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ABSTRACT

ANALYSIS OF EQUIVALENT WIDTHS OF ALLUVIAL
CHANNELS AND APPLICATION FOR INSTREAM HABITAT
IN THE RIO GRANDE

Rivers are natural systems that adjust to variable water and sediment discharges.
Channels with spatial variability in width that are managed to maintain constant
widths over a period of time are able to transport the same water and sediment
discharges by adjusting the bed slope. Methods developed to define equilibrium
hydraulic geometry characteristics of alluvial channels are limited to steady state
input variables.

This dissertation examines how the channel slopes adjust in sequential reaches
with different widths to achieve continuity of steady and unsteady water and sedi-
ment discharges. The four objectives of this dissertation are: 1) to develop analyt-
ical relationships between equilibrium slope and width or width-depth ratio under
steady water and sediment discharges; 2) to develop a transient numerical model
for constant input variables to simulate the changes in channel slope with time; (3)
to develop a transient numerical model for unsteady water and sediment discharges
to simulate the transient solution of channel slope; and (4) to apply the model to
the middle Rio Grande and integrate the results in the evaluation of potential fish
habitat restoration activities.

Results of the analytical solutions indicate that wide channels require steeper
slopes than narrow channels to transport the same water and sediment discharges.
In addition, channel slope is highly dependent on sediment concentration. The

analytical solutions are in good agreement with laboratory flume data previously
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published and field measurements from the middle Rio Grande. Transient simula-
tions under constant discharge show similar results. In addition, the model provides
an estimate of the time to reach equilibrium under constant water discharge.

Transient simulations with variable discharge indicate that bed slope changes
rapidly during floods. Long-term simulations of slope changes under variable water
and sediment discharges compare better with the simulation under a constant flow
close to the mean annual discharge than under constant large floods (e.g. discharge
equalled or exceeded 10 % of the time, or discharge equal or close to the dominant
discharge).

Field applications to the middle Rio Grande show that the wide channel reach
of the Bosque del Apache has a steeper slope than the narrow reaches. Numerical
simulations of the Bosque del Apache reach from 1992 to 1999 are in very good
agreement with field measurements.

Despite the increase in slope in wide reaches, the results of the numerical simula-
tions of the Bosque del Apache reach indicate that shallow depths and low velocities
occur more frequently in wide and steeper reaches than in narrow reaches. It is
likely that low velocities and shallow depths are more favorable for the habitat of

the Rio Grande silvery minnow.

Claudia A. Leon

Department of Civil Engineering
Colorado State University

Fort Collins, CO 80523

Spring 2003
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Chapter 1

Introduction and Objectives

Rivers are natural systems constantly changing as a result of the influence of many
factors (water discharge, sediment load, climate, geology, vegetation, land-use and
valley slope). The relationship between these variables depends on the time span
and the size of the landscape (Schumm and Lichty, 1965). In the modern time span
(Schumm and Lichty, 1965), rivers adjust their shape, form and gradient to accom-
modate the water and sediment discharge imposed upon them (Schumm and Lichty,
1965). Water and sediment load reflect changes in climate, geology, vegetation, soil
and basin physiography (Knighton, 1998) and as such they are the two most impor-
tant independent variables controlling river morphology. For the purposes of this
dissertation, a channel is considered to be in equilibrium, when it develops a char-
acteristic but not static form (gradient, shape, pattern and dimensions), in which
the rate of transport and sediment supply are equal.

The alteration of the water and sediment regimes due to natural and/or human
activities can cause changes in the river form. The magnitude of the changes in the
input variables can trigger complex reactions of the river system that can lead the

river to achieve a different equilibrium condition (Schumm and Lichty, 1965).

1.1 The Middle Rio Grande

Historically, humans have attempted to control rivers in order to protect surrounding
lands and communities from flooding. The middle Rio Grande in New Mexico is

an example of a river that has been highly managed to reduce aggradation rates
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of the bed and halt flooding of the adjacent areas. The imbalance between the
sediment entering the channel from tributaries and the capacity of the channel to
remove sediment have caused the river to aggrade for many years (Crawford et al.,
1993). Several dams in the main tributaries of the river and in the main stem have
been constructed in an effort to control floods and induce degradation of the river
bed. In addition, channel rectification works have been implemented (Woodson,
1961; Woodson and Martin, 1962; Lagasse, 1980). The end result of these measures
consists of a less mobile channel (Richard, 2001) that does not shift across the
floodplain.

