment yield, S_,, is an asymptotic yield, a and b are
curvature coefficients and T is the time from commencement of rainfall.

The consequential requirements on the fitted functions (7) and (8) are the same
as for equations {5} and (6).

The statistics determined from the mass of sediment over time for each soil are
the same as those calculated for the runoff volume over time (ie. the regression

coefficient, standard deviation and the standard error).

The time T* at which 0.99S_, is achieved for each soil type was also calculated.
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Results and Discussion

a. Rainfall uniformity

Figure 2 represents a three-dimensional graph of the rainfall distribution over the
tilting tray platform. The position of the two soil trays during a rainfall event is
shown. The Christenson’s coefficient from the soil tray area was calculated 87%.

mm RAIN
18 =27 37

Figure 2. The rainfall distribution over the tilting tray platform and the positions of the soil trays.
b. Volume of rain applied

A rainfall intensity of 65 mm hour” deposits 1100 cm® of water on the soil’s
surface area of 0.2 m? in a 5 minute interval. This water is then available for
either infiltration or runoff.
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c. Runoff volume over time

Figures 3a, 3b and 3¢ represent the runoff volume displaced in each five minute
interval and the mean runoff rate over time for the Kiwitea, Levin and Tokomaru
soils respectively. The solid curves are the fitted function values, while the
crosses represent the mean values from all runs for that soil type. The line, V,
= 1100 cm’ corresponds to the amount of rain applied in each five minute
interval. The mean runoff rate is the volume of runoff per unit surface area
available for runoff per unit time (m* m® sec™). For each soil type, the volume
of runoff increased until a constant rate was attained. Laflen et al. (1978), Loch
and Donnollan {1982a) and Young and Wiersma (1973) found similar patterns
with runoff volume over time. Achieving a constant runoff rate can be attributed
to soil saturation and or surface sealing (or crusting). Both these phenomena
inhibit the infiltration rate.

Surface crusting was observed on all three soils. However the severity was
greatest for the Levin soil, while the Kiwitea soil suffered the least. The observed
varations between the actual runoff values and the fitted curves shown in Figures
3a, 3b and 3c can be attributed to changes in storage depression and surface
detention, a direct consequence of surface crusting. The processes occurring at
the surface have been explained by many researchers {Bradford et al., 1986).
initially, rapid wetting of the surface soil breaks down aggregates by raindrop
impact (splashing} and sometimes by slaking. If dispersion takes place, the
detached fine material is then washed into the surface pores and their volume is
reduced. After aggregate breakdown, raindrop impact causes surface
compaction, producing a thin skin or crust. Typically, the crust’s bulk density is
increased and its permeability is reduced relative to the underlying soil. Because
the surface soil’s permeability is reduced, excess water accumulates. This
cushions raindrop impact and thereby reduces the rate of splash detachment.
With time, part of the crust may be removed by the turbulence of the water above
it. This effectively increases the soils permeability and enables the percolation
of sufficient water to cause the dissipation of raindrop energy on the soil once
more. Hence, again there is an increase in spiash detachment. The process is
then repeated. The greatest variations between actual runoff values and the
fitted curves shown in Figures 3a, 3b and 3c occurred for the Levin soil after the
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Figure 3a, 3b, and 3c. The runoff volume over time for the three soils. The solid line represents
the fitted function values and the crosses represent the mean runoff values from all runs.
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mean runoff rate had become constant. The commencement of this constant rate
corresponds to when surface crusting was fully developed. Hereafter, the actual
variations of values from the fitted function curve occurred through the processes
described above. The actual runoff values from Kiwitea soil showed very little
variation from the fitted function curve (Figure 3a). This was because a negligible
amount of surface crusting was observed. The actual runoff rate for the
Tokomaru soil (Figure 3c) seemed to reach a constant rate slightly lower than the
fitted function curve and somewhat lower than V, . of 1100 cm®. This indicates
that the erosive nature of the rainstorm did not fully restrict the Tokomaru soils
permeability over the 60 minute period.

The runoff volume fitted function curvature coefficients for each soil type are
shown in Table 2, along with the R? values calculated for n-1 degrees of freedom.
The R? values in brackets were obtained from the function equation (6) when
equation (5) was preferred (due to the curvature coefficient b being negative).
As shown in Table 2, R? is improved using equation (5) when equation (6) was
possible.

Table 2. The runoff volume curvature coefficients for fitted functions

Soil Type Curvature coefficients R?
a b
Kiwitea -0.02520 -0.00032 98.8 % (97.3 %)’
Levin -0.00504 -0.00897 98.0 % (93.5 %)’
Tokomaru -0.04520 0 97.6 %

R? was adjusted for n-1 degrees of freedom.
(note 1: the R? values in brackets and the Tokomaru soil value were calculated using equation
(6)).

Table 3 shows the statistics calculated for the fitted function and the mean values
from all runs for each soil type. The standard errors for the Kiwitea and the
Tokomaru soils were lower than the Levin soil because of their larger sampling
size (n).
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Table 3. Runoff volume statistics
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Soil Type n r s SE
Kiwitea 8 98.9 375 133
Levin 6 98.2 509 20.8
Tokomaru 10 97.6 48.9 155

Figure 4 shows the three soils fitted function curves for runoff volume over time.

The volume of rainfall for each 5 minute interval is also included. T* from the

Levin soil represents the time in which 0.99 V,,, was obtained. Table 4 shows
the calculated T* for the three soils when T = 0.99V, ., (V,ax = 1100 cm®). The
times in which T* were reached are dependent on the soil’s textural composition,
organic matter content and aggregate stability. These are discussed in later

chapters.
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Figure 4. The fitted function curves for runoff volume over time from the three soils. The
calculated T* value for the Levin soil is also shown.

Table 4. The calculated T* values for runoff volume when T = 0.99V, _ (V... = 1100 cm®)

Soil Type T* (minutes)
Kiwitea 101.9
Levin 229
Tokomaru 164.6
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d. Mass of sediment eroded over time

The mass of sediment eroded in each 5 minute interval for the three soils is
shown in Figures 5a, 5b and 5¢. The solid line represents the fitted function
values while the crosses are the mean values from all runs for that individual time
period. Also shown on these figures is the equivalent depth of soil eroded during
each 5 minute interval.

Table 5 shows the curvature coefficients and the R? values for the fitted functions
from the three soils. The R? - values were calculated for n-1 degrees of freedom.
The values in brackets were determined using the function equation (8) when
equation (7) was possible.

Table 5. Mass of sediment curvature coefficients for the fitted functions

Soil Type 8 Curvature Coefficients R?
a b
Kiwitea 221 -0.02243 0 97.4 %
Levin 31.9 -0.22164 -0.01217 98.0 % (96.1 %)’
Tokomaru 191 -0.04632 -0.00583 98.9 % (96.5 %)'

R? was adjusted for n-1 degrees of freedom.
(note 1: the R? values in brackets calculated from equation (8)).

Statistics calculated from the fitted function and the mean values for all runs are
reported in Table 6. The sample standard deviation calculated for the Levin soil
was much greater than those of the Kiwitea and the Tokomaru soils. This can
be attributed to the large variation in values when the mass of sediment eroded
plateaued out, and the smaller sampling size for the Levin soil.

Table 6. Mass of sediment statistics

Soil Type n r s SE
Kiwitea 8 97.4 087 ' 0.31
Levin 6 98.4 1.43 0.58

Tokomaru 10 99.1 0.64 0.20
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Figure 5a, 5b, and 5¢. The mass of sediment eroded over time for the three soil types and the
equivalent depth of soil eroded during each five minute rainfall period. The solid line represents
the fitted function values and the crosses represent the mean values from all runs.
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The fitted functions showed that the mass of sediment eroded over time
increased and then plateaued out to some constant value characteristic of that
soil type. This constant value was dependent on the textural composition,
organic matter and the aggregate stability for each soil. The reduction in the rate
of soil loss to a constant value was attributable to the build up of water present
on the soil surface. The increase in surface water present resulted from the
reduction in permeability due to soil saturation and surface crusting. As
mentioned earlier, surface water cushions raindrop impact and reduces splash
detachment. The variations between the actual mass of sediment eroded and the
fitted curves shown in Figures 5a, 5b and 5c can again be attributed to the
processes occurring at the soil surface, particularly the interactions between soil
crusting and excess surface water.

Fluctuations in sediment eroded and runoff volume occurred at similar times for
the Kiwitea and the Tokomaru soils. However, for the Levin soil, it was common
for variations of eroded sediment to be associated with runoff volume variations,
but in the opposite direction. Possible explanations for these phenomena are
discussed in a later section on sediment-runoff concentration.

The fitted function curves for the three soils are shown in Figure 6. T* represents
the time at which 0.99S,,, was obtained. The values for 0.99S,,, and times of
T* for the three soils are reported in Table 7. Table 8 shows the total equivalent
depth (mm) of topsoil eroded in 60 minutes for the three soils. The eroded depth
for the Levin soil was considerably greater than those obtained for the other two
soils. This can be attributed T* being achieved earlier and to a greater extent for
the Levin soil compared to the Kiwitea and Tokomaru soils. This was due to
textural composition, aggregate stability and the organic matter content. Rating
the three soils on the depth of topsoil eroded in 60 minutes, T* times, and the
values of 0.99S_,, indicates that the Levin soil was more erodible than the
Tokomaru soil, while the Kiwitea soil was the least erodible soil.
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Figure 6. The fitted function curves for the mass of sediment eroded over time from the three

soils. The arrows represent the calculated T* values.

Table 7. The calculated T* values for mass of sediment when T = 0.99S .,

Soil type S s 0.99S,., ™
(g.m?) (g.m? (minutes)
Kiwitea 1105 109.4 205.3
Levin 1585 157.9 1886
Tokomaru 895.4 945 22.7

Table 8. The equivalent depth of topsoil eroded in 60 minutes.

Depth of topsoeil ercded (mm)

Soil type
Kiwitea 0.715
Levin 1.951
1.144

Tokomaru
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e. Infiltration rate

Infiltration rate is defined as the volume flux of water flowing into the profile per
unit area. It is affected by textural composition, organic matter content, soil
structure and the aggregate stability.

Hillel (1982) showed infiltration rate to be relatively high initially, then decrease
and eventually reach a constant rate that is characteristic of the soil profile. In
this study, as shown by Figure 7, similar patterns to these were observed. Atthe
start of the rainfall period the soil surface was highly porus and of open structure
which resulted in the soil absorbing the majority of the applied rain. However as
time proceeded, the soils infiltration rate decreased. This can be attributed to the
soil profile becoming saturated, the beating action of raindrops causing surface
crusting or sealing, or as the result of spontaneous slaking and soil aggregate
breakdown during wetting. When the infiltration rate curve flattens out to a
constant rate, the soil has reached its saturated hydraulic conductivity. Figure 7
shows that the Levin soil achieved zero infiltration at the surface after 25 minutes.
This was the result of surface crusting. Both Kiwitea and the Tokomaru soils had
similar infiltration rates after 60 minutes of rainfall. These rates may approximate
the soils saturated hydraulic conductivities since the rates of change of infiltrability
at this time was not large.

Over the 60 minute rainfall period, Figure 7 shows that the infiltration rate was
consistently higher for the Kiwitea soil than the Tokomaru and the Levin soils.
The Tokomaru soil was considerably greater than the Levin soil. This indicates
that the Kiwitea soil was more permeable than the Tokomaru soil, of which was
considerably more permeable than the Levin soil.
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Figure 7. The infiltration volume per each 5 minute interval over the 60 minute rainfall period

from the three soils.

f. Sediment-runoff concentration

Figure 8 displays the sediment-runoff concentrations from each 5 minute interval

for the three soils.
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The observed sediment-runoff concentration values at the start of the rainfall
event for each of the three soils were greater than those at the end of the rainfall
period.  Similar patterns were reported by Laflen et al. (1978), Loch and
Donnollan (1982a) and Young and Wiersma (1973). Initially, soil particles are
more easily detached by rainsplash because the soil is yet to become fully
saturated, nor has soil crusting developed to an extent to which it inhibits
infiltration and enables the build up of a protecting surface layer of water.
Without this surface layer of water cushioning splash detachment, the runoff
volume is enriched with fine particles.

