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Lesson 20 Sediment Transport and Measurements

Transport of particles in flowing water takes place through sliding, rolling, saltation
and suspension. Different mechanisms of transport are discussed below.

20.1 Mechanics of Sediment Transportation

The four modes of particle transport in water are sliding, rolling, saltation and
suspension. Sliding particles remain in continuous contact with the bed, merely tilting
to and fro as they move. Rolling grains also remain in continuous contact with the bed,
whereas saltation grains ‘jump’ along the bed in a series of low trajectories. Sediment
particles in these three categories collectively form the bed load. The suspended load
consists of particles in suspension. These particles follow long and irregular paths
within the water and seldom come in contact with the bed until they are deposited
when the flow slackens. Sliding and rolling are prevalent in low velocity flows,
whereas; saltation and suspension take place in high velocity flows. The region of flow
influenced by proximity to the surface is called the boundary layer. A boundary layer
develops wherever a fluid moves over a surface.

The friction between flowing water and the bed generates a boundary layer in which
turbulent flow is dominant, except very close to the bed. Movement of sediment
(erosion) occurs when the shear stress generated by the frictional force of water
flowing over the sediment overcomes the force of gravity acting on the sediment
grains and the friction between the grains and the underlying bed. Shear stress is
proportional to the square of the mean current speed (and to the density of the water.
Movement of grains of a given size begins when the shear stress at the bed reaches a
critical value (critical shear stress).

Cohesive sediments contain a high proportion of fine-grained clay minerals and are
more difficult to erode than non-cohesive sediments, which often consist mostly of
quartz grains. For cohesive sediments, the smaller the particle size, the greater the
water velocity required to erode them. Once in suspension, clay particles are
transported for long distances by the currents that would be much too weak to erode
them. Shear stress is proportional also to the velocity gradient in the boundary layer
and to the viscosity of the water.

20.2 Types of Sediments Transported Along with Streams

Sediment transport is the movement of solid particles (sediment), typically due to a
combination of the force of gravity acting on the sediment, and/or the movement of
the fluid in which the sediment is entrained. An understanding of sediment transport is
typically used in natural systems, where the particles are clastic rocks
(sand, gravel, boulders, etc.), mud, or clay; the fluid is air, water, or ice; and the force
of gravity acts to move the particles due to the sloping surface on which they are
resting.

Sediment movement in streams and rivers takes two forms. Suspended sediment is the
finer particles which are held in suspension by the eddy currents in the flowing stream,
and settle out only when the stream velocity decreases, such as when the streambed
becomes flatter, or the stream discharges into a pond or a lake. Larger solid particles
are rolled along the streambed and are called the bed load. There is an intermediate
type of movement where particles move downstream in a series of bounces or jumps,
sometimes touching the bed and sometimes carried along in suspension until they fall
back to the bed. This is called movement in saltation, and is a very important part of
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the process of transport by wind, but in liquid flow the height of the bounces is so low
that they are not readily distinguished from rolling bed load.

Sediment transport is a direct function of water movement. During transport in a water
body, sediment particles become separated into three categories: suspended material
which includes silt + clay + sand; the coarser, relatively inactive bed load and the
saltation load.

20.2.1 Bed Load

Bed load is the clastic (particulate) material that moves through the channel fully
supported by the channel bed itself. These materials, mainly sand and gravel, are
kept in motion (rolling and sliding) by the shear stress acting at the boundary.
Unlike the suspended load, the bed-load component is almost always capacity
limited (i. e. a function of hydraulics rather than supply). A distinction is often
made between the bed-material load and the bed load.