Control of the middle Rio Grande has been successfully achieved from the en-
gineering point of view. However, changes in the river do not provide the more
desirable state from an ecological perspective. A more stable or less mobile chan-
nel uncouples important ecological processes (Stanford et al., 1996). The middle
Rio Grande has evolved into a narrower and deeper channel than the historic chan-
nel (Lagasse, 1980, 1981, 1994; Leon, 1998; Bauer, 1999; Sanchez and Baird, 1997;
Mosley and Boelman, 1998; Richard, 2001; Richard et al., 2001; Leon et al., 2002).
These changes have been identified as one of the causes of the decline of the Rio
Grande silvery minnow ( Hybognathus amarus), a federally listed endangered species.

Large numbers of this native fish were found in the river between 1926 and 1978
(Bestgen and Platania, 1991). Remaining populations of this species are declining
primarily due to the lack of warm, slow-moving, silt-sand substrate pools, dewatering
of the river and abundance of non-native and exotic fish species (Platania, 1991;
Bestgen and Platania, 1991; Burton, 1997; Robinson, 1995; Arritt, 1996).

Restoration of the channel to the previous or undisturbed conditions is unlikely
to occur without further interference. The management of the river to restore a
self-sustaining system similar to the pre-human-disturbance state, under the new
regulated conditions, becomes a challenging task. Currently, some of the efforts to

restore the habitat for the Rio Grande silvery minnow consist of creating wider and
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shallower flow conditions (Baird, 2001).

1.2 Problem Statement

There is some evidence in the middle Rio Grande of channel reaches with alternating
wide and narrow sections. One example is the Bosque del Apache Reach (BDA).
Aerial photos of this reach show that the channel width of this stretch of the river has
been almost constant from 1985 to the present. Additionally, the channel has not
migrated across the existing floodplain. Therefore, it is presumed that the channel
has accommodated the incoming water and sediment discharge by adjusting the
channel slope. The wide section of this reach is the result of clearing the vegetation
on the banks (Drew Baird, USBR, Albuquerque, NM, 2002 pers. comm.). The
narrow sections developed after performing channel cuttings between 1949 and 1972
(U. S. Bureau of Reclamation, 2000).

The presence of such reaches in the middle Rio Grande provides an excellent
opportunity to study the adjustment of the bed slope (vertical changes) due to
changes in channel width (horizonal changes), to transport equivalent water and
sediment discharges. One of the goals of restoration is to create wider channels
(Baird, 2001). Therefore, the study of the adjustment of the channel slope in reaches
like the Bosque del Apache can provide some insight to evaluate potential restoration
activities in the river. The problems to be solved throughout this disseration are:
1) How does the channel slope adjust among channel reaches with different width
to transport the same water and sediment load? 2) How is the habitat for the Rio
Grande silvery minnow affected by the slope adjustment among channel reaches

with different widths?

1.3 Previous Studies

For many years, methods were developed to predict equilibrium characteristics of

alluvial channels. Formulation typically relates water discharge, sediment discharge,



Chapter 1. Introduction and Objectives 4

sediment size, velocity, width, depth and slope. Three out of the seven variables are
specified and the other variables are solved by means of three basic equations: water
continuity equation, water resistance equation and sediment transport equation.
The end result is a family of channel geometry characteristics that can transport the
constant incoming steady state water and sediment discharges. Griffiths (1989) used
this result to design gravel bed channels with different geometries and equivalent
water discharge and sediment load. Others have also introduced a fourth condition
(bank stability, extremal hypotheses, etc.) to explain the self-adjustment mechanism
of alluvial channels and define a unique equilibrium channel geometry (Stevens, 1989;
Kirkby, 1977; Chang, 1979, 1980; Carson and Griffiths, 1987; Yang, 1988; Huang
and Nanson, 2000).

Existing methods are limited to steady state input variables to define equilib-
rium conditions. Furthermore, rivers are natural systems with large variability in
water and sediment discharges. Therefore, there is a need to develop numerical
and analytical methods that relate variable water discharge and sediment load with
quantitative field data of hydraulic geometry of alluvial channels. Such methods

need to be integrated for the evaluation of potential river restoration activities.

