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Chapter 1

INTRODUCTION

1.1 BACKGROUND

The Columbia Slough (Figure 1-1) was part of a vast system of lakes, marshes,
wetlands and channels that covered the floodplain of the Columbia River. But
development over the last 100 years caused changes in the Slough and left it one of
Oregon’s most polluted waterways. Discharges from various industries along the
Slough bank, as well as combined sewer overflows (CSOs) and storm sewers, have all
contributed to the pollutant loading of the Slough. The hydrophobic behavior of
organic chemicals and heavy metals causes these contaminants to preferentially adsorb
to particles of sediment and organic matter that are suspended in the water column
(City of Portland, 1995). These contaminated particles will eventually settle and
accumulate onto the sediment bed. Recent studies reported that elevated levels of
contaminants had been detected in sediments and in some of the fish and invertebrates
of the Slough. Contaminated sediment concentration exceeded the guidance levels
throughout much of the Slough and at some sampling stations by 100 and even 1000
times the level which would be protective of aquatic life ( Dames and Moore, 1991).

In general, the diversity of contaminants in sediments may cause a variety of

problems for humans and for the ecosystem. Contaminants are often more highly
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concentrated in sediments than in the water column and are important for the

following general reasons:

¢ Organisms in contact with the sediments, including fish and invertebrates, may be
adversely affected;

¢ Contaminants may eventually be ingested by fish, wildlife or humans through
food-chain linkages; and

e When undisturbed, the sediments can provide a history of the patterns of
contamination, allowing persistent contaminants to be traced to their sources.

In order to determine the nature and extent of chemical contamination in
Slough sediments and quantify potential risks to human and the environment, the
Bureau of Environmental Services (BES), City of Portland, has initiated an “action-
oriented” sediment cleanup program and conducted a sediment Remedial Investigation
and Feasibility Study (RI/FS). The Screening-Level Risk Assessment (SLRA), the
initial phase of the RI/FS project, identified the five most contaminated areas in the
Slough system as posing the greatest potentially significant risks to human health or
the environment (Parametrix, 1995). These five areas ( two in the Lower Slough, one
in Peninsula Drainage Canal, and two in the Upper Slough) are recommended for
accelerated action and are shown in Figure 1-2 ( These are identified as “A” sites on
Figure 1-2).

The following questions concerned BES sediment project team: does the

sediment contamination condition at these priority sites change over time in response
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to the changing Slough hydrodynamics? Specifically, do the contamination sites
move or spread over time? If yes, how fast are they moving or spreading? What is the
rate of sediment resuspension? Have any new "hot spots” been created in response to
the non-uniform transient flow condition in the Slough? What are the implications of
sediment transport on sediment remedial design and further sampling?

In responding specifically to these concerns of the BES project team and to
better understand how sediment transport may impact decisions on remediation within
the Slough, a physically-based mathematical model simulating the fate and transport
of contaminated sediments in the Upper Columbia Slough system was developed.
This thesis describes the model methodology and presents model results, analysis,
conclusions and the key findings for the Upper Columbia Slough, with emphasis on

the impact of Flood 1996 on the Upper Columbia Sough.

1.2 SITE DESCRIPTION

The Columbia Slough has been historically and remains today an important
recreation resource for the people of Portland, providing them opportunities for
fishing, boating, sunbathing, and picnicking within easy access of home. As shown in
Figure 1-1, the Columbia Slough extends for some 18 miles, generally east-to-west
along the northern portion of the city. It actually comprises several water bodies
draining more than 34,000 acres of land along the south shore of the Columbia River

(City of Portland, 1988). The waters of the Slough eventually reach the Columbia



River, either directly through pumping at the Columbia River Pump Station on Marine
Drive, or through natural drainage into the Willamette River near Kelly Point and from
there to the Columbia River. The Slough can be divided into two distinct sections: the
Upper Slough and the Lower Slough. The primary division is between the two
sections at approximately NE 17", near a diked body of water known as the Peninsula
Drainage Canal. The project area in this study includes the Upper Slough channels
beginning immediately below the Fairview Lake Dam at NE 201* and extending to the
earth-filled dike at NE 17" Avenue. The following represents a brief discussion of the

project area, its physical setting, and some characteristics of the drainage basin.

1.2.1 The Upper Slough and Its Tributaries

The 10-mile-long Upper Slough, has a drainage basin of approximately 22,000
acres, of which 15,670 acres contribute storm water either overland or through storm
sewers (City of Portland, 1988). The main land area is served by sumps (HDR, 1992).
The Upper Slough is maintained to provide irrigation water to agriculture and
commercial users.