Bed-material load is that part of the sediment load found in appreciable quantities
in the bed (generally > 0.062 mm in diameter) and is collected in a bed-load
sampler. The bed material is the source of this load component and it includes
particles that slide and roll along the bed (in bed-load transport) but also those near
the bed transported in saltation or suspension phase. Bed load, strictly defined, is
just that component of the moving sediment that is supported by the bed (and not
by the flow). The term “bed load” refers to a mode of transport and not to a
source. Since bed load consists of stony material (gravel and cobbles), it moves by
rolling along the bed of a river because it is too heavy to be lifted into suspension
by the current of the river. Bed load is especially important during periods of
extremely high discharge and in landscapes of large topographical relief, where
the river gradient is steep (such as in mountains). It is rarely important in low-
lying areas. The portion of the sediment load that is transported along the bed by
sliding, rolling or hopping can be termed as the bed load. Bed load moves at
velocities slower than the flow and spends most of its time on or near the stream
bed. In many streams, grains smaller than 1/8 mm are always suspended while
grains great than 8 mm travel as bed load. The strength of flow determines the
transport mechanism of grains in between these two sizes. Sediment transport can
also be categorized based on the source of the grains: 1) bed material load, which
is grains found in the stream bed; and 2) wash load, which is finer grains found as
less than a percent or two of the total amount in the bed.

20.2.2 Suspended Load

Suspended load consists of sediment particles that are mechanically transported by
suspension within a stream or river. This is in contrast to bed or traction load,
which consists of particles that are moved along the bed of a stream and dissolved
load which consists of material that has been dissolved in the stream water. In
most streams, the suspended load is composed primarily of silt and clay size
particles. Sand-size particles can also be part of the suspended load if the stream
flow velocity and turbulence are great enough to hold them in suspension.

The suspended load can consists of particles that are intermittently lifted into
suspension from the stream bed and of wash load and also those which remains
continuously suspended unless there is a significant decrease in stream flow
velocity. Wash load particles are finer than those along the stream bed, and
therefore must be supplied by bank erosion, mass wasting, and mass transport of
sediment from adjacent watersheds into the stream during rainstorms. Water
density is proportional to the amount of suspended load being carried. Muddy
water high in suspended sediment will therefore increase the particle buoyancy
and reduce the critical shear stress required to move the bed load of the stream.

Suspended load comprises sand + silt + clay sized particles that are held in
suspension because of the turbulence of the water. The suspended load is further
divided into the wash load which is generally considered to be the silt + clay sized
material (< 62 pum in particle diameter) and is often referred to as “fine-grained



sediment”. The wash load is mainly controlled by the supply of this material
(usually by means of erosion) to the river. The amount of sand (> 62 pm in particle
size) in the suspended load is directly proportional to the turbulence and mainly
originates from erosion of the bed and banks of the river. In many rivers,
suspended sediment (i.e. the mineral fraction) forms most of the transported load.
Particulate sediment that is carried in the body of the flow is of the following

types.

1. Suspended load moves at the same velocity as the flow.

2. The Hjulstrom curve shows that a much higher velocity is required to
entrain clay and fine silt than coarse sand. However, once the fine
sediment is in suspension, a much lower velocity is required to maintain it
in suspension.

3. The quantity and quality of the load is defined in terms of competence and
capacity. Competence is the large size clast that a stream can carry,
whereas capacity is the volume of sediment carried. Competence (caliber)
is a function of velocity and slope whereas capacity is a function of
velocity and discharge.

4. A small particle (e.g. clay and fine silt), with a large relative surface area,
is held in suspension more easily because of the electrostatic attraction
between the unsatisfied charges on the grain's surface and the water
molecules. This force, tending to keep the particle in the flow, is large
compared to the weight of the particle.

20.2.3 Wash/Dissolved Load

Although wash load is part of the suspended-sediment load it is useful to make a
distinction. Unlike most suspended-sediment load, wash load does not rely on the
force of mechanical turbulence generated by the flowing water to keep it in
suspension. It is so fine (in the clay range) that it is kept in suspension by thermal
molecular agitation. Because these clays are always in suspension, wash load is
that component of the particulate or clastic load that is “washed” through the river
system. Unlike coarser suspended-sediment, wash load tends to be uniformly
distributed throughout the water column and therefore moves with the mean
velocity of main stream. That is, unlike the coarser load, it does not vary with
height above the bed.

Wash load concentrations are approximately uniform in the water column. This is
described by the end member case in which the Rouse number is equal to 0 (i.e.
the settling velocity is far less than the turbulent mixing velocity), which leads to a
prediction of a perfectly uniform vertical concentration profile of material. The
Rouse number is a ratio of sediment fall velocity to upward velocity.