1.4 Dissertation Objectives

The main goal of this dissertation is to examine how the channel slope adjusts in se-
quential channel reaches with different widths under steady and unsteady water and

sediment discharges. This goal is achieved through the following specific objectives:

1. To develop analytical relationships between equilibrium slope and width or

width-depth ratio under steady state input water and sediment discharges.

2. To develop a one-dimensional numerical model to simulate the transient re-

sponse of channels with variable widths under a constant flow discharge.
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3. To develop a one-dimensional numerical model to simulate the transient be-
havior of channels with variable widths and variable water and sediment dis-

charges.

4. To apply the numerical model to the middle Rio Grande and evaluate the
changes in habitat conditions for the Rio Grande silvery minnow between

wide and narrow reaches.

Chapter 2 provides background information about the different methods devel-
oped to predict equilibrium channel characteristics. Chapter 3 summarizes some
of the main characteristics of the middle Rio Grande, including changes in water,
sediment regime and channel morphology throughout time, as well as the ecolog-
ical implications of these changes. Chapter 4 presents the development of steady
state analytical solutions and numerical models for constant discharge developed
to accomplish the specific objectives 1 and 2. Chapter 5 describes the numerical
model for unsteady flows developed to achieve objective 3. The application of the
numerical model to the middle Rio Grande and the comparison of the output of
the model with the hydraulic conditions required by the Rio Grande silvery minnow
are presented in Chapter 6. Chapter 7 summarizes the main conclusions of this
dissertation. In addition, nine appendices that contain detailed procedures followed

in different chapters are included at the end of this work.
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Background Information

Numerous definitions of equilibrium of alluvial rivers can be found in the literature,
each one focusing on varying directions of channel adjustment in different spatial and
temporal scales (Richard, 2001). Engineers are concerned with channel responses
to storm events and man-induced changes, whereas geomorphologists focus on the
study of evidence of long-term adjustments of river systems to changes in climate,
tectonic activity and sea-level fluctuations (Schumm, 1969). The objective of the
summary presented in the following section is to review some of the definitions of
equilibrium that have taken root in the literature. This review will provide a single
definition that will be used as a basis for the analysis to be conducted in this work.
Then a summary of several quantitative and qualitative methods to characterize

channel response to changes in water and sediment discharge is presented.

2.1 Concept of Equilibrium

The earliest usage of an equilibrium concept as applied to streams dated from the
late 1600’s and was proposed by Guglielmini, an Italian engineer who recognized
that the slope of the channel will adjust such that neither erosion nor sedimentation
will occur. He also pointed out that equilibrium is achieved when the force of the
water and the resistance of the soil are in balance (Knox, 1975). The concept of
equilibrium was later used by other engineers in the same manner as Guglielmini
(Surell in 1841 and Dausee in 1872 in Knox,1975). In 1877, Gilbert recognized the

equilibrium tendencies in streams and his research later served as a basis for the
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concept of grade (Knox, 1975).

The design of stable canals began in the late 1800’s and early 1900’s, when
British engineers developed the "regime theory". Kennedy, who pioneered this the-
ory in 1895, proposed an equation to compute the velocity that will cause neither
silting nor scouring of the bed of the channel (Simons and Albertson, 1963). His
concept of equilibrium was similar to the previous definitions. In 1902, Davis in-
troduced the term ‘grade’ into geomorphology as a "balance between erosion and
deposition attained by mature rivers" (Knox, 1975). Davis’ definition of grade was
different from previous usage because he suggested that a period of geologic time
was required to attain an equilibrium profile (Knox, 1975). Mackin (1948) stated
that a graded stream is one "in which, over a period of years, slope is delicately
adjusted to provide, with available discharge and prevailing channel characteristics,
gust the velocity required for the transportation of the load supplied from the drainage
basin". Lane in 1953 defined a stable channel as "an unlined earth channel for car-
rying water, the banks and bed of which are not scoured by the moving water, and
in which objectionable deposits of sediment do not occur" (Garde and Ranga Raju,
1977). Later, Lane (1954, 1955) proposed a qualitative relationship among water
discharge (@), bed-material load (Qs), sediment size (D), and channel slope (5), as
follows: QgD ~ ()S.

This relationship shows that changes in sediment discharge, grain size and water
discharge will induce adjustments of channel slope to achieve equilibrium (Lane,
1954, 1955). Lane’s relationship is in agreement with Mackin’s (1948) definitions of
equilibrium state, which suggest that channel slope will be adjusted to convey the
imposed water and sediment discharge.