Over the 60 minute period, Figure 8 shows there was a gradual reduction in
sediment-runoff concentration for the Kiwitea and Tokomaru soils. This can be
attributed to a decline in infiltration resulting in surface water cushioning splash
detachment. However for the Levin soil, Figure 8 showed that the sediment-
runoff concentration fluctuated. This can be explained by the early attainment
and the greater extent of surface crusting observed for the Levin soil compared
to the other two soils. Hence the effect of the cyclic processes occurring at the
Levin soil's surface, as described earlier, would be magnified.

Figure 8 shows the Levin soil to have the highest sediment-runoff concentration
over the 60 minute period while the Kiwitea soil has the lowest. Similar patterns
were found for infiltration, mass of sediment eroded, and the time at which T*
was obtained for both eroded sediment and runoff. Again, this can be explained
by aggregate stability, soil texture and the organic matter content of the soil.

g. Mulch cover and bare soil comparisons

~ The variations in the runoff volume and the mass of sediment eroded in each 5
minute interval for bare soil and the barley straw mulch from the Levin soil are
shown in Figure 9. Because the mass of sediment varies between the two
treatments by a factor in excess of 100, a log scale has been used in Figure 9
to enhance the comparison between the two surface conditions. The runoff
volume and mass of sediment graphs for the bare soil are from the fitted function
results. The barley straw mulch data are means from 4 simulated rainfall runs.



Runoft volume per 5 minute
intarval {cm®)

42

1200 r 100
- - e —m A o e A e — E "
1000+ > V,—-"’ i %
e 310 g
800 - / 3 15
/ ~ 5
/:f -] E
600+ / 3 1 E
/ & 5
A00 | \\_///____'__.,‘ - g
. N
39!
200 .7 3
O "r' { 1 1 1 0.01
8] 10 20 a0 40 50
Time {minutes)
—= Runoiff -Mulch =~ Runcif -Bare 3611
—— Sadiment -Mulch — Sediment -Bare Soil

Figure 9. A comparison of the runolf volume and mass of sediment eroded batween a mukh
cover and a bare soil surface from the Levin soil.

Comparing barley mulch cover with bare soif shows that runoff rate and sediment
eroded over time were reduced by orders of magnitude for the mulch covered
soil. This resulted from the straw muich directly intercepting the raindrops and
reducing the effect of raindrop impact. Consequently soil detachment was
reduced. Splashed soil particles were also intercepted as they ieave the eroding
surface. There was also an decrease in the flow path lengths of runoff.
Localized damming of runoff caused a reduction in flow velocities and the
entrainment of surface soil. Coﬁsequently, the deposition of transported material
was reduced. Infiltration was also increased because the effect of surface
crusting was diminished.

minwte interval {g)
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Summary

1 Over the 60 minute rainfall period, both the mass of sediment eroded and
the runoff volume generated increased and then plateaued to some
constant rate characteristic of the soil type. These constant values were
determined by fitting Mitscherlich function curves to the mean results.

2. A constant runoff rate was achieved when the amount of rain applied and
the runoff volume generated are equal. This occurrence can be attributed
to soil saturation and or surface crusting (or surface sealing).

3. Surface crusting was observed on all three soils, however the severity was
greatest from the Levin soil while the Kiwitea soil suffered the least.

4. The observed variations between actual runoff volume and the fitted
function curves can be attributed to the changes in surface depression and
surface detention, a direct consequence to the cyclic processes of surface
crusting.

5. The 0.99 V,__, value was reached earlier for the Levin soil. The other two
soils failed to reach this value within the 60 minute rainfall period. These
results are consistent with the observed degree of surface crusting for
each soil.

6. The reduction in the rate of soil loss to a constant value can be attributed
to the build up of water present on the soil surface. This resulted from the
reduction in the soil's permeability due to soil saturation and surface
crusting. Surface water effectively cushions raindrop impact and therefore
reduces splash detachment.

T The variations between the actual mass of sediment eroded and the fitted
function curve can be attributed to the interactions between surface

crusting and excess surface water.

8. The Levin soil reached 0.99 S, earlier than the other two soils. The
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Kiwitea soil was the slowesi. Similar trends occurred for the depth of
topsoil eroded over the 60 minute period.

Infiltration rate decreased with time due to soil saturation and surface
crusting.

Infiltration rate was consistently higher for the Kiwitaa soil, while the Levin
soil was the least permeable soil.

The sediment-runoff concentration at the start of the rainfall period for the
three soils was greater than that after 60 minutes. The higher sediment
load initially resulted from soil particles being more easily detached by
rainsplash. After 60 minutes, the build-up of surface water inhibits splash

detachment.

A fluctuation in sediment-runoff concentration can be explained by the
cyclic processes of surface crusting. Also, the greater the effect of surface
crusting, the larger the fluctuations.

A mulch cover severely reduces the amount of runoff volume and
sediment yield by intercepting and cushioning raindrop impact. This
effectively inhibits surface crusting and promotes infiltration. Runoff flow
velocities were reduced and therefore so was the stream power available
to entrain sediment.
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Chapter Three

Surface Erosion and Particle Selectivity
Introduction

Most agricultural soils are cohesive and have agents that bond primary particles
of sand, silt and clay into aggregates (Young, 1980). Eroded sediment is
composed of a mixture of aggregates and primary particles. Erosion selectively
removes fine soil particles and leaves coarse ones through the processes of
detachment, transport and deposition of particles (Foster et al., 1985).

Soil type, textural composition, slope, soil surface conditions and the erosion
processes occurring affect the aggregate size distribution and composition of the
sediment eroded from the soil matrix.

Particle selectivity occurs because interrill flow does not have sufficient energy
to transport many of the sand-size and larger aggregates. Hence, interrill flow
is "transport limiting" (Alberts et al., 1980, 1983). Transport limiting flow implies
that sediment characteristics which are not directly associated to soil strength, but
dependant on the slope and flow characteristics, determine the sediment
concentration. Rill flow is seldom transport limiting, thus very large aggregates
can be transported.

Textural composition refers to the proportion of individual mineral grains in a soil,
i.e. the proportion of sand, silt and clay particles (Hillel, 1982). In soils, sand, silt
and clay particles are defined by the size of the grains and not by their
composition, colour, or their consistence. Hillel (1982) defined sand particles
ranging from 2.0 mm to 0.06 mm in diameter and the grains are visible to the
naked eye. Silt particles range from 0.06 mm to 0.002 mm in diameter, while
clay particles are less than 0.002 mm in diameter. Soil contains particles of all
sizes and the proportion of each size in a sample is determined by sieving and
measuring the density of a suspension dispersed in water.
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Experimental Objectives

The objective of this study was to determine if soil particles were selectively

eroded from the three soils {Kiwitea, Levin and the Tokomaru soils) subjected to

simulated rainfall. This was ascertained by determining:

(1)  if the textural composition of eroded sediment varied greatly from that of
the onginal soil,

{2)  if textural composition of eroded sediment changed between the start and
end of the rainfall period, and

(3) ifthe size distribution of eroded particles and aggregates varied over time.

The organic matter contents of the three soils were also determined.-

Experimental methods

The three soils used in the experiments (Kiwitea, Levin and the Tokomaru soiis)
were subjected to simulated rainfall and eroded sediment was collected. The
methods and procedures for operating the rainfail simulator were similar to those
described in Chapter 2.

Sieving and sedimentation methods were used to determine textural composition.
Aggregates were broken down and separated into primary particies. The
proportions of these determined the textural composition. n determining the size
distribution of eroded particles and aggregates over time, the eroded sediment
material was not broken down and dispersed, but simply separated into the size
fractions in which they were eroded.

a Determining textural composition

The textural composition of the soil, the sediment eroded over the entire rainfall
period, and the sediment eroded in the first 20 minutes and last 10 minutes of the
rainfall period were determined using sieving and sedimentation procedures for
the three soils. '
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For determining the textural composition of the sediment eroded over the entire
rainfall period, a sub-sample was taken from the bulk sediment eroded.

The initial 20 minute period and the final 10 minute period were chosen to
represent the start and completion of an erosion event respectively. These times
were chosen because they enabled the generation of sufficient sediment from the
rainfall simulator for textural composition to be determined.

A combination of wet and dry sieving separated the primary particles coarser than
63 um. A sedimentation procedure determined the fractions of clay and silt-size
material. This involved taking a 20 ml sample from a dispersed column of
sediment at set times and depth with a pipette. The process is based on
particles of different sizes settling out through the liquid column at differing rates.
This phenomenon is explained by Stokes law (Hillel, 1982). According to Stoke’s
law, the terminal velocity of a spherical particle settling under the influence of
gravity in a fluid of a given density and viscosity is proportional to the square of
the particle’s radius.

These sieving and sedimentation procedures for particle size analysis have been
adopted from Day (1965) and are the standard methods used by the Department

of Soil Science, Massey University. Appendix 1 describes the full procedure.

The pre-treatment of samples

Organic matter within soil aggregates has the tendency to bind primary particles
together and prevent dispersion. Therefore samples are pre-treated to enhance
separation or dispersion of aggregates into primary particles. Removal of organic
matter is often the first step in the chemical pre-treatment of soil samples. The
most common chemical reagent for organic matter oxidation is hydrogen peroxide

(H,0,). Increasing concentrations of this gradually destroys the organic matter
content.

Dispersion of soils is accomplished by a combination of methods. These
methods can be either chemical or physical. - Chemical dispersion is based
primarily on the phenomenon of patrticle repulsion, as a result of elevation of the
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particle zeta potential. This process is usually accomplished by saturating the
exchange complex with sodium ions. Physical or mechanical methods of
dispersion involve separation of the individual particles by some mechanical or
physical process, such as rubbing, rolling, shaking, or vibrating.

This study used a combination of physical and chemical methods for dispersion
of aggregates into their primary particles. The physical method used was a
laboratory blender. The chemical dispersant used was calgon, a mixture of
sodium hexametaphosphate and sodium carbonate {described in Appendix 1).

b. Determining Size Distribution of Eroded Particles and Aggregates

The proportion of sand, silt and clay size particles or aggregates in a sample
determines its the particle size distribution.

Runoff and eroded sediment samples were collected at five minute intervals from
repacked soil trays exposed to simulated rain in the same manner as described
in Chapter 2. These samples were then passed through a 63 um sieve {o
separate the coarse material from the fines. The coarse material was then oven
dried at 65°C for 48 hours to determine its mass. The fines were transferred into
a 500 mi cylinder and the volume was made up to 500 mi with distilled water.

At set times and depth, 20 ml aliquots were taken using a pipette. The sub-
- sample was oven dried at 65°C for 48 hours. This procedure is the same as the
sedimentation method using a pipette for day five as described in Appendix 1.

C. Determining the organic matter contents

The percentage of organic carbon was determined by pyrolitic burning. The
standard procedure for this is described by Nelson and Sommers (1982).
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Statistical analysis

In this study, the textural composition of two sub-samples for sediment eroded
from the start, completion and the total rainfall period, and four samples from the
original soil were determined. A two tailed t-statistic test at a 5% significance
level, as described by Snedecor and Cockran (1980), was used to make
comparisons between the original soil and eroded sediment.