Major water bodies of the Upper Slough are the south arm system including:
Buffalo, Whitaker, and Johnson Lakes (Figure 1-3). The total length of tributaries is
about 7 miles. These are interconnected by a series of culverts to the main channel of

the Upper Slough.



Buffalo Slough is situated in the Upper Slough drainage basin and is associated
with the South Slough or southern arm of the Upper Slough. Buffalo Slough is
approximately 4,700 feet in length (City of Portland, 1994). Its western end is
connected to the main channel near NE 27 Avenue and its eastern end is near NE 42"

Avenue. This water body receives water from storm water, natural springs, and seeps.

Whitaker Slough

SAND\":\V‘ Bvp

Prisoner Pond

BLUE LAKE

Johnson Lake

Figure 1-3: The Upper Slough and Its Tributaries

The west end of Whitaker Slough is connected to Upper Slough near NE 42™

Avenue, and the east end of Whitaker Slough is near NE 82™ Avenue. This water



body receives storm water from Johnson Lake, natural springs, and seeps. The
Whitaker slough is contiguous with this southern slough system upstream of Johnson
Lake (City of Portland, 1994).

Johnson Lake is located between the west side of the I-205 Interstate freeway
and NE 92™ Drive. Johnson Lake is contiguous with Whitaker Slough and is located
on the upstream end of Whitaker Slough. Johnson Lake has an average surface area of
18 acres and receives water from storm water runoff, natural springs and seeps (City of

Portland, 1994).

1.2.2 The Upper Slough Hydrology

The Upper Slough is hydraulically isolated from the Lower Slough and the
Columbia River. The Upper Slough is a narrow, shallow waterbody that derives its
flow principally from groundwater recharge; lesser water source inputs are derived
from storm water (during the summer months), point sources (such as the Boeing
groundwater treatment system), and discharges from Fairview Lake. The Upper
Slough is connected by pipes during the fall, winter, and spring to Fairview Lake. In
summer, Fairview Lake is connected to the Upper Slough only by flow over a weir
and by leakage through the weir. During the wet-weather months, storm water
contributions to the Upper Slough increases significantly. Preliminary estimates
indicated that groundwater during summer months contributed from 80 to 95 percent

of the flow into the Upper Slough (HDR, 1993). The Upper Slough was generally



maintained at 8.5 feet MSL (Mean Sea Level) to assure water is available to wetlands
(COE, 1992).

Water level in the Upper Slough are controlled by Multnomah County
Drainage District No. 1 Pump Station(MCDD#1) through a weir located between the
Upper and Lower Slough and Multnomah County Drainage District No. 4 Pump
Station(MCDD#4). MCDD#1 is located at the west end of the Upper Slough and
discharges water into the Lower Slough by pumping or gravity, depending upon water
levels in the Upper and Lower Sloughs. MCDD#4 is located near the east end of the
Upper Slough and pumps water to the Columbia River. The mid-dike at NE 138" and
NE 148" Avenues separates the western Pump No. 1 and eastern Pump No. 4 surface
water pumping zones.

Irrigation use in the Upper Slough has not been measured, but numerous
irrigation intake pipes are visible along the length of the Upper Slough. Adjacent to
the Upper Slough are two major golf courses, but not all acreage is irrigated with
Slough water.

The Upper Slough’s channel is general trapezoidal in shape with a 1:3
(Vertical:Horizontal) slope (Century West, undated). The bottom channel widths vary
from 30 to 150 feet. The stream profile has no consistent slope in any direction and
bottom elevations vary from -3.5 to +5.0 feet National Gage Vertical Datum (NGVD).

A known flow source to the Upper Slough is the Boeing Portland facility

groundwater treatment system, which discharges into the main stem of the Upper



Slough, 2,000 feet upstream of NE 185" Avenue. This site pumps and treats

groundwater from 11 extraction wells. The average treated discharge from 1991 to

1992 has been 225 gallons per minute (gpm) or 0.5 cfs (HDR, 1993).

1.3 THESIS SCOPE AND ASSUMPTIONS

The sediment transport model developed in this study focused on the

resuspension and transport of the “in-place” contaminated sediments in response to the

changing hydrodynamic conditions in the Upper Slough. The model was developed

based on the following assumptions:

1)

2)

3)

4)

5)

6)

Flow and transport at the scale of interest is one dimensional. Only the
longitudinal variation of cross-sectional average condition was simulated.