Dissolved load is the term for material; especially ions from chemical weathering
that are carried in solution form by a stream. The dissolved load contributes to the
total amount of material removed from a catchment. The amount of material
carried as dissolved load is typically much smaller than the suspended load,
though this is not always the case. Dissolved load comprises a significant portion
of the total material flux out of a landscape, and its composition is important in
regulating the chemistry and biology of the stream. Factors that govern the
percentage of dissolved and suspended loads in the flowing streams include:

1. Climate: Temperature, Precipitation, Vegetation.

2. Vegetation: Type and Amount.

3. Activity by Man: Mining, Construction, Clear Cutting, etc.
4. Rock Solubility: e.g. Hard Water in Carbonate Terranes.

5. Erodibility of Materials in the Drainage Basin.



6. Relief and Slope.
20.3 Methods of in Stream Sediment Measurements

There are different methods for stream sediment measurements: such as bed load,
suspended load, wash load, dissolved load and saltation load measurements.

20.3.1 Bed Load-Measurements

Bed load gauging (also called bed load transport measurement) is often mixed up
with bed material sampling. Bed load gauging is the measurement of the amount
of sediment that is moving as “bed load”, i.e. rolling, sliding and bouncing (in
“saltation”) on or over the stream bottom, while bed material sampling is the
collection of the material comprising the stream bottom. Bed load is extremely
difficult to measure directly because the measuring instrument (bed load sampler)
invariably interferes with the flow. Most bed load movement occurs during periods
of high discharge on steep gradients when the water level is high and the flow is
extremely turbulent. Such conditions also cause problems for field measurements.

A commonly used type of bed-load sampler is shown in Fig. 20.1. In small
streams where the sampler can often be placed on the bed so that it is
appropriately oriented towards the flow, the sample collected may be meaningful
although there is always some bed scour at the inlet that distorts the actual bed-
load transport in the vicinity of the instrument. In large rivers where the sampler
must be lowered from a boat by cable to an unseen bed, measurements can be
highly inaccurate and must be repeated many times before reliable results can be
obtained. The problems relate largely to the fact that the operator is unable to see
the position of the sampler on the bed. If the sampler settles on a boulder or dune
face, for example, it may push the sampler inlet into the bed and as a result the
sampler may drastically over sample the rate of bed-load transport. At other times
the sampler position and the bed morphology may be such that scouring of the bed
at the sampler inlet could be severe leading to over sampling.

Fig. 20.1. A Commonly Used Type of Bed-load Sampler. (Source:
http://www.sfu.ca/~hickin/RIVERS/Rivers4(Sediment transport).pdf)

When the bed-load sampler is appropriately oriented towards the flow direction,
bed-load material enters the sampler through the inlet and the divergent flow
within the sampler reduces the flow velocity, allowing the sediment to accumulate.
A fine mesh provided at the rear of the sampler allows the incoming water but not
the bed-load sediment to pass through. After an appropriate measured time-
interval the sampler is taken out and the trapped sediment is removed for
weighing.



A different problem during sampling occurs if the bed-load sampler settles on the
back of a dune or perhaps the front of the sampler settles on an object that keeps
the inlet from contacting the bed. For these reasons river scientists often prefer to
rely on other methods to estimate bed-load transport rates in rivers. Methods other
than direct measurement by bed-load sampler include:

1. Bed-load Pits or Traps

These are the installations that divert sediment from a channel and convey it to
a measurement facility where it is weighed and then returned once again to the
channel so that the sediment-transport system is not unduly disrupted.
Obviously such a facility is expensive to build and operate and there are few
of them. The main purpose of such a facility is to calibrate bed-load transport
equations for se on other river channels.