The results of the two tailed t-statistic test comparing the textural composition of
eroded sediment and the original soil from each soil type are reported in Tables
10ato 10c. Table 12 compares the textural composition of the eroded sediment
between the start and end of the rainfall period for the three soil types. The
symbols used for levels of significant differences in this study were: NS = P 2
0.05 and * = 0.05 > P. Other symbols used include: T, ,, min. iS the rainfall period
from 0 to 20 minutes (the start of the rainfall period), T, min. iS the rainfall period
from 50 to 60 minutes (the end of the rainfall period, and T4, min. iS the rainfall
period from 0 to 60 minutes (the total rainfall period).

Results and Discussion
a. Organic matter content of the onginal soil
Using the pyrolitic burning technique, the percentages of organic carbon present

in each of the original soils is shown in Table 10. Particle aggregation is
enhanced by organic carbon (Hillel, 1982).

Table 9. The organic carbon contents from the original soils

Soil Type Percent Organic Carbon
Kiwitea 3.47
Levin 4.32

Tokomaru 2.34




50

b. Textural composition of the original soil

Figure 10 shows the proportions of primary particles for the three soils. The
Levin soil has much lower percentages of clay and silt, and a higher percentage
of sand compared with the Kiwitea and the Tokomaru soils. The lower
percentage of clay suggests the soil has a reduced particle binding capacity.
This may be expected to increase the Levin silt loam’s susceptibility to particle
detachment and entrainment. Sand particles are non-cohesive. Therefore, the
higher percent of sand-size particles present in the Levin soil suggests particle
aggregation would be lower compared with the other two soils.

Kiwitea

% Sand

Levin

% Sand
Tokomaru 161

% Clay
24.4

Figure 10. The textural composition of the original soils
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e Comparing the textural composition of eroded sediment with the ornginal

soil

The deviations in primary particle composition of eroded sediment from the
beginning (0 to 20 minutes), end (50 to 60 minutes) and the total rainfall period
(0-60 minutes), from the original soil for the three soils are shown in Tables 10a,
10b and 10c. Also shown are the level of significant differences.

Table 10a. Comparing the eroded sediment at the different rainfall periods with the original soil

for the Kiwitea soil.

Rainfall Period Particle Size

Sand Silt Clay
To20 min. 0.9 % NS | -9.6% 3 18.3 % 4
T 5060 min. 29 % NS -12.7 % * 255 % &
To-60 min. -19 % NS 5.5 % NS 115 % ¥

Table 10b. Comparing the eroded sediment at the different rainfall periods with the original soil

for the Levin soil.

Rainfall Period Particle Size

Sand Silt Clay
Toz0 min -36.5 % o 12.8 % . 58.0 % =
Ts0.60 min. -13.2 % * 8.8 % NS 119 % NS
| p— -17.0 % & 10.1 % NS 18.1 % i

Table 10c. Comparing the eroded sediment at the different rainfall periods with the original soil

for the Tokomaru soil.

Rainfall Period Particle Size

Sand Silt Clay
To20 min. -25.0 % * -32% NS 191 % *
T 5060 min. -37.8 % = 3.0 % NS 7.7 % NS
To-60 min. -30.2 % * 0.4 % NS 115 % *




52

The proportion of sand from the eroded sediment in each period (Tables 10a, 10b
and 10¢) was aiways less than the original soil. However, it was only significantly
lower for all periods from the Levin and Tokomaru soils. The reduced sand
content of the eroded sediment can be explained by the difficulty in which primary
sand particles are entrained into overland fiow. This can be attributed to the size
and weight of sand particles.

The eroded sediment silt content from the Kiwitga soit for the three periods was
always lower than the onginal soil. Both the 0 to 20 minute and the 50 to 60
minute periods were significantly lower. This can be attributed to its high clay
content and clay type, allophane. A feature of allophanic soils is their ability to
form stable aggregates and the inability of these aggregates to disperse under
physical force {Tuohy, 1980). Therefore, silt particles from the Kiwitea soil less
readily detached by rainsplash due to their more stable aggregates.

The silt content found in the eroded sediment from the Levin soil was always
greater than the original soil, however only the 0 to 20 minute period was
significantly larger. This increase may be attributed to the low clay and high sand
contents present in the ornginal soil which results in less stable aggregates.
Consequently silt particles are more easily detached by rainsplash and entrained
into overland flow.

The eroded sediment silt content from the Tokomaru soil for the 0 to 20 minute
period was lower than that of the original soil but greater for the 50 to 60 minute
and the totai rainfall period. However, none of the three periods ditfered
significantly. This suggests that aggregate strength decreased over the rainfall
penod, a direct result of raindrop impact, and resulted in aggregate breakdown.

The three sampling periods from each soil type showed an increase in the
proportion of clay present in the eroded sediment compared to the original soil
{Tables 10a, 10b and 10c). All periods, except the 50-60 minute period from the
Levin and Tokomaru soils were significantly greater than the original soil. This
indicates that the dispersed clay enrichment ratio {ie. the proportion of dispersed
clay present in the eroded sediment compared to the original soil) was always
greater than one for each sampling period. These resuits are quantified in Table
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11. Laflen et al. (1978) also found this ratio to be greater than one.

Table 11. The dispersed clay enrichment ratios for the three sampling periods from each soil type.

The Dispersed Clay Enrichment Soil type
Ratio Period
Kiwitea Levin Tokomaru
0-20 minutes 1.183 1.580 1.190
50-60 minutes 1.255 1.119 1.080
0-60 minutes 1.115 1.181 1.114

Table 11 shows that between the 0 to 20 minute period and the 50 to 60 minute
period, the dispersed clay enrichment ratio for the Levin and Tokomaru soils
decreased while the Kiwitea soil increased. The increase from the Kiwitea soil
can be attributed to the high allophanic content, resulting in more structurally
stable aggregates. These aggregates can only be entrained into overland flow
when the transporting force is sufficiently large enough. The reduction in the
dispersed clay enrichment ratio between the start and the end of the rainfall
period from Levin soil reflects the ease in which soil particles were detached from
the aggregates initially by rainsplash. At the start of the rainfall period there was
insufficient surface water present to cushion raindrop impact. Consequently, the
effect of aggregate slaking into smaller aggregates or particles during this period
would be greatest. These smaller aggregates and particles are also more easily
entrained into the shallow overland flow present initially. The dispersed clay
enrichment ratio between the start and the end of the rainfall period from the
Tokomaru soil decreased slightly, however the reduction was not significant.

A comparison of the eroded sediment between the start (T, ma) @nd the end
(Tsoe0 min) Of the rainfall period for the three soils is shown in Table 12. Only the
sand content and the clay content from the Levin soil showed any significant
change. The increase in the percent of sand eroded between the start and the
end of the rainfall period from the Levin soil can be attributed to the attainment
of overland flow caused by soil saturation. This would have resulted in the
entrainment of sand particles. Although there was an increase in the amount of
sand eroded between the two time periods, the amount of sand present in the
Tso.00 min. PEMOd Was still lower than that found in the original soil. The reduction
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in the eroded clay contents between the start and the end of the rainfall period
from the Levin soil again reflects the ease in which soil particles were detached
from aggregates by rainsplash during the 0 to 20 minute period.

Table 12. A comparison of the eroded sediment between the two rainfall periods, T, », ;, and Ty,

60 min.
Soil Type Particle Size
Sand Sift Clay
Kiwitea 24 % NS -3.2% NS 6.1% NS
Levin 368 % * 35% NS -40.8 % *
Tokomaru -17.0 % NS 6.4 % NS 9.5 % NS
d. Distribution of eroded sediment size with time

The dispersed sediment-size distribution is an indicator of fine-particie
enrichment, surface area and chemicals transported with the sediment, but it is
not appropriate for determining the transpontability of the sediment during runoff
(Meyer et al, 1980). In this study, undispersed eroded sediment from each soil
was separated into sand, siit and clay size fractions over five minute intervals.
The resuits are shown in Figures 11a, 11b and 11c for the Kiwitea, Levin and
Tokomaru soils respectively.

The proportion of eroded silt-size material {primary particles and aggregates)
decreased rapidly during the early stages of the storm and reached an
equilibrium constant value characteristic of the soil type. This equilibrium value
for the three soils was 20-25% lower than the proportion of primary silt particles
present in the original soil. The proportion of eroded silt-size material for the
initial reading (T = 5 minutes) was similar to or slightly lower than the silt content
of the original soil. The proportion of silt-size materal was greatest at the start
of the rainfall event. This could be attributed to the ease in which silt particles
are detached by raindrop impact because of the low cohesive forces binding
them together. Also, at the start of the rainfall pericd, the capacity of thin flows
to transport sediment may be limited by the volume and velocity of the runoff.
This would result in the selective removal of finer particles such as silt.
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Figures 11a, 11b and 11c show that clay-size material was eroded at a constant
rate. Gabriels and Moldenhauer (1978) reported similar trends. The proportion
of undispersed clay-size material from the eroded sediment for the three soils
were significantly lower than the dispersed clay content from the original soil.
These results are displayed in Table 13, along with the dispersed clay enrichment
ratios between the eroded sediment and the original soil.

Table 13. Comparing the dispersed and undispersed clay-size fractions from the eroded
sediment with the dispersed clay fraction from the original soil.

Soil Type
Kiwitea Levin Tokomaru
Clay enrichment ratio of dispersed particles (0-60 1.115 1.181 1.114
minutes)
The ratio of undispersed eroded sediment clay-size 0.051 0.187 0.255
particles to the proportion of dispersed clay particles in
the original soil (0-60 minutes)

These results suggest that most of the clay is eroded in the form of aggregates
and very little is transported as primary clay particles. This can be attributed to
the bonding capacity of clay particles. Young and Onstad (1978), Alberts et al.
(1980), Young (1980), Loch and Donnollan (1982b), and Miller and Baharuddin
(1987) found similar results. Table 13, along with Figures 11a, 11b and 11c also
show that there was a much smaller proportion of clay-size material eroded from
the Kiwitea soil compared to the Levin and Tokomaru soils. This may be
explained by the high allophanic clay content present in the Kiwitea soil. The
Tokomaru soil had a higher clay enrichment ratio of undispersed particles over
the total rainfall period compared to the Levin soil although its proportion of clay
particles was larger. This may be accounted for by the higher percentage of
organic carbon present in the Levin soil.

The proportion of eroded sand-size material (also referred to as coarse material)
increased over time until an equilibrium value was reached. The Kiwitea and
Levin soils had similar equilibrium proportions of eroded sand-size material
(approximately 70 and 75 % respectively) while the Tokomaru soil was somewhat
lower (50 %). The reason for the reduced equilibrium value obtained from the
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Tokomaru soil may be attributed to its lower organic carbon content. The higher
value obtained for the Levin soil may be explained by both the high proportion of
primary sand particles (42 %) and the high organic carbon content (4.32 %). The
amount of clay, and the dominant clay type for the Kiwitea soil are responsible
for its high equilibrium value of sand-size matenal eroded. The times at which
the equilibrium value for both sand and silt-size material within each soil type was
achieved were similar. Since it was shown that most of the clay was eroded and
transported in the form of aggregates, coarse matenal was composed of both
aggregates and primary sand particles. These aggregates may also contain silt-
size matetial that were not eroded and transported individually. The degree of
aggregation of eroded sediment varied according to the rate of soil loss. At low
rates of soil loss, the runotf energy was insufficient to transport large aggregates.
This explains why the percentage of coarse matenal eroded was lowest at the
first sampling time, T = 5 minutes.

Deviations in the amount of sand, silt and clay size materal eroded over time can
be attributed to changes in runoff storage depression and surface detention.