Inflow water from various sources is clean and carries no sediment or
contaminated particulates;

Contaminants attached to sediment particles always stick to the same sediment
particles, interaction between sediment quality and water quality due to
contaminant sorption and desorption are ignored;

Contaminant absorption to biota is ignored;

Bed consolidation and stratification is ignored;

The channel constrictions, culverts, at various locations on the Upper Slough are

modeled as weirs. Certain flow paths through culverts are considered to be

10



equivalent to flow over weirs due to the numerical difficulty in simulating the
culvert scenarios under wide range of flow conditions.
The impact of the above assumptions on the modeling results, and their validity will
be discussed in later chapters.

The thesis is organized in six chapters, including this introductory chapter. In
Chapter 2, a summary of model methodology and an overview of the modeling system
are presented. Chapter 3 documents model inputs, parameters and data requirements.
Chapter 4 describes hydrodynamic calibration. Chapter 5 presents model simulation
results, analysis and discussions. Finally, Chapter 6 summarizes the key findings of
the model study. Also included in Chapter 6 are the discussions on model limitations

and recommendations for future improvements.
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Chapter 11

MODEL METHODOLOGY

Despite the present weakness in the understanding of the extremely complex
mechanisms of sediment deposition onto the river-bed and re-entrainment into the
flow, engineers are nonetheless called upon to make their best possible predictions of
bed-level changes over extended periods of time. These predictions are commonly
based on the use of numerical techniques.

The Upper Columbia Slough modeling system developed for simulating
sediment and contaminated sediment transport in this study was based on the general
purpose alluvial river modeling system CHARIMA, which was developed by Iowa
Institute of Hydraulic Research, the University of Iowa (Holly et al., 1990). This
chapter describes the theoretical basis for the sediment transport model and presents an
overview of the Upper Columbia Slough model system.

2.1 BASIC CONCEPTS IN SEDIMENT TRANSPORT

Sediment transport can be an extremely complex mechanism. Before
presenting the details of the model, a brief introduction on sediment transport concepts
and processes is given as below.

2.1.1 Bedload and Suspended Load
As water flows through the Upper Columbia Slough system, it carries

sediment. Statistically, the particles on the Slough bed may begin to move in the
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direction of the flow when the average bed shear stress (tractive force per unit area)
exceeds the critical tractive stress for the bed material. The particles move in different
ways depending on Slough flow conditions, ratio of the densities of fluid to the
sediment and size of the sediment. One mode of movement of sediment particles is by
rolling or sliding along the bed. Such movement of the sediment is usually
discontinuous; the particles may roll or slide for some time, remain stationary for a
while, and again start rolling or slide for some time. Sediment transported in this way
is known as bedload. A second mode of sediment movement is in a state of
suspension. In this case the particles are supported by the turbulent fluctuations.
Material supported in this way and transported by the flow is known as suspended
load. Suspended load may stay in the water for some time and/or may move
downstream at the flow velocity until local downstream hydraulic conditions allow it
to deposit on the bed. The exchange between suspended load and bedload may also
occur, that is, suspended load may deposit on the bed, and bedload may be

resuspended or redispersed into the water.

2.1.2 Mixed Layer

The upper level of the Slough bed which is actively transporting its own bed
sediment is characterized by continuous agitation, dilation, mixing and overturning. In
areas where Slough bed is relatively flat, the thickness of the agitated layer is only a

few grain diameters thick. However, in areas where the Slough bed is in the ripple or

13



dune regimes, the migration of the bed forms produces continual overturning and
agitation of a bed-material layer with thickness comparable to the bed form height.
The horizon of bed material undergoing continual mixing due to turbulence and bed
form migration etc. is referred to herein as the mixed layer. This concept plays an

important role in modeling Upper Columbia Slough sediment transport.