2.  Morphological Methods
a) Bed Form Surveys

Where bed-material is moving as bedforms such as dunes, bedform surveys
can be used to track the downstream movement of sediment. This technique
relies on high-resolution sonar imaging of the river bed to construct profiles
that can be differenced to determine the volumetric bed-load sediment
transport rate.

b) Channel Surveys

Channel surveys can be used to produce sequential morphologic maps of a
reach of river that can be differenced (using GIS) to yield amounts of erosion
and deposition over time. The principle here is the same as that for bedform
surveys but in this case involves the entire three-dimensional channel
morphology. Like the bedform-based -calculation, differencing channel
morphology as a basis for calculating bed-load sediment transport relies on the
assumption that there is no sediment throughput. That is, all transported bed-
load is involved in local deposition and erosion and not simply transported
through the reach without contributing to the changing channel morphology

¢) Sedimentation-zone Surveys

Sedimentation-zone surveys are one of the most reliable methods of
determining representative long-term bed-load transport rates in rivers. This
morphologic method relies on measuring the accumulating sediment in a
feature such as a delta that a river is gradually building into a lake or
embayment

20.3.2 Suspended Load-measurements

The simplest way of taking a sample of suspended sediment is to dip a bucket or
other container into the stream, preferably at a point where the sediment is well
mixed, such as downstream from a weir or rock bar. The sediment contained in a
measured volume of water is filtered, dried and weighed. This gives a measure of
the concentration of sediment and when combined with the rate of flow gives the
rate of sediment discharge. For determining suspended sediment load, it is
necessary to consider all particle sizes (sand + silt + clay). Therefore, a depth-
integrating sampler must be used to ensure that the depth-dependent sand-sized
fraction is correctly sampled. There are two generally accepted methods for
measuring suspended sediment concentration for load determination as described
below:

1. Equal-discharge-increment Method: This method requires that at first a
complete flow measurement be carried out across the cross section of the river.
Using the results, the cross-section should be divided into five (more on large or
complex rivers) intervals (i.e. vertical sections) having almost equal discharge in
each interval. The number # of the intervals is selected based on experience. Depth



integrated suspended sediment sampling is carried out at one vertical within each
of the equal-discharge-intervals, usually at a location most closely representing the
centroid of flow for that interval. The sediment concentration for each equal-
discharge- interval should be measured. The mean discharge-weighted suspended
sediment concentration (SS,) should be obtained by taking the average of the

concentration values C obtained for each interval i.

n

55 ZZHC& (20.1)
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The discharge-weighted suspended sediment load (SS;), in tonnes per day, for the
river cross-section have to be obtained by multiplying the concentration, C in ppm
(mg/l) by the discharge, O, in m>/s of each equal-discharge-interval, i and
summing for all the intervals. This method is very time-consuming, but is the most
used by the sediment recording agencies.

55, =3 " .(C,0,)x0.0864 (20.2)

2. Equal-width-increment Method: This method is used without making flow
measurements and is usually used in small to medium rivers and especially rivers
that are shallow enough for wading. The operator marks off 10-20 equal intervals
across the river cross-section. At the deepest point, the operator takes a depth-
integrated sample, noting the transit rate of the sampler (i.e. the uniform speed at
which the sampler is lowered, then raised to the surface). Using that same transit
rate, a suspended sediment sample is taken at each of the intervals. Because each
vertical will have a different depth and velocity, the sample volume will vary with
each vertical sampled. Care should be taken to see that the bottle is never over-
filled. All samples are collected in a single container which is then agitated and
sub-sampled, usually two or three times and analysed for suspended sediment
concentration. The average of these values is the mean cross sectional suspended
sediment concentration. In this method, the results are corrected for differences in
discharge at each section caused due to the same transit rate (and the same nozzle
diameter) used at all sections although a shallow section with less discharge
produces a proportionally smaller suspended sediment sample than a deep section
having a higher discharge.

For suspended sediment quality, where the primary interest is the chemistry
associated with the silt + clay (< 0.63 pum) fraction, sampling can be greatly
simplified because this fraction is not normally depth dependent. While there are
no universally accepted rules for sampling, many scientists collect a grab sample
from a depth of 0.5 m at the point of maximum flow in the cross-section. For
larger rivers, or rivers where there is concern over cross-sectional variation, grab
samples can be taken from several locations across the section. For more precise
work where accurate loads are required, especially for micro-pollutants, sampling
should be carried out using either of the methods mentioned above. It is
particularly important to avoid sampling near river banks (or lake shores) where
elevated concentrations of suspended matter occur and which are often
contaminated by garbage and other anthropogenic materials.

Keywords: Sediment Transport, Bed Load, Suspended Load, Wash Load.
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