Summary

1. Primary sand particles are less easily entrained into overland fiow because
of their size and weight. Consequently, the proportion present in the
eroded sediment was always lower than that from the onginal soil.

2. The eroded sediment always showed a positive clay enrnichment ratio.

3. There was an increase in the clay enrichment ratio for the Kiwitea soil
between the start and the end of the rainfall period. The opposite effect
occurred for the Levin and Tokomaru soils. The increase for the Kiwitea
soil can be attributed to its high allophanic clay content which produces
more stable soil aggregates that are less affected by slaking compared to
the other two soils. These aggregates, rich in clay, can only be entrained
into overland fiow when the runoff energy is sufficient to transport them.

4. The Levin and Tokomaru soils clay enrichment ratios declined between the
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start and the end of the rainfall period. The dominant clay types present
in these two soils are susceptible to slaking. This process can only occur
at the early stages of the rainfall period before surface water builds up and
cushions the raindrop impact. Initially, slaked material containing both
primary particles and small aggregates, can easily be entrained into the
thin sheets of overland flow.

The eroded sediment from the Kiwitea soil contained less silt compared
to the original soil. This could be attributed to the high proportion of clay
present and its dominant clay type, allophane, surrounding silt particles in
the form of aggregates.

More silt was contained in the eroded sediment from the Levin soil
compared to the original soil. Soil aggregates from the Levin soil are more
easily slaked due to the low clay content and its dominant type of clay
present.

The proportion of eroded silt-size material (both primary silt particles and
silt-sized aggregates) decreased over time until an equilibrium value was
reached. This equilibrium value was 20 to 25 percentage points lower
than the proportion of primary silt particles present in the original soil.

The majority of the primary clay particles were eroded and transported in
the form of aggregates. Only a very small fraction was transported as
primary particles.

The size of course material eroded varied according to the rate of soil
loss. At low rates, the runoff energy was insufficient to transport large
aggregates.
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Chapter Four

Settling Velocity Distribution and Characteristics

Introduction

Settling velocity distribution of soil aggregales in a fluid is fundamental to the
study of erosion and deposition. Recent process-based erosion models, (Knisel,
1980; Rose et al., 1983) describe the interactions of entrainment, transport and
deposition processes for a runoff event. Aggregate settling velocities are primary
inputs to such models. For example, the model of Rose ef al. {1983) describes
the rate of deposition from flowing {or stationary} sediment as:
d=v.¢ (9)

where:

d = the deposition rate of sediment per unit area per unit time (kg m®

sec), for sediment with a settling velocity of v (m sec™).

¢ = concentration (kg m™).

i = an integer labelling the particular settling velocity class.

By considering a given soil sample as composed of various fractions or classes,
each with identifiable characteristics, the total deposition rate of the soil can be
obtained by summation.

Settling tubes provide the most direct method of measuring the settling velocity
characteristics of soils in a fluid. Eroded sediment commonly exists in the form
of aggregates which settle at a rate dependent upon the aggregate size, shape,
roughness and density relative o the fluid.

Settling tubes have been used in a number of fields {0 analyze two-phase
systems for most of this century. Developments have led to very accurate
discrimination between particle sizes using the associated variation in settling
velocity (Emery, 1938; Schiee, 1966; Felix, 1963). However, measurements of
the size distributions of soil aggregates for use in soil erosion-deposition models
pose particular problems. Childs {1963), in reviewing the assumptions behind
Stoke's Law, suggests that significant surface and form drag effects limit its use
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to particles smaller than 60 um in diameter. For these particles the standard
pipette or hydrometer methods (Black, 1965) are convenient to use. However,
for sediment greater than 60 um the relationship between size and settling rate
is complex and depends on the particular variations found in aggregate shape
and density (Watson, 1969; Gibbs et al., 1971). Therefore measurements of
settling velocity cannot be accurately converted into aggregate size or visa versa
without the complex task of obtaining the relationship between these two
measurements for each particular soil type.

The most common method used to measure aggregate size is wet sieving
devised by Yoder (1936). Under wet sieving, the results will vary with the degree
of abrasion, and this depends upon the sieving technique. Settling tubes in
general, involve minimal abrasion and thus reduce this source of variation.

The settling tube used in this study (referred to as the Massey tube hereafter) is
a modified version of the Griffith settling tube developed by Hairsine and
McTanish (1986). The Massey tube, as shown in Plate 6, consists of three basic
components: a perspex tube, a sample introduction device, and a submerged
collection turntable on which settled sediment samples are collected. Plates 7,
8 and 9 show the sample introduction device, perspex settling tube, and the
submerged collection table respectively. The sample introduction device and
activation lever differ from the Griffith tube. However, the operational principles
are the same. A full description of the Massey tube is outlined in Appendix 2.

The Massey tube is designed to provide information on the fall velocity
distribution of sediment outside the size range covered by Stoke's Law. It
provides this information for aggregates settling in clear water without the
interaction which would occur in a natural polydispersed system. This interaction
is due to the fall velocity of faster sediment being inhibited by falling through
slower (smaller) sediment.
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Plate 6. The Massey Settiing Tube
showing (a) the end stopper for the
sample introduction device, (b) the
sample introduction device, (c) the
sample introduction device seal, (d) the
activation lever, (e) the perspex settling

tube. and (f) the collection turntable
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Plate 7 The sample introduction device showing (a) the stopper which prevents (D) the SO id
perspex from rising when the activation lever raises the setting tube. When the lever is activated,
it results in a pressure change in (c) the sample introduction device and causes (e) the seal to

break, thus releasing the sample into (f) the perspex settling tube. O-rings (d) seal the sample

introduction device and the perspex settling tube together



Plate 8. The perspex settling tube after the lever has been activated.
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Plate 9. The submerged collection table showing (a) the perspex settling tube and (b) the sample
collection trays. The collection tray

ays and the end of the
water so as to maintain a rt

a perfect seal.

perspex settling tube are immersed in
The submerged

~A i & i R o cfa X v b
collection table is rotated at pre-
determined times

64
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Objectives

The objective of this study was to determine the settling velocity distribution and
characteristics of the original soil and the eroded sediment over time for the
Kiwitea, Levin and the Tokomaru silt loams.

Materials and Methods

For each soil type, samples from the original soil and those from the eroded
sediment collected at five minute intervals for one hour from the rainfall simulator
experiments (by the procedure described in chapter two), were passed through
the Massey tube to determine the proportion of material in each settling velocity
class.

Trial Procedure

The trial procedure for the Massey tube is similar to that for the Griffith tube
described by Hairsine and McTanish (1986). The full procedure adopted for the
Massey tube is summarized in Appendix 2.

Sample Pre-treatment

Eroded sediment samples were initially saturated with runoff water. For such
samples to be tested in the Massey tube, the sediment had to be gently
separated from the suspension. This was achieved by passing the sample
through a 63 um sieve. The material finer than 63 um is beyond the normal
range of the Massey tube because of the long periods required for these
aggregates to settle 2 m. The mass of solid material finer than 63 um present
in suspension was determined by evaporating the supernatant at 105°C for 48
hours. According to Stoke’s law, material finer than 63 um has a maximum
settling velocity of 2.0 x 10® m sec™. Therefore, all the material finer than 63 um
is included in the final calculations as material slower than 2.0 x 10® m sec™.
The material retained on the sieve (that is, the material greater than 63 um) was
placed into the Massey tube’s sample-introduction device and its settling velocity
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distribution was determined.

In order to provide a reterence settling velocity distribution for each soil type after
possible aggregate breakdown by rainfall, a separate soil sample was placed in
a shallow container and gently wetted before being exposed to 60 minutes of
rainfall at a rate of 65 mm hour'. All sediment produced was coliected and
combined with the soil remaining in the container. The larger aggregates were
then separated from suspension by passing the sample through a 63 um sieve.
This sample hereafter is referred to as the treated soil. The maximum settling
velocity of the material finer than 63 um was taken as 2.0 x 10° m sec™.

The settling velocity distribution of the original soif was also determiaed for each
soil type. This was material which had not been exposed to simulated rainfali for
60 minutes but was immersed in water for 30 minutes before being added to the
sample introduction device.

Sample Collection from the settling tube

For the treated soil and sediment derived from runoff, 14 sub-samples were

collected at 8, 10, 15, 20, 30, 40, 70, 100, 150, 200, 300, 400, 700, and 1000

seconds from the time the sample-introduction device was activated. These sub-

samples were then oven dried for 24 hours at 105°C to determine the mass of

matenal in each settling velocity class. Plate 10 shows the particle-size vanations
for each settling velocity class.
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Plate 10. The particle-size variations from the different settling velocity classes. The period for

each sample are also shown.

Data Analysis Methods

Settling velocity was determined from the settling tube length and the time
required for material to settie that distance. From the cumulative mass of
material settling out at each sampling time, the percentage of material still
remaining in suspension was calculated. This value is referred to as the
"percentage-slower-than". Appendix 2 shows an example of the calculation
procedure. The percentage slower-than is then plotted against settling velocity.
The 95% confidence levels for the various settling velocity classes are shown.

The total mass of material (when percentage slower-than is 100%) includes all
the material placed into the sample introduction device (the material retained on
the 63 um sieve after separation from suspension) and that present in suspension
after sieving.
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Results and Discussion

Figures 12, 13 and 14 show the measured settling velocity distribution curves of
the original soil, treated soil and the eroded soil samples at selected times for the
Kiwitea, Levin and the Tokomaru soils respectively. The data in Figures 12to 14
are for samples subjected to simulated rainfall at a rate of 65 mm hour’. The
distribution curves for times when there was very little change in settling velocity
distribution from the previous sampling time have been omitted for clarity. In the
interpretation of these results, the slope of the distribution curves over a particular
range of settling velocities may be used as an indicator of the percentage of the
total sediment in that settling velocity range. A greater slope indicates a larger
percentage of sediment in that range, and vice versa.

For the three soil types, the settling velocity distribution of eroded sediment at the
first sampling time (after 5 minutes) showed that the eroded sediment contained
a greater proportion of fine particles (indicated by slow settling velocities) than
that measured after 40 minutes of rainfall. Changes in settling velocity
distribution showed that eroded sediment became progressively coarser with time
until its settling velocity characteristics were similar to those of the treated soil
which had been subjected to a simulated rainfall as described above. This
indicates that there was insufficient runoff energy initially available to transport the
larger particles or aggregates.

For the Kiwitea soil (Figure 12), there was no significant difference (5% level)
between the treated soil and eroded sediment after 40 minutes for all settling
velocity classes. However, eroded sediment sampled after only 5 minutes was
significantly different from all other samples. When comparing the 10 and 40
minute sampling times, only the settling velocity classes slower than 6.67 x 10°
m sec” were significantly different.

For the Levin soil (Figure 13), there was no significant difference between any
eroded sediment sampling times for settling velocity classes faster than 2.0 x 10?
m sec”. At settling velocity classes slower than this, eroded sediment from the
5 minute sampling time was significantly different from the other sampling times.
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Figure 13. The original soil and the eroded sediment settling velocity distribution patterns from
selected times for the Levin soil.
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All the sampling times shown in Figure 13 are significantly different for settling
velocity classes slower than 5.0 x 10° m sec™.

For the Tokomaru soil (Figure 14), eroded sediment from the 5 minute sampling
time was again significantly different from all other sampling times at settling
velocity classes slower than 1.0 x 10" m sec™. There was no significant change
in the settling velocity distributions of the eroded sediment from time 40 minutes
and the treated soil.

Also shown on Figures 12 to 14 are the settling velocity distributions of the
original soil. These figures demonstrate that the original soil contained a larger
proportion of course aggregates or particles compared to the treated material.
Also the proportion of slower settling material contained in the original soil was
considerably lower. This indicates that the forces exerted by raindrop, and
possibly osmotic swelling and ion hydration, caused aggregate breakdown of the
treated soil.