2.1.3 Aggradation and Degradation

A certain length of the alluvial Slough is said to be in equilibrium, if the
amount of sediment coming into this reach is equal to the sediment going out from the
reach; this is also equal to the sediment transport capacity of the Slough for given
characteristics of sediment, flow and fluid. Hence the Slough bed elevation does not
change over a long period of time. However, if incoming and outgoing sediment loads
are different, the Slough bed level must either rise or fall. A rise in the Slough bed

level is known as aggradation, while a fall is known as degradation (Figure 2-1).

i1 ; i+l
1
S hv4
Flow’ g Relcase of " Material Entering
Mixed Layer Material the Mixed Layer

i e il ;r_% 7
" - - Total-Load -~ Tol-Load
l-«mr

.‘.--1---": Ot ---*"'--..: > Ou

uyer
Pt B M Wi P et
During Degradation During Aggradation
(a) Degradation {b) Aggradation

Figure 2-1:Schematic Illustration of Mixed Layer During Degradation and Aggradation
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2.1.4 Contaminant Transport

Sediment transport has important implications on contaminant fate and
transport. Contaminant transport in the Upper Columbia Slough system is usually
associated with a constant change of transport media, the most important being:
¢ Contaminant dissolved in water
¢ Contaminant adsorbed to suspended sediment
¢ Contaminant adsorbed to bed sediment (consisting of the deposition of previously

suspended sediment particles to which contaminants had been adsorbed)

¢ Contaminant absorbed by biota

Dissolved contaminants in the Slough can be adsorbed to the surface of
suspended-sediment and bed-sediment particles exposed to water, thus becoming so-
called particulate contaminant or be desorbed back into dilution, depending on the
physical and chemical properties of the water, sediment, and contaminant. Depending
on the flow conditions, suspended sediment grains may settle and become bed-
sediment or become re-suspended, taking adsorbed particulate with them. Biota can
also absorb dissolved contaminants from the water and even from the bed. Therefore,
the study of contaminant transport in the Slough involves transport processes
(sediment transport and transport of the dissolved contaminant), adsorption/desorption
processes, and even ecological processes.

Figure 2-2 summarizes graphically the basic concepts and Slough sediment

transport processes discussed above.
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Figure 2-2. Schematic Representation of Contaminated Sediment Transport Processes

2.2 THEORETICAL BASIS OF THE MODEL

Fundamental to the characterization of the contaminated sediment transport in
the Upper Columbia Slough system is a quantitative analysis of the fundamental
processes described in the preceding section. In particular, the ability to accurately
predict the fate and transport of the contaminated Slough sediments depends to a large
extent on how well the following basic questions regarding sediment-water interaction
at the bed-water column interface can be answered: Under what condition will the bed
material in the Slough start to move? How to determine the mode of sediment
transport once the Slough velocity exceeds the erosion criteria? How to calculate the

rate of sediment resuspension and bedload transport? Under what condition will the
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suspended sediment start to settle? How to determine the settling speed of a particle
when the Slough velocity drops below the minimum velocity required to sustain the
sediment in full suspension? How is the rate of sediment deposition calculated?

Several factors complicate the characterization of sediment dynamics and the
answer to these questions. First, sediments in the Slough are a mixture of particles
with a wide distribution of mineralogical properties, shapes, sizes, effective densities,
which dramatically affect transport and chemical properties. Large fractions of bottom
sediments that are silt-sized and clay-sized show characteristics of cohesion due to
inter-particle electrochemical forces. The intrinsic sediment cohesion greatly modifies
the resuspendability of bed sediments as compared to those of non-cohesive sediments
of a similar size. Furthermore, the aggregation and disaggregation (flocculation) of
fine cohesive particles can be important and may continually affect the effective sizes,
surface areas, densities, settling speeds, and deposition rates of the aggregated
particles (flocs) as well as the chemical adsorption or desorption of these flocs.

The dramatically different transport properties of fine cohesive and coarse
noncohesive sediments must be differentiate in order to simulate the migration of
contaminated sediment in the Slough properly. In the Upper Columbia Slough
modeling system, this was achieved by subdividing the materials into several size
classes and tracking and simulating concurrently each of these sediment size classes as
a separate "constituent" based on its respective transport property. All fine sediment

size classes that are silt sized and clay sized were assumed to be cohesive and modeled
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based on the principle of cohesive sediment dynamics (Berlamont et al., 1993; Kuijper
et al., 1989; Teisson, 1992; Parchure, et al., 1985; Teisson et al., 1993; Nicholson and
O'Connor, 1986; Nalluri and Alvarez, 1992; Ziegler et al., 1993; Onishi, 1981). All
sediments coarser than 63 micron or sand-sized sediments are assumed to be non-
cohesive and modeled based on the classical noncohesive sediment transport (Holly et
al., 1990; Garde and Raju, 1985).

In the following sub-sections, the essential elements of cohesive and
noncohesive sediment transport theories that form the basis of the Upper Columbia

Slough sediment modeling system are discussed.