It was later recognized that equilibrium could be achieved not only by adjusting
the channel slope but also the cross-section shape and planform (Leopold and Mad-
dock, 1953; Blench, 1957; Simons and Albertson, 1963; Schumm, 1969). Multiple

studies have been performed on man-made and natural streams to describe qual-
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itatively and quantitatively the relationship among water and sediment discharge,
velocity, depth, width, slope and planform. Summary of these studies is deferred to
Section 2.2.

Some other studies refer to the different degrees of stability in equilibrium state
(stable equilibria and unstable equilibria) (Knighton, 1998). According to Vanoni
et al. (1960) a river reach is in regime if "its mean measurable behavior during a
certain time interval do not differ significantly from its mean measurable behavior
during comparable times before or after the given interval". They also pointed out
that a river reach could have an overall stability but not a local stability. Over-
all water and sediment balance could be achieved in a reach but local scour and
deposition could occur at one point (e.g. meandering streams).

Conversely to the above definition, Schumm (1977) stated that rivers are not
static and are constantly experiencing modifications with time. Eroding bends and
local bank erosion are not necessarily instabilities in the channel, because rivers
are continuously changing position as a result of hydraulic forces acting on the
boundaries. Unstable channels are those that are "adjusting dimension, gradient
pattern, and shape rapidly and progressively to changed conditions" (Schumm, 1977).
Stable channels are those that have not shown progressive channel adjustment during
the last 10 yr of record (Schumm, 1969).

Knighton (1998) stated that: "Provided the controlling variables remain rela-
tively constant in the mean, a natural river may develop characteristic or equilib-
rium forms, recognizable as statistical averages and associated with single-valued
relationships to the control variables". Different components of channel form (bed
configuration, channel width and depth, meander wavelength, reach gradient, pro-
file concavity, etc.) have different ability to absorb changes, implying that they are
adjustable over different ranges of spatial and temporal scales (Knighton, 1998).

Other approaches to define equilibrium are based on the analogy between vari-

ational theories and fluvial systems (Langbein, 1964; Langbein and Leopold, 1964;
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Kirkby, 1977; Chang, 1980; White et al., 1982; Huang and Nanson, 2000) These
approaches rely on a type of variational argument in which the maximum or min-
imum of some variable is sought. The following hypotheses have been proposed as

conditions for equilibrium (Knighton, 1998):

e Minimum unit stream power
e Minimum stream power
e Minimum energy dissipation rate

Minimum Froude number

e Maximum sediment transport rate

Maximum friction factor

Based on the previous discussion, the definition of equilibrium that will be con-
sidered in this work is: a condition in which the rate of change in gradient, shape,
pattern and dimensions with time in response to imposed controlling variables is
small, such that the river develops a characteristic but not static form. Each com-
ponent of channel form will adjust at different temporal and spatial scales. Un-
der equilibrium conditions, the rates of transport and sediment supply are equal.
Therefore, the amount of sediment that comes into a reach is equal to the amount
of sediment that comes out. Furthermore, this work is concerned with a time scale

of about 10 to 20 years.

2.2 Predicting Channel Adjustment

The definition of dependent and independent variables in fluvial systems depends
on the time and the size of the landscape (Schumm and Lichty, 1965). During geo-
logic time (5,000 or 1,000 years ago), geology and climate are independent variables,

whereas vegetation and relief are dependent (Schumm and Lichty, 1965). In the time
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span termed modern, rivers adjust their shape, form and gradient to accommodate
the water and sediment discharge imposed upon them (Schumm and Lichty, 1965).
Water discharge and sediment load reflect the effects of climate, geology, vegeta-
tion, soil and basin physiography (Knighton, 1998) and as such they are the most
important variables controlling channel adjustment.

In the present time (1 year or less), there is an apparent feedback from the de-
pendent to the independent variables. For instance, the sediment transport could be
adjusted by the flow velocity, or increase of discharge or slope. Therefore, only the
instantaneous observations of water discharge, sediment discharge and flow charac-
teristics are dependent variables, whereas mean discharge of water and sediment,
channel morphology characteristics, valley dimensions, relief, vegetation, climate
and geology are independent (Schumm and Lichty, 1965).

Most of the studies of stream morphology have been framed in the modern
time span. Some of them have focused on the effect of type of sediment (Schumm,
1960, 1963; Simons and Albertson, 1963; Osterkamp, 1980; Osterkamp and Hedman,
1982), tectonic activity, change in base-level (Schumm, 1977; Knighton, 1998) and
vegetation (Lawler et al., 1997; Millar, 2000; Abernethy and Rutherfurd, 2000) on
the morphology of rivers.