A comparison of the settling velocity distribution curves of the treated soils is
shown in Figure 15. This shows a higher proportion of fine sediment with low
settling velocity for the Tokomaru soil than for the Kiwitea soil. The Levin soil
had the lowest proportion of fine sediment of the three soils. For the Tokomaru
soil, 44% of the sediment had a settling velocity less than 2.0 x 10® m sec™
compared to 27% and 21% for the Kiwitea and the Levin soils respectively.
According to Stoke’s law, the settling velocity of 2.0 x 10° m sec™ correlates to
approximately 63 um, the diameter of silt-size particles. However, 76% of
sediment from the Levin soil has a settling velocity less than 5.0 x 102 m sec™
compared to 62% and 54% for the Tokomaru and Kiwitea soils respectively. This
suggests that the Levin soil has a lower proportion of large aggregates

(aggregates with a faster settling velocity) than both the Kiwitea and the
Tokomaru soils.

Particle selectivity of eroded sediment shown in Figures 12 to 14 was thought by
previous investigators to occur because "rainflow transportation" (Moss et al.,
1979) or "interrill flow™ (Alberts et al.,1980) has insufficient energy to transport
many of the coaréer, faster settling aggregates (Alberts et al., 1983). Many
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researchers have reported that when rainfall detachment is the main erosion
process, (interrill as opposed to rill erosion), the eroded soil is finer in composition
than the parent soil (Ellison, 1944; Meyer et al.,1975; Monke et al., 1977, Moss
et al., 1979; Alberts et al., 1980, 1983; Loch et al., 1988). There is also evidence
in the literature supporting the data which show that the proportion of fine
fractions contained in the eroded sediment declines with time (Walker et al.,
1977; Moss et al., 1979; Young and Onstad, 1978; Bryan and Luk, 1981), and
the particle-size distribution of the eroded sediment tends to approach that of the
treated soil with time (Walker et al., 1978; Moss et al., 1979). These phenomena
have also been observed in this study.

Since the settling velocity characteristics of eroded sediment at equilibrium were
similar (although not identical) to those of the treated soil (soil exposed to 60
minutes of rainfall but without loss of sediment), it appears that under these
experimental conditions there was little additional breakdown by the transport
process. This agrees with Meyer (1985) who showed that aggregated sediment
did not suffer additional breakdown during transport by cropland runoff.
Furthermore, this suggests that for these soil types, the settling velocity
characteristics determined by subjecting soil in small containers to rainfall (but
returning any detached sediment as described in the materials and methods
section) are reasonably accurate estimates of settling velocity characteristics of
eroded sediment at equilibrium from a flume where rainfall detachment is the
principal erosion process.

The general trends with time in settling velocity distribution of eroded sediment
measured in these experiments for one rainfall rate might be expected to be
similar for other rainfall rates. Meyer et al. (1980) found that higher rainfall rates
eroded a higher percentage of fine sediment, but the differences were not large
compared with the differences in sediment sizes from differing soil types affected
by raindrop impact.
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Summary

1. Eroded sediment is generally much finer than the original soil.

2. The sediment derived from the start of an erosion event contained a
greater proportion of fine particles and smaller proportion of coarse
material than that obtained from the end of the erosion event. This was
because initially there was insufficient runoff energy available to transport
the larger particles.

3. The change in settling velocity distnbutions of eroded sediment showed

that eroded material became progressively coarser with time until their
settling velocity characteristics became similar {o the treated soil.
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Chapter Five

Aggregate Stability

Introduction

Soil structure is a property of fundamental importance in determining the physical
behaviour of soils. It has been defined as "the physical constitution of soil
material as expressed by the size, shape and arrangement of the solid particles
and voids, including both the primary particles to form compound patrticles or
aggregates, and the aggregates themselves™” (Brewer, 1964).

The disintegration of the soil mass into aggregates requires the imposition of a
disrupting force. The stability of aggregates is a function of whether the cohesive
forces between particles caﬁ withstand the applied disruptive force. If the
measurements of aggregate stability are to have any practical significance, the
forces causing disintegration should be similar to the forces expected in the field.
The information provided by an aggregate stability test refers primarily to the
erodibility of surface soils by rainsplash and wash (Bryan, 1976; Chorley, 1959).
Therefore, the forces involved in these processes should be standardized. For
the three soils used in this study, the aggregate stability was determined using
a sedimentation procedure.

Forces involved in aggregation

Two of the primary forces holding particles together in aggregates for moist soils
are the surface tension of the air-water interface, and the cohesive tension
(negative pressure) in the liquid phase. As the soil dries, the water phase
recedes into capillary wedges surrounding particle-to-particle contacts and films
between closely adjacent platelets. The interfacial tension and internal cohesive
tension pulls adjacent particles together with great force as soil dries. This
induces an increase in the concentration in the liquid phase of soluble
compounds such as silica, carbonates, and organic molecules. As the capillary
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wedges of the supersaturated soil solution retreat toward the particle-to-particle
contact points, the potential adsorption spots which offer the lowest free energy
for the solute molecules or ions are at the junctions of the adjacent particles.
Many of these solute molecules and ions thus precipitate as inorganic semi-
crystalline compounds or amarphous organic compounds around the particle-to-
particle contacts and cement them together.

As the highly adhesive liquid phase pulls adjacent mineral particles into closer
proximity, there are alsec more opportunities for hydrogen bonding between
adjacent oxygen and hydroxyl groups and for other intermolecular, interionic, and
crystalline bonds to develop. When the relative humidity in the soil falls below
75 %, the last molecular layer of water on the mineral surface begins to leave.
if the relative humidity decreases below 30 %, the water molecuies hydrated to
absorbed Ca* ions are drawn off into the gaseous phase {(Kemper and Rosenau,
1986). With a reduction in soil moisture, most soils generally have greater
strength because of cementation. However, cementation is generally crystalline
and bnttle, and once broken by mechanical forces {eg. Wheel traffic on a dry
earth road), it does not reform unless the wetting and drying process is repeated.

Weakening and disintegration of aggregates by wetting

The wetting process can be highly disruptive. The forces invoived are major
causes of aggregate weakening and disintegration that occur on the surface soil
in the field.

lon hydration and osmotic swelling forces pull water between clay platelets,
pushing them apart and causing swelling of the aggregate in which they are
incorporated (Emerson, 1967). !f an aggregate is wetted quickly, the wetted
portion can swell appreciably compared with the dry portion, causing a shear
plane to accompany the wetting front which can break many of the bonds.

Some of the bonding materials are soluble and dissolve as water enters the soil.
Others are hydratable and may become weaker, but more flexibie when hydrated.
if the soil aggregates are wetted slowly at atmospheric pressure or quickly under
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a vacuum, the bonding is still significantly strong enough to hold most of the
primary particles together as aggregates.

The stresses produced by wetting increase as the sample dryness increases
(Collis-George and Lal, 1971) and the rate of aggregate breakdown into finer
fractions increases as the rate of wetting increases (Emerson and Grundy, 1954;
Panabokke and Quirke, 1957). Immersion of air-dry aggregates induces an
extreme rate of wetting. When this is compared with the wetting of moister soil,
incipient failure in the former is more intensive and the number of smaller
aggregates formed is greater. This results from increased formation of planes of
weakness (Quirke and Panabokke, 1962).

Air contained within quick-wetted aggregates plays a role in their disintegration.
Kemper et al. (1985) found that when a soil sample is stored at relative
humidities of less than 50 %, substantial amounts of oxygen and nitrogen are
absorbed on the mineral surfaces. When the sample is wetted by immersion,
these oxygen and nitrogen molecules are displaced by the more tightly absorbed
water molecules. The oxygen and nitrogen molecules from the adsorbed phase
join the entrapped air inside the pores and the pressure increases as capillarity
pulls water into the aggregate. Finally the aggregate ruptures and the air bubble
emerges.

Previous tests for aggregate stability determination

Two types of methods have been used previously to determine aggregate
stability. Firstly, there are tests which subject aggregates to forces designed to
simulate those occurring in the field (physical tests) while the second are those
aimed at measuring intra-aggregate bond strength by specific chemical
procedures (chemical tests).

i Physical Tests

The most popular method of this type has been wet-sieving. This procedure
sieves aggregates under water and the resulting size distribution is used as an
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index of stability. The fewer aggregates in the large size classes, the greater the
breakdown, and the lower the aggregate stability.

The usefulness of physical tests is related to the accuracy with which the forces
occuming in the field are simulated. In wet-sieving the breakdown force is
twofold. First there is the force of water entry when air-dry soil aggregates are
wetted before sieving. This may be varied by altering the method of pre-wetting
the aggregates. Most studies reponted in the literature have used rapid wetting
by direct immersion of dry aggregates in water. Rapid wetling causes
considerable aggregate breakdown. This results from the wetting front advancing
into the aggregate from all sides, causing compression and eventual explosion
of trapped air.

Grieves (1979) suggests that the aims of the study must be considered when
selecting the type of sample pre-treatment. Where the soils are bare surface
liable to rapid wetting, then a rapid wetting test shouid be employed. He showed
that wetting by capillary action at zero suction significantly reduces the technique
variability. When the study involves subsurface or vegetated soils, Grieves
suggests tension wetting procedures are the logical choice.

Some workers (Baver et al., 1972; Kemper, 1965) have sought to reduce the rate
of wetting by pre-wetting aggregates slowly against an applied suction force.
Here the wetting front passes through the aggregates more slowly, allowing air
- 1o escape from the pores in the aggregates (Baver et af, 1972) and thereby
reducing the breakdown force. Altematively, air may be eliminated from the
aggregates before wetting by flood wetting in a vacuum desiccator after
evacuation (Kemper, 1965).

The second force imposed on aggregates during wet-sieving is a mechanical
abrasion caused by the impact of aggregates with one another and with sieves
under water during the sieving process. It may be varied by altering the length
of time of sieving or increased by shaking the aggregates in a cylinder of water
before sieving {Low, 1954).

Tests of aggregate stability which are similar in principle to wet-sieving have been
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suggested by McCulla (1945), Childs (1942) and Williams (1963). McCulla’s
method involved studying the breakdown of surface soils under raindrop impact.
Aggregates were placed on a sieve and subjected to the impact of water drops
falling from a burette placed at a standard height above the sieve. The number
of drops needed to wash the aggregates through the sieve was used as the index
of stability. This method was refined by Low (1954) by slowly moistening the
aggregates under tension before testing and standardizing drop size and impact
energy to simulate conditions imposed by a natural rainstorm.

The tests proposed by Childs (1942) subjected a bed of aggregates to wetting
and drying cycles on a tension plate device. Stability was determined as the loss
in inter-aggregate pore space. Grieves (1979) considered this method unsuitable
because no mechanical forces were imposed on the aggregate in the test.

Williams method (Williams, 1963) was similar to that of Childs, but subjected
aggregates to a mechanical force after the initial wetting. The volume of inter-
aggregate pore space was expressed as a percentage of the volume remaining
in a duplicate sample of artificially stabilized aggregates, thereby controlling for
the effect of aggregate size and shape on pore volume.

11. Chemical tests

Some workers (Emerson, 1954; Russell, 1973) were not satisfied that the
aggregate stability tests developed to simulate the forces occurring in the field
measured the intra-aggregate bond strength satisfactorily. This led to the
development of tests designed to measure this strength using chemical
dispersion procedures.