2.2.1 Incipient Motion and Critical Velocity

The flow condition at which sediment particles of given characteristics just
start moving is known as the condition of critical motion or condition of incipient
motion. The corresponding mean Slough velocity is called the critical erosion
velocity. Many studies have been performed to determine the critical erosion velocity.
The curve by Hjulstrom fitted to experimental data obtained from several researchers
as shown in Figure 2-3 is still one of the most commonly used predictors (Yang,
1996). For coarse sediments, e.g. sand and gravel, the forces resisting motion are
caused primarily by the weight of the particles. Figure 2-3 shows that the critical

erosion velocity for these sediments (coarser than 0.1mm) increases as the sediment
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size increases. The critical erosion velocity for sands is approximately 0.5 ft/s, and

the critical velocity for gravel is approximately 1 to 3 fi/s.
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Figure 2-3: Critical Velocity for Sediment Resuspension and Deposition
(Hjulstrom, 1935)

For sediments finer than approximate 0.1 mm, however, the critical erosion velocity
increases with decreasing particle size. In other words, fine-grain silty and clayey
material may have even greater resistance to entrainment than coarse sediments
consisting only of sands. The critical erosion velocity for a silt-sized particle is

roughly 0.6 to 1.5 ft/s. The critical erosion velocity for clay sized sediments may be as
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high as 1.5 to 6 ft/s. The fact that these fine sediments have such a high critical
velocity is ascribed to cohesion that acts with weight of the sediments to inhibit
entrainment. Note the critical velocity shown above only represents average flow
velocity, not the channel bottom velocity. The critical velocity for a specific stream
can sometimes deviate significantly. Also note that the critical values presented are

restricted to a flow depth of at least 3 fi.

2.2.2 Mode of Sediment Transport

When the hydrodynamic condition in the Slough exceeds the criteria for
incipient motion, sediment particles along the alluvial Slough bed will start to move.
Depending on the sediment characteristics and the local hydrodynamic condition,
sediment particles may move in two distinct modes. Finer cohesive particles tend to
move as suspended load. Coarser particles may be transported as suspended load
and/or bed-load. The following equation calculates the so called “allocation” factor

that can be used to distinguish between bedload and suspended load (Holly et al.,

1990)
A=0, %SOA 2.1)
A =3—22-(log~:+092), 04 <~g§-<10 2.2)
A=1, i— 210 (2.3)
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where A represents the percentage of the total moving bed material that will be
suspended. When A = 1, all eroded material is suspended; When A = 0, all eroded
material is transported as bedload. The parameter u* is bed shear velocity that can be

obtained from hydrodynamic calculations. The @, is settling velocity of the particle

and will be discussed in more detail later on.

2.2.3 Bedload Transport
One of the most commonly formulas used to calculate bedload transport for a
noncohesive sediment of given size group is the following Engelund and Hansen

Equation (Holly et al., 1990):

3/2
D T
0, = 0.05y 4" =t ( ) (2.4)
’ g(}’—s—l) (73 '7)Dso
Y

Where Qp is the bed material discharge in weight per unit width; u is cross-
sectional average flow velocity; D,, represents the median fall diameter of bed
sediment; 71s average shear stress at bed level; g is gravitational constant; y represents
specific weight of water and y5 represents specific weight of sediment.

Bedload transport, though generally small in most small streams relative to
suspended sediment transport, can have an important accumulative impact on the re-

distribution of contaminated bed sediment on the Slough bed.
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2.2.4 Sediment Resuspension
The rate of sediment resuspension depends on whether the sediment in
question exhibits cohesion. The resuspension rate for non-cohesive sediments can be

represented by the following equation (Van Rajn, 1984):

d 1.5 173 -3
g, = 0.015@,—(1'" 4 ) {dﬂ&_ 1) ..«.g.} } 2.5)
a Tce ]/ Vz

where o, is the settling velocity as will be discussed in more detail later on; v is
kinematic viscosity of water; a is a constant which has a value of approximately 0.1; d
is effective diameter of the particle in microns and 7, is the critical shear stress for
erosion.

The erosion rate for cohesive sediments on partially consolidated beds can be

empirically expressed as (Parchure and Mehta, 1985):

£,=&, exp(a - T‘“J (2.6)

7

e

where £ is surface erosion rate constant, with a typical value varying over a large
range from 0.000001 to 0.00000001 kg/s/m? [Kuijper et al.,1989]; « is a

dimensionless empirical constant, ranging from 0.1 to 0.5; 7 is the bed shear stress.
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The cohesive erosion model should be calibrated before it can be applied to a site-

specific situation, if field data are available.