Channel adjustment to external controls occurs in many directions (e.g. vertical
or horizontal) and can be considered in terms of four degrees of freedom (cross
sectional form, bed configuration, channel pattern, channel bed slope) (Knighton,
1998) up to nine degrees of freedom (bankfull width, depth, maximum depth, height,
wavelength of bedforms, slope, velocity, sinuosity, meander arc length) (Hey, 1988).

Numerous studies have focused on predicting the responses of river systems to

imposed input variables. These studies are either qualitative or quantitative.
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2.2.1 Qualitative Approaches

Qualitative approaches to predict channel adjustment prove useful in understanding
the direction of response to river regulation and/or climate changes. Lane’s (1955)
relationship (see section 2.1) predicts the long-term changes in channel slope to
changes in median diameter, water and sediment discharge. For instance, direction
of change in channel slope to increase in sediment load at tributary junctions or
detention of sediment behind dams might be readily predicted with Lane’s (1955)
relationship.

Schumm (1969) proposed the concept of river metamorphosis to predict the re-
sponse of channel slope, width, depth, width/depth ratio, meander wavelength and
sinuosity to changing inputs (water and bed-material load discharge). Schumm
(1969) proposed relationships based on the channel geometry and sediment char-
acteristics of 36 stable alluvial rivers located in semiarid and subhumid regions of
the Great Plains of the United States and the Riverine Plain of New South Wales,
Australia. The following equations summarize Schumm’s (1969) results. A plus (+)
exponent indicates an increase in the magnitude of a parameter and a minus (-)

indicates a decrease.

. . ) -  W-L=S-
Decrease in bed material load: Qs ~ “prpr—
. . +r+s+
Increase in bed material load: I~ %
. . D+t
Increase in water discharge: Qt ~ WS#
. . ) — _W-D L
Decrease in water discharge: Q~ ~

Increase in water discharge and

QrQ;f ~ WHF+tLtsED®

bed material load: =
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Decrease in water discharge and

bed material load: Q- Q; ~ %;Si[ﬁ

Decrease in water discharge and

. . . . — Nt WELEP-D-
increase in bed material load: QQf ~ —Frg—
Increase in water discharge and

. . . + - wW*rLtptpt
decrease in bed material load: QT Qy ~ —F—g—

where,

Q= water discharge, (), = bed material load,

Q= ratio of bedload (sand size or larger) to

total sediment load times 100 at mean annual discharge,
W = channel width, D = flow depth,

F = width/depth, L = meander wavelength,

P = sinuosity, and S = channel slope

Richardson et al. (1990) developed qualitative equations by directly relating the
bed material sediment transport (Qs) to stream power (7,V') and inversely relating
Qs to the fall diameter of bed material (dso). The use of fall diameter of bed
material is preferred over the physical diameter because it accounts for the effect of
temperature on the transportability of the bed material. In addition, Richardson
et al.’s (1990) equation incorporates the volumetric concentration of wash load Cf,

which accounts for the changes in apparent viscosity of the flow and transportability

ToVwCy
dso °

of bed material. Richardson et al.’s (1990) relationship is: Q) o<

Brookes in 1992 (from Richard 2001) developed equations similar to Schumm’s
river metamorphosis model. However, his model does not account for changes in sin-
uosity, meander wavelength and width/depth ratio but includes changes in median
particle size of bed material. Brookes’ model makes distinctions among different de-
grees of changes in inputs to the channel (no change, increase, decrease, considerable

increase or decrease).
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According to all of the above-mentioned methods, channel width is directly pro-
portional to water discharge and sediment load. Flow depth is directly proportional
to water discharge but inversely proportional to sediment load, and slope is directly
proportional to sediment load but inversely proportional to water discharge. How-
ever, when water and sediment discharges change simultaneously in the same or
opposite directions, the direction of channel responses will depend on the relative
magnitude of the changes in water and sediment. Thus, a quantitative approach is

necessary to predict the channel response.

2.2.2 Quantitave Approaches

Different methods have been used to quantitatively predict channel adjustments to
variations in input. These methods include: hydraulic geometry equations, extremal
hypotheses and rational or mechanistic approaches (ASCE Task Committee on Hy-
draulics and of River Width Adjustment, 1998).