Emerson (1954) published details of such a technique. In this test the
exchangeable cations in a bed of soil crumbs were replaced with sodium ions.
When the bed of crumbs was leached with a 1 N NaCl solution, the swelling
pressure of the ions was reduced. This pressure was then slowly increased by
lowering the concentration of NaCl in the leaching solution. Emerson monitored
changes in structure by measuring the permeability of the soil bed and the critical
concentration of Na* ions at which the structure collapsed. The sharp fall in
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permeability was used as the index of stability. He found the lower this
concentration was, the higher the aggregate stability,

This method was subsequently modified by Dettman and Emerson (1959} and by
Williams et al. (1966), but these refinements only affected the expression of
stability, and the principles of the test were unchanged.

Settling Velocity as a measure of Aggregate Stability

The aggregate settling velocity of a soil sample is slowed when the structural
stability of aggregates is reduced. A reduction in aggregate stability can be
caused by the immersion of an unsaturated or air-dried soil sample in water, a
direct consequence of aggregate slaking and dispersion. Aggregate structural
stability could also be decreased as a result of a particular agricuitural practice.

Cole and Edlefson (1935), Clement and Williams (1958) and Grieve {1979) each
recognized that mechanical dispersion of sediment is caused by wet-sieving, and
they advocated the use of a method which employs wetling forces only.
Aggregate settling velocity measured by a sedimentation method satisfies this
criterion. Furthermore, sedimentation methods are fasterthan wet-sieving (Emery
1938} and yield results of equal or improved reproducibility (Felix, 1969; Sandford
and Swift, 1971). Another advantage is that certain seftling tubes yield the entire
settling velocity distribution, preferable to the individual points on a size
- distribution given by wet-sieving. For these reasons, aggregate settling velocity
measured by a sedimentation method is suggested as a useful method for
comparative studies of structural stability, with more advantages than the wet-
sieve method widely used at present.

Experimental Objectives

The objective of this study was to determine the stability of aggregates from the
Kiwitea, Levin and the Tokomaru soils by comparing the Seﬂiing velocity
distributions of moist soil samples to air-dried samples.
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Experimental Methods

From the three soils, moist and air-dried samples were passed through the
settling tube to determine the proportion of material in each settling velocity class.
The settling tube trial procedures were the same as those described in Chapter
4.

Moist samples from the three soils were immersed in water for 30 minutes before
being added to the sample introduction device. These samples are referred to
as the moist samples hereafter. Once the settling tube was activated, samples
were collected at 4, 8, 10, 15, 20, 30, 40, 70, 100, 150, 200, 300, 400, 700 and
1000 seconds.

Quantities of each soil were allowed to air-dry for 72 hours before being
immersed in water for 30 minutes. These samples are known as the air-dned
samples from hereafter. These were then passed through the settling tube and
samples collected at the same times as those for the moist soils. The collected
samples were then oven dried at 105°C for 48 hours to determine the
percentage-smaller-than for each settling velocity class.

The gravimetric moisture contents for both the moist and air-dried samples for
each soil type were also determined.

Data Analysis Methods

The cumulative percentage-slower-than for each settling velocity class from the
moist and air-dry samples as determined by the same procedure described in
Chapter 4. The 95% confidence limits for each settling velocity class from the
mean of three replicates were calculated using a paired "f' statistic test
(Snedecor and Cockran, 1980).

Using equation 10 below, an indicator for aggregate stability was determined by
calculating the percentage increase (or decrease) in the total area beneath the
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settling velocity distribution curve for air-dried aggregates re-immersed in water
(ALay,) from the moist aggregates {A,,) settling velocity distribution curve. This
value is referred to the aggregate stability index (AS)).

ASI = Aair—dry =~ B ooist " 100 (10)

Amist 1

The lower the AS/obtained from the above equation, the greater is the aggregate
stability. in this study, the area calculated was between the settling velocities
5.00 x 10" and 2.00 x 10° m sec”’. The slower settling velocity represents
aggregates or particles approximately 63 um in diameter, as determined by
Stokes law. Hence, all material greater than silt-sized particles was examined.

Results and Discussion

Figures 16, 17 and 18 illustrate the effect of slaking and dispersion on the setting
velocity distribution of aggregated soil from the Kiwitea, Levin and Tokomaru soils
respectively. For each figure, distribution A (squares) represents the moist
sample while distribution B (circles) shows the air-dried sample.

Distributions A and B in Figures 16 to 18 are each the mean of three replicates.
The 95 % confidence limits were calculated using a paired "t" statistic test
(Snedecor and Cockran, 1980). Although distributions A and B are not totally
significantly different, immersion wetting of air-dry soil is shown to cause a
general decrease in aggregate settling velocities relative to velocities measured
with the moist soil. This reduction in velocity is due to the breakdown of coarser

aggregates, predominantly by slaking, when the air-dry sample is immersed in
water.

The aggregate stability index was calculated for each sail type using equation 10
and the results are shown in Table 14. These indices may be estimated in
Figures 16 to 18 by the gap between the two distribution curves. The larger the
gap, the greater the aggregate stability index and the less stable the aggregates.
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Figure 16. The settling velocity distributions of moist (distribution A) and air-dried (distribution
B) samples from the Kiwitea soil for aggregate stability determination.
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Figure 17. The settling velocity distributions of moist (distribution A) and air-dried (distribution
B) samples from the Levin soil for aggregate stability determination.
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Figure 18. The settling velocity distributions of moist (distribution A) and air-dried (distribution
B) samples from the Tokomaru soil for aggregate stability determination.
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From the soils in this study, aggregates from the Kiwitea soil were the most
stable, while the Levin soil aggregates were the least stable.

Table 14. The aggregate stability index for each soil type.

Soil Type Aggregate Stability Index
Kiwitea 71 %
Levin 241 %
Tokomaru 169 %

For each soil type, the larger aggregates from the air-dried soil were affected
most by slaking following re-immersion in water. This is illustrated in Figures 16
to 18 by the reduction of material which settled out at the faster settling velocities
from the air-dried samples. An example of this for each soil type is portrayed in
Table 15.

Table 15. Comparing the percent of moist and air-dried material which has settled out when the
stated settling velocity was obtained.

Soil Type Settling velocity greater than Percent of material settled out (%)
(m.sec™) ) .
Moist sample Air-dried sample
Kiwitea 1.33 x 10" 447 22.2
Levin 6.66 x 102 48.1 10.5
Tokomaru 1.33x 107 471 24.4

The Levin soil contained a smaller proportion of large aggregates compared with
the Tokomaru and the Kiwitea soils. Evidence for this was the lack of material
from the Levin soil which settled out at the faster settling velocities.

The number of the small-sized particles or aggregates (indicated by the slower
settling velocity classes) from the air-dried samples increased slightly, although
not significantly. This can be attributed to slaking of larger aggregates following
immersion.

The slope of the settling velocity distribution curve indicates the rate of deposition
for each settling velocity class. The greater the slope, the higher the rate of
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deposition. For the three soils, the moist sample always achieved its maximum
rate of deposition at a faster settling velocity than the air-dried sample (Figures
16 to 18). This indicates that the modal settling velocity class was faster for the
moist sample compared with the air-dried sample.

Not all moisture is removed from within the aggregates when soils are air-dried
at room temperature. Moisture that remains is held tightly in the very small pores
or micropores and its removal requires large suction forces. For the soils in this
study, the gravimetric moisture contents from the moist and air-dried samples
were calculated. There was not much variation between the air-dried samples,
however for the moist samples, the Tokomaru soil was much wetter than the
Levin and Kiwitea soils. These results are presented in Table 16.

Table 16. The gravimetric moisture contents of both the moist and air-dried samples for each soil
type.

Soil Type Gravimetric Moisture Content
moist sample Air-dried sample
Kiwitea 0.256 0.102
Levin 0.274 0.088
Tokomaru 0.384 0.093

The effect of the Tokomaru soil having a high initial moisture content may reduce
the effect of the moist sample slaking when immersed into the sample
introduction device. This would increase the area between the moist and air-
.dried settling velocity distribution curves and therefore raise the aggregate
stability index (which indicates lower aggregate stability).
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Summary

2 Comparing the settling velocity distribution of moist and air-dried soil
samples may be taken as an indicator of aggregate stability. Aggregate settling
velocity distributions change if samples are allowed to dry prior to analysis which
involves immersion. The number of course aggregates are reduced while fine
aggregates and particles are more abundant. This can be attributed to the
slaking of larger aggregates following immersion.

2. A comparison of the settling velocity distributions of moist and air dried
samples produced an indicator of aggregate stability. This index showed
aggregates from the Kiwitea soil were the most stable while the Levin soil were
the least stable.
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Chapter Six

Summary and Conclusions

Sheet erosion is the most extensively mapped erosion type in New Zealand. The
conditions most conducive to sheet erosion are found on sloping soils which lack
a vegetative cover and have been cultivated. With the current economic returns
from pastoral farming, a greater percentage of those soils which were previously
unaffected by sheet erosion are being cultivated and therefore becoming more
susceptible to sheet erosion.

The main objective of this study was to assess quantitatively the erodibility of
three cropping soils under the same conditions of slope, cover and rainfall.
Whether soil particles or aggregates were selectively eroded was also
determined.

Three soils from the Manawatu region which are suitable for arable farming or
market gardening were investigated. They included the Kiwitea silt loam, the
Levin silt loam and the Tokomaru silt loam. A portable rainfall simulator was
used to generate eroded sediment and runoff samples. Particle selectivity was
determined by pipette analysis and a settling tube.

A summary of all results from the three soil types is shown in Table 17.

Previous investigators have noted that the higher the percentage of clay present,
the greater the binding capacity of the soil and therefore the soil aggregates tend
to be more stable. This suggests, on clay content alone, soil aggregates from the
Kiwitea soil would be the most stable, while those from the Levin soil would be
the least stable.

Allophane is the dominant clay type present in the Kiwitea soil. The
cohesiveness of allophane enables it to form strong aggregates which are difficult
to disperse under physical force. Both the Levin and Tokomaru soils have illite
as their dominant clay type. lllite is much less cohesive than allophane.
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Table 17. Summary of mean results from all rainfall simulation storms for each soil type.

minutes

Kiwitea Levin Tokomaru
soil soil soil

% sand particles 21.1 42.6 10.0
Frimary particle % silt particles 51.1 39.2 65.5
composition

% clay particles 27.8 18.2 245
Dominant clay type Allophane lllite lllite
Organic carbon content (%) 3.47 432 2.34
Aggregate stability index 7.1 241 16.9
Total volume of rain applied in 60 minutes (cm®) 13200 13200 13200
Total runoff volume from 60 minutes (cm®) 8281 11554 9031
Time at which 0.99 V__, was achieved (minutes) 102 23 165
Total mass of sediment eroded after 60 minutes 129 352 206
(9)
Time at which 0.99 S, was achieved (minutes) 205 19 23
Value of 0.99 S__, (9) 109 158 94
Equivalent depth of soil eroded (mm) 0.715 1.951 1.144
Clay enrichment ratios | Dispersed, 0 to 20 1.183 1.580 1.190

minutes

Dispersed, 50 to 60 1.255 1.119 1.080

minutes

Dispersed, 0 to 60 1.115 1.181 1.114

minutes

Undispersed, 0 to 60 0.051 0.187 0.255
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The percentage of organic carbon present in each soil type was determined by
the pyrolitic burning technique. Organic matter generally improves the structure
of the soil by producing more stable aggregates, although this depends on soil
texture.

The aggregate stability for each soil type was determined using a Settling Tube.
This technique compared the settling velocity distribution of moist soil aggregates
with those from air-dried soil aggregates which were shock wetted before being
placed into the settling tube. It works on the principle that the aggregate settling
velocity distribution of a soil sample changes as the structural stability of
aggregates is reduced. Determining the aggregate stability of a soil sample using
a settling tube has advantages over other techniques in that only wetting forces
are employed for sediment dispersion. Wet sieving, for example, imposes two
forces on aggregates. The first is the force of water entry into the aggregates
before sieving and the second is the mechanical abrasion caused by the impact
of aggregates with one another and with the sieves under water during the
sieving process.