2.2.5 Sediment Deposition

Deposition is considered to occur when the Slough velocity or its
corresponding bottom bed shear stress is not large enough to resuspend the sediment
that settles onto and bonds with bed surface. The lower curve of Figure 2-3 represents
the minimum mean velocity necessary to keep the suspended sediments in suspension.
The critical deposition velocity is always smaller than the critical erosion velocity and
the difference increases as the sediment size decreases. For very fine sediments the
critical velocity for deposition is often extremely small, while for coarse sediments the
critical deposition velocity is close to the critical erosion velocity. This means that
fine sediments, once they are resuspended, tend to stay as suspended, while coarser
sediments that are discrete and noncohesive may often change the mode of transport

between bedload and suspended load when flow condition varies.

2.2.6 Particle Settling Velocity
The basic parameter to determine deposition is the settling speed. For non-

cohesive sediment, discrete particle settling follows approximately the Stokes law:

gd’

@, =15 (0.~ #) 2.7)
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where g is the acceleration due to gravity, ps is the density of the sediment particle, p
is the density of water, and u is the dynamic viscosity of water.

But cohesive sediments, subjected to surface electrochemical forces because of
their small size, may form loose aggregates or flocs when the concentration of
sediment in suspension increases, particularly in a contaminated environment. Krone
(1962) found that, when the suspended concentration is less than 300 to 700 mg/l, the
sediment particles settle independently with little mutual interference, the settling
velocity is independent of concentration and can be still described by Eq.(2.7).
Otherwise, flocculation is considered to occur. The settling velocity increases by
several orders of magnitude compared to the individual clay particles. According to
Krone (1962) and Owen (1971), the settling velocity of cohesive sediments can be

estimated from
o (c) = Kc*? (2.8)

where K is an empirical constant and has a value of 0.1, and ¢ is the suspended
sediment concentration. However, as concentration further increases and exceeds
1000-1500 mg/], the particle aggregates start to hinder each other and the settling

velocity decreases rapidly, as described by Eq. (2.9) (Hayter, 1983)

_ 250gd’ (ps }( c )"‘“
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where d is effective diameter of the particle in microns; ps is density of suspended

sediment; py, is density of water; v is water viscosity, ¢ is a threshold suspended
sediment concentration and has a value in range of 1000-1500 mg/1.

For the Upper Columbia Slough system, if the velocity drops below the critical
deposition velocity, sediment deposition follows approximately the discrete stokes law
given in (2.7) because suspended sediment concentration in the Slough varies between

0 to 200 mg/1 under most conditions.

2.2.7 Deposition Rate
Given the particle settling speed, the rate of sediment deposition depends on sediment
concentration. In the case that sediments that settle on the bed are all incorporated into
the bed, as is often the case for coarse grain non-cohesive sediments, the deposition
rate can be simply estimated as,
£, =W, (2.10)

in which ¢, is the near-bed concentration, presumed to depend primarily on the cross-
sectional average suspended-load concentration c.

For lighter and fine cohesive sediment, due to the complex interactions
generated by turbulence at the sediment-water interface, fractions of sediments that
settle on the bed surface may bounce immediately back into the water column. As a

result, the effective settling rate is often smaller and can be expressed as

¢, = Pw,(c)c (2.11)
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where P, is probability of deposition or bed incorporation. The probability of
deposition of the fine grained sediments can be estimated by

P=l-—, 151, 2.12)

T:‘a’

P, =0, r2t, (2.13)

where 7 is bottom shear stress; and 7.4 is the critical shear stress for deposition of fine
sediments, a low value threshold of the bed shear stress below which all fine sediment
will eventually deposit from suspension. For a uniform sediment, all sediment will
remain in suspension above this critical shear stress, but for a distributed sediment
some particles (the larger or heavier ones) will deposit at shear stresses above the
critical shear stress. The critical shear stress for deposition for different sediment size
classes can be calculated as a function of the critical deposition velocity shown in

Figure 2-3.

2.2.8 Governing Equation for Hydrodynamics
The basic one-dimensional governing equations for unsteady water flow in a

channel are solved by CHARIMA:

- Water volume conservation:

A D
=0 .
0’i+5x (2.14)
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