Hydraulic geometry equations are empirical and semi-analytical equations devel-
oped from data of flumes, canals and rivers in equilibrium. Rational methods link
dependent and independent variables through the simultaneous solution of physical
deterministic process equations (ASCE Task Committee on Hydraulics and of River
Width Adjustment, 1998). Extremal hypothesis approaches combine the basic laws
of mechanics with variational principles to obtain the equilibrium width and slope

of channels.

Hydraulic Geometry Equations

Downstream hydraulic geometry deals with spatial variation in channel properties at
some reference discharge (Leopold and Maddock, 1953; Knighton, 1998). Detailed
summary of the existing downstream hydraulic geometry equations have been sur-
veyed by Julien and Simons (1984) and Wargadalam (1993). In addition, Ferguson

(1986a) presents a critical review of most hydraulic geometry equations.
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The traditional hydraulic geometry problem is to solve width, depth, slope and
velocity as function of water discharge, sediment load and sediment size. Slope is
considered as a dependent variable, because it is locally adjusted when sediment
transport capacity and supply are imbalanced.

The first regime equation was proposed by Kennedy in 1895 (Simons and Al-
bertson, 1963). Many other equations, such as Lindley 1919 (from Wargadalam
1993), Lacey 1920 (from Wargadalam 1993), Blench (1957), and Simons and Al-
bertson (1963), were proposed after Kennedy’s equation in an attempt to improve
and enhance their performance.

Kennedy’s (1985, from Simons and Albertson 1963) equation is a simple power
function of velocity as a function of flow depth. This equation lacks general appli-
cability since its coefficient and exponent are site specific (Simons and Albertson,
1963). Lindley’s (1919, from Wargadalam 1993) equations introduce bed width as
a regimen variable for the first time and relate it to flow depth. Lacey’s (1920, from
Wargadalam 1993) equations are slightly more complex than the previous equations,
because they account for the effect of flow discharge and sediment size on velocity,
wetted perimeter, hydraulic radius, area and slope. The sediment size effect was
incorporated into a silt factor for the bed and side of the channel. Chien (1955)
proposed functional relationships between Lacey’s silt factor and sediment size and
concentration. Blench (1957) modified Lacey’s approach by introducing side and
bed factors, which distinguish between the material of the bed and banks. Simons
and Albertson (1963) relate wetted perimeter, hydraulic radius, and cross section
to water discharge for five different types of bed and bank material.

Lacey’s (1920, from Wargadalam 1993) and Blench’s (1957) equations indicate
that channel slope is directly proportional to the silt factors and inversely propor-
tional to water discharge. In addition, water discharge has a greater influence over
the channel width than over the flow depth and slope.

Geomorphologists use natural stream and laboratory data to develop power law
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hydraulic geometry equations (ASCE Task Committee on Hydraulics 1998). Leopold
and Maddock (1953) pioneered this approach by correlating width, depth and veloc-
ity with mean annual discharge, which is roughly the discharge equaled or exceeded
about one day in every four over a long period of time. Leopold and Maddock
(1953) proposed the following power equations: W = aQ’ d = cQ'v = kQ™.
Where W=width, d = depth, and v=velocity.

The exponent of the equations,b, f and m are on average equal to 0.5, 0.4 and 0.1
regardless of the flow regime, sediment characteristics and physiographic location of
the rivers (ASCE Task Committee on Hydraulics and of River Width Adjustment,
1998). Conversely, regression coefficients (a,c and k) vary widely from one location
to the other, which suggests that there are other variables that control channel form
(Knighton, 1998; Ferguson, 1986a; Maddock, 1970). Ferguson (1986a) noted that
the empirical W = f(Q) and d = f(Q) trends are parallel for artificial canals but
not for natural rivers. Klassen and Vermeer (1988) developed a relationship for
braided rivers based on data from the Jamuna River, Bangladesh. The exponents
of the Klassen and Vermeer (1988) equations are very close to the exponent original
proposed by Leopold and Maddock (1953). Many other equations, such as Lacey
(1920, from Wargadalam 1993), Blench (1957), Simons and Albertson (1963), Hen-
derson (1966), etc., confirm that channel width varies approximately as the square
root of discharge.

Magnitude of discharge is not the only factor that controls geometry of channels.
Variability of water discharges proves to affect significantly natural river geometry
(Yu and