Results of the aggregate stability analysis showed that the Kiwitea soil contained
the most stable aggregates of the three soils. This may be attributed to the high
proportion of clay (27.8 %) and the dominant clay type allophane in the Kiwitea
soil. The organic carbon content was also reasonably high (3.47 %). The Levin
soil's aggregates were the least stable because of its low clay content (18.2 %)
and especially high sand content (42.6%). The high silt content present in the
Tokomaru soil (65.5 %) may have contributed to its lower aggregate stability.
Silt-sized particles are more easily slaked from aggregates due to their weaker
binding properties compared with clay particles.

An examination of the settling velocity distributions of both the moist and air-dried
samples from the three soils suggested that the proportion of coarse aggregates
was reduced, while the proportion of fine aggregates was increased slightly for
the air-dried sample. The decrease in the number of large aggregates may be
attributed to slaking which also results in increasing numbers of fine particles or
aggregates. '
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Surface crusting was observed on all three soils. However the severity was
greatest for the Levin soil while the Kiwitea soil suffered the least. Surface
crusting is thought to be a cyclic process. The extent of surface crusting from
each soil type showed similar trends to that found in the aggregate stability
results. Again these results can be explained in terms of proportions of primary
particles, especially the clay and silt contents, and the dominant clay types
present. A higher percentage of clay enhances aggregate stability. Silt particles
are most easily detached by raindrop impact compared to clay particles.

Over the 60 minute period, 65 mm of rainfall was applied to all soil types. This
either infiltrated into the soil or became runoff. During each rainstorm simulation,
13200 cm® of rain was applied over the 60 minute period and the amount which
was collected varied from 8281 cm® from the Kiwitea soil to 11554 cm® from the
Levin soil. Runoff amounted to 63 %, 88 % and 68 % of the total rain applied for
the Kiwitea, Levin and Tokomaru soils respectively. These values also indicated
the extent of surface crusting which occurred on the three soil types.

The runoff volume generated increased over time during the initial stage of the
"storm™ and then plateaued to a constant value. The maximum runoff rate
possible equates to the amount of rain applied when the infiltration rate becomes
zero. In this study the maximum volume of rain applied in any 5 minute period
was 1100 cm® (this is referred to V,,,). Based on this assumption, fitted function
curves were plotted from the runoff volume results to determine the time in which
0.99 V., was achieved. Only the Levin soil reached 0.99 V,,, within the 60
minute rainfall period. This was achieved after nearly 23 minutes and was a
reflection of the Levin soil's poor aggregate stability and the degree to which it
was affected by surface crusting. After extrapolating the fitted function curves,
it was estimated that the Kiwitea and Tokomaru soils would have reached 0.99
Vmax after nearly 102 and 165 minutes respectively. This indicates that surface
crusting did not totally restrict infiltration for both the Kiwitea and Tokomaru soils
over the 60 minute rainfall period.

The observed variations between the actual runoff volume and the fitted function
curves can be attributed to the changes in surface depression and surface
detention, a direct consequence of the cyclic processes of surface crusting.
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There seemed to be greater variation once the runoff volume plateaued out. This
was more obvious for the Levin soil due to the earlier time at which 0.99 V_, was
achieved.

The total mass of sediment eroded over the 60 minute rainfall period for each soil
varied from 129 g to 352 g. The Levin and Tokomaru soils eroded nearly 174 %
and 60 % more sediment respectively than the Kiwitea soil. Similar patterns were
evident from the aggregate stability results. These amounts of sediment are
equivalent to 1 to 2 mm depth of soil eroded. Although 1 to 2 mm may seem
insignificant, this is only from one storm event. If the same storm intensity and
conditions were to occur on a large scale, it may be predicted that 6.4, 17.6 and
10.3 tonnes of sediment would be eroded per hectare from the Kiwitea, Levin and
Tokomaru soils respectively.

Like the runoff volume generated over time, the mass of sediment eroded
increased during the initial stages of the "storm" and then plateaued at a constant
value. The reduction in the rate of soil loss to a constant value can be attributed
to the build up of water present on the soil surface. This resulted from the
reduction in the soil’'s permeability because of soil saturation and surface crusting.
A fitted function curve similar to that plotted for the runoff volume results, was
plotted for each soil type so that the 0.99 S, ., and the time in which it was
achieved could be determined. The Levin soil had the highest S, value and this
was achieved in the quickest time. Although the estimated mass of sediment
ceiling value was higher for the Kiwitea soil compared to the Tokomaru soil, the
time in which it was achieved was somewhat slower. This explains why more
sediment was generated from the Tokomaru soil over the total rainfall period.

Variations in the measured masses of eroded sediment once 0.99 S, had been
achieved may be attributed to the cyclic processes of surface crusting and excess
surface water.

The sediment-runoff concentration at the start of the rainfall period for the three
soils was greater than that after 60 minutes. The higher sediment load initially
resulted from soil particles being more easily detached by rainsplash. After 60
minutes, the build up of surface water inhibited splash detachment. The
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fluctuations in sediment-runoff concentration can also be explained by the cyclic
processes of surface crusting. Evidence from the Levin soil shows that the
greater the effect of surface crusting, the larger the fluctuations.

The proportion of sand present in the eroded sediment was always lower than
that of the original soil. Primary sand particles are less easily entrained into
overland flow due to their size and weight.

The eroded sediment from the Kiwitea soil contained a lower percentage of silt
particles compared to the original soil. This may be attributed to the high
proportion of clay present and the dominant clay type, allophane in the original
soil preventing aggregate disintegration by raindrop impact. A higher percentage
of silt was found in the eroded sediment from the Levin soil compared with the
original soil. The aggregate stability test for the Levin soil showed its particles
were more easily slaked compared to those of the other soil types.

The Tokomaru soil initially showed a lower silt content in the eroded sediment
compared to the original soil, and a greater silt content at the end of the erosion
period. This may be explained by clay binding the silt particles in aggregates.
As the rainfall event proceeded, these aggregates were broken down, as a direct
result of raindrop impact, which exposed more silt particles for slaking and
eventual overflow entrainment. As shown earlier, the Tokomaru soil had a
reasonably high clay content (24.5 %), however its organic carbon content was
low (2.34 %). This may explain why the aggregate stability was initially high until
the aggregate moisture content increased to such an extent that it caused the
bonding forces to rupture.

The three sampling periods for each soil type always showed an increase in the
proportion of clay present in the eroded sediment compared with the original soil,
ie. the clay enrichment ratio was always greater than one. There was an
increase in the clay enrichment ratio between the start and the end of the rainfall
period for the Kiwitea soil. This increase may be attributed to the high allophanic
clay content which produced more stable soil aggregates which were less
affected by slaking compared to the other two soils. These aggregates, rich in



96

clay, can only be entrained into overland flow when the runoff energy is sufficient
to transport them, ie. during the later stages of the storm.

The dispersed sediment-size distribution is an indicator of fine-particle
enrichment, and surface area of the sediment, but it is not appropriate for
determining the transportability of the sediment during runoff. Therefore
undispersed eroded sediment samples from each soil type were separated into
sand, silt and clay size fractions over five minute intervals. Results from both the
particle size analysis and the settling tube analysis showed that the proportion of
eroded silt-size material (primary silt particles and silt-size aggregates) decreased
rapidly during the early stages of the storm and then reached an equilibrium
constant value 20 to 25 % lower than the proportion of primary silt particles
present in the original soil. The proportion of eroded silt-size material from the
initial sample (T = 5 minutes) was similar to or slightly less than the silt content
of the original soil. The reason silt-size material was greatest at the start of the
rainfall event could be attributed to the ease in which silt particles were detached
by raindrop impact because of the low cohesive forces binding them together.
Also, at the start of the rainfall period, the capacity of thin flows to transport
sediment may be limited by the volume and velocity of the runoff.

Clay size material was shown to be eroded at a constant rate. This constant rate
for the three soils was significantly lower than the clay content of the original soil.
This resulted in clay enrichment ratios less than one for the undispersed
sediment. This suggests that most of the clay was eroded in the form of
aggregates and very little was transported as primary clay particles.

The proportion of eroded sand-size material increased over time until an
equilibrium value was reached. This material was composed of both primary
sand particles and soil aggregates. Both The Kiwitea and Levin soils had similar
equilibrium proportions of eroded sand-size material (70 and 75 % respectively),
while the Tokomaru soil was somewhat lower (50 %). These values indicate that
the Levin soil contained a greater proportion of aggregates than the other two
soils, although it has been shown that the Levin soil had the lowest aggregate
stability index and the lowest clay content. This suggests that it is the larger
aggregates from the Levin soil that are the most unstable and that when these
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aggregates are disrupted, they are broken down into smaller aggregates that are
more structurally stable. Also, nearly 43 % of the Levin soil is composed of
primary sand particles. This would enhance the proportion of eroded sand-size
material present. The high proportion of eroded sand-size material from the
Kiwitea soil can be explained by the percentage clay present in the original soil,
the dominant clay type and also the soils high aggregate stability index. The
degree of sand-size material eroded varied according to the rate of soil loss. At
low rates, the runoff energy was insufficient to transport large aggregates. This
explains why the percentage of sand-size material was lowest at the first
sampling time (T = 5 minutes).

A mulch cover placed on the Levin soil severely reduced the amount of runoff
volume and sediment yield by intercepting and cushioning the raindrop impact.
In this study, the runoff volume and the mass of sediment generated over the 60
minute rainfall period under the mulch cover was neary three times and 1000
times lower respectively than that generated from the bare soil. This confirms the
supposition that a mulch cover inhibits surface crusting and promotes infiltration.
Runoff flow velocities are reduced and so is the stream power available to entrain
sediment.

Conclusions

1. Quantitatively comparing the erodibility of the three soils, it was found that
the Levin soil was the most erodible and the Kiwitea soil was the least
erodible. If the same storm intensity and soil conditions used in this study
were to occur on a large scale, 6.4, 17.6 and 10.3 tonnes of sediment
would be eroded per hectare from the Kiwitea, Levin and Tokomaru soils
respectively.

4 Soil particles and aggregates are selectively removed by rainsplash
detachment and overland flow. The proportion of sand particles present
in the eroded sediment was always lower than that of the original soil due
to their inability to be entrained by overland. Silt particles are easily
detached and are most commonly eroded as individual particles. Clay
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particles are commonly eroded and transported in the form of aggregates,
a result of their binding properties.

The size distribution of the eroded sediment became progressively coarser
over the rainfall period. This was because initially there was insufficient
runoff energy available to entrain and transport the larger particles or
aggregates.

A mulch cover severely reduces the volume of runoff and the amount of
sediment. It effectively cushions the raindrop impact. Therefore surface
crusting is reduced and infiltration is promoted. Runoff flow velocities are
reduced as is the stream power available to entrain sediment.

Comparing the settling velocity distributions of moist and air-dried soil
samples is a good indicator of soil aggregate stability.



Appendix One

Sieving and Sedimentation Procedures

The following procedure has been adapted from Day (1965) and is the
standard method for particle size analysis used by the Department of Soil
Science, Massey University.

Day 1.

1

Weigh 30-40 grams of soil into a large beaker.

Add approximately 50 ml of 6% hydrogen peroxide (H,0O,), swirl around,
note the reaction and leave for about 2 hours. The purpose of adding
H,0O, is to oxidise the organic matter which may be binding particles
and aggregates together.

Add more H,O, depending on the initial reaction to 6%
-if the reaction was nil, or slight, add 100 ml of 30% H,0,
-if the sample was bubbly, or mildly frothy, add 50 ml of 30%
H,O,
-if the sample was very frothy, add 100 ml of 6% H,O.,.

After a further hour or two, any sample that has not had 30% H,O,
added should now have some added. Make the volume up to
approximately 200 ml with 30% H,O, on all samples.

Leave overnight.
Note: If the sample looks like bubbling over the top of the beaker, add
several drops of capryl alcohol. This neutralizes the reaction.

Day 2.

Heat the sample gently on a hot plate (65 °C) until the reaction
subsides. Once the initial frothing has ceased, add more 30% H,O, (50
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ml) and wait for the reaction to cease again. Stirthe sample frequently.
Applying heat to the sample increases the reaction of the H,0, to the
organic matter.

2. i. If the sample froths a great deal and threatens to overflow,
remove the sample from the heat and stir.
ii. If the sample is still rising, add several drops of capryl alcohol
and stir.
ii. If the sample is still rising, repeat with capryl alcohol. 6% H,0,
can be added to cool the sample down.

3. Continue adding 30% H,0, in small amounts until its addition does not
cause any new frothing.

4. Tumn the hot plate up to 105 °C, and let the sample boil down to
approximately 100 mi.

5. Remove from the heat and rinse the sides of the beaker with a
minimum amount of distilled water. Leave the sample to cool.

Day 3.

1. Decant the sample into 2 or 3 centrifuge tubes, rinsing out the beaker
as well as possible.

. Centrifuge at 3000 rpm for 15 minutes. This is to wash H,O, from the
particles.

3. Discard the liquid and then refill the centrifuge tubes with distilled water.
Stir the sediment well and clean the stirring rod.

4. Centrifuge at 3000 rpm again for a further 15 minutes, and discard the
liquid.

5. Transfer the soil from tubes into a laboratory blender container with
approximately 200 ml of distilled water. Mechanically disperse for 10
minutes using a laboratory blender.
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6. Stand for approximately 15 seconds, then pour the sample through a
63 um sieve into a beaker, washing with a minimum of distilled water.
This separates the sand size particles from the silt and clay size
particles.

7 Wash the remaining sand fraction into an evaporating basin and dry for
8 hours in an oven at approximately 65 °C. This temperature prevents
the structural breakdown of clay particles attached to the larger sand
grains.

8. Transfer the filtered sample into a 500 ml cylinder and leave to Setlle
(i.e. the silt and clay sized particles). It is this material in which the size
distribution is determined by taking a sample using a pipette.

Day 4.

P Sieve the dried sand fraction into their required size classes and weigh.
Re-sieve the dried sand fraction through a 63 um dry sieve to remove
silt and clay particles that were attached to the sand grains when
previously sieved wet.

2 The silt and clay particles that passed through the dry 63 um sieve are
added to the 500 ml cylinder that contained the wet-sieved fines.

3. Check for good dispersion in the cylinders. To test for flocculation, the
cylinder containing the suspension is tilted approximately 20° -if settled
sediments or stratified layers flow to maintain a horizontal level,
flocculation has occurred.

If the sample has flocculated, the procedure is to:
(a) add 3-4 drops of ammonium solution. Stir well, and leave to
settle for approximately 1 hour.
(b) If the dispersion has improved slightly, but the cylinder is still
not well dispersed, add more ammonium solution.
(c) If the addition of ammonium solution increases flocculation,
add 10 ml of 5% calgon (66 grams of sodium
hexametaphosphate and 14 grams of sodium carbonate
dissolved in distilled water made to a volume of 1 litre).
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(d) For improved dispersion of the cylinder, the sample may
require repeated additions of small amounts of calgon. The
amount of calgon added must be recorded so its mass can be
accounted for in the pipette sample.

& If the sample in the cylinder is still flocculated after several hours or
overnight, decant off the clear liquid and re-suspend in distilled water.
This may disperse the sample.

5 Once the sample is well dispersed, make the volume in the cylinder up
to 500 mil.

Day 5.

1. Take the temperature of the cylinder and calculate the settling times for
the required particle sizes according to Stoke's Law.

2. At set times and depth, pipette out a 20 ml aliquot. Oven dry the

sample at 65°C for two days.

To sample:
(a) Stir the cylinder well prior to taking the sample with a drawing
stirring rod 30 seconds before the set sampling time T,.
(b) 15 seconds before time, the pipette is carefully inserted into
the cylinder to the required depth. The pipette is held steady at
the required depth by resting a hand on the rim of the cylinder.
The sample is slowly sucked up at the time using a rubber bulb.
The pipette is carefully removed.

3. Further 20 ml aliquots at other times and depths are taken as required.

4. The beakers are removed from the oven when fully dried and placed
in a desiccator for 30 minutes before weighing to four decimal places.
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Appendix Two

The Massey settling tube

Apparatus Description

The perspex tube is semi-fixed, 2.0 m long and 65 mm in diameter. A lever
to raise and lower the tube 10 mm, located at the centre of the tube, permits
sample_trays in the submerged collection turntable at the tubes exit to be
interchanged. A static column of water through which the sediment passes is
maintained by sealing the top of the tube.

The sample introduction device is comprised of an injection barrel (see plate
7). The barrel is filled with the sample (pre-treated as described later) and is
initially supported by an aluminium flap which prevents the sample from pre-
maturely falling into the perspex barrel. O-rings maintain the water seal at the
top of the tube. Lifting the simple lever automatically draws the plunger into
the tube and activates the release of the aluminium flap due to a pressure
change within the sample introduction device and consequently the sample is
injected into the settling tube. The injection barrel produces localised
turbulence during the entry of the sample into the settling column because the
soil enters with a small relative velocity. This allows the sample to breakdown
into its component aggregates. This turbulence may however result in a loss
in sensitivity in the discrimination of settling velocities.

The turntable base supports of a 700 mm diameter by 100 mm deep tray
constructed of PVC plastic. This contains twenty 10 mm deep sub-sampling
trays submerged in water (see plate 9). Water in the base tray seals the
tubes exit to prevent air entering and displacing the hanging column of water.

The turntable rotates to enable sub-samples to be taken from the exit of the
settling tube.
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Sample Pre-treatment

In discussing the pre-treatment of samples for wet sieving, Grieve (1979)
comments that the initial condition of the sample is more significant than the
choice of the test itself. Similarly, the appropriateness and consistency of the
pre-treatment is equally important for tests conducted with the modified version
of the Griffith Tube. Varying initial moisture contents and rates of wetting have
been investigated by a number of workers (eg. Low, 1954; and Russell and
Feng, 1947). Emerson and Grundy (1954) clearly demonstrated the effects
of varying rates of wetting on aggregate stability. Grieve (1979) presents a
review of the appropriateness of such pre-treatment to different applications.

Massey's settling tube permits a range of pre-treatments to be employed.
Consideration of the intended use of the data will dictate the particular sample
preparation adopted. For instance, flood wetting or immersion is generally
appropriate were erodibility and deposition characteristics of an in-situ soil
under consideration (Kemper, 1965). However, if the sample under test has
already been eroded the sample should be more gently wetted (eg. under
tension) to prevent further aggregate breakdown.

Length of trial

As previously mentioned the settling tube may be used to complement the
data for fine fractions provided by pipette or hydrometer analysis.

From Stoke’s equation, a particle of size 60 um and a specific density of 2.65
Mg m® would settle at a rate of 3.3 mm sec’ in water at 22 °C. This
corresponds to 605 seconds to settle 2 m. Therefore, when pipette or
hydrometer analysis is being employed to measure the less than 60 um
fraction of a sample, this time would correspond to the last sample. Massey'’s
settling tube is also capable of measuring settling velocity distributions of
aggregates smaller than 60 um. However this is not recommended because
of the long periods for these aggregates to settle 2 m. '
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Trial Procedures
Tube Preparation

A The sub-sampling trays are arranged in the tumtable tray (see plate 9).
The closed-cell foam pad is placed in one of the trays and the tube
lowered onto the pad to seal the tube during filling.

ii. The tube is filled with water in the temperature range 15 to 25 °C and
the water temperature is allowed to stabilise (as discussed earlier).

ii. The trays in the turntable bath should be submerged by at least 10 mm.
water to seal on the bottom of the tube during the conduct of the trial.

iv. The sealing o-ring on the sample introduction device should be cleaned
and vacuum grease applied.

Sample Preparation

As discussed earlier, pre-treatment of aggregates generally falls into one of
the following categories: shock wetting, slow wetting and no pre-treatment
required. The sample preparation follows the sequence: split sample to the
required size, wet (if at all) at the required rate and place in the sample
introduction device.

Sub-sampling

The field sample is gently split to obtain a representative sample of
approximately 10 grams of oven dry mass. For a sample in a dry granular
condition, a riffle box is used. Where a sample is in a more cohesive state it
may be appropriate to cone and quarter the sample. A suspended sample
could be split using a riffle box. All types of sediment require a duplicate
sample so that the moisture content of the sediment can be measured.
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Sample Wetting

1. Shock wetting
' The empty sample introduction device is placed upon the balance and
a small quantity of distilled water is poured into the introduction
chamber (to a depth of approximately 2 mm). This ensures that the
sample does not adhere to the bottom of the chamber and provides
even wetting of the sub-sample.

The balance is tared and the sub-sample introduced. The mass is
— recorded as the total moist mass. The remainder of the chamber is
filled with distilled water and the plunger is set such the barrel is
brimming with water. The aluminium flap, attached permanently as a
hinge point is then placed over the chamber and temporarily sealed in

place with vacuum grease. The injection barrel is them gently placed
in the top of the tube.

2. Controlled Wetting
A range of controlled wetting pre-treatments were reviewed by Grieve
(1979). Slow wetting on a tension plate or in a humidifier are two
popular methods. Transferring the wetted sample to the introduction
device must be made with a minimum of disturbance, therefore the use
of a filter paper in the wetting procedure should be avoided.

3. Preparation of a sample in suspension

Samples collected in the field frequently are saturated (eg. runoff
samples). To permit the testing of such samples in the settling tube the
sediment must be gently separated from the suspension. This can be
performed by pouring the sample through a 63 um sieve, using distilled
water to wash the sample vessel. Some material finer than 63 um will
pass through the sieve, however this portion of the sample is beyond
the normal range of the settling tube. If pipette or hydrometer analysis
are planned, retain the less than 63 um fraction.
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Calculation Procedure

Table 18. An example of the calculation procedure for obtaining cumulative percentage
slower than settling velocity results.

Soil Type: Gourdie Silt loam. Pre-treatment: Shock wetted within barrel

Sample Date: 21.2.92 Test Date: 29.2.92

Room Temperature: 17.4°C  Water Temperature: 16.3°C

Initial Total Moist Mass (TMM): 9.882 g.

Calculated Total Dry Mass = TMM * Duplicate Dry Mass / Duplicate Moist Mass
= 9.882 * 5.060 / 6.433

= 7.773 g.
Sample Time | Settling Velocity | Mass of sub- |Cumulative Read| % Slower Than
(secs) (m sec”) sample (g) Down (g)
7.773
0
0.000 7.773 100.00
10 2.00*10"
1.475 6.298 81.03
15 1.33*10"
0.999 5.299 68.17
20 1.00*10"
1.799 3.500 45.03
30 6.67*102
0.899 2.601 33.46
40 5.00*107
1.228 1.372 17.66
70 2.86'102
0.431 0.941 12.11
100 2.00*10%
0.293 0.648 8.34
150 1.33*102
0.133 0.515 6.63
200 1.00*10%
0.129 0.386 4.97
300 6.67*10°
0.072 0.314 4.04
400 5.00*10°
_ 0.061 - 0.253 - 3.26
700 2.86*10°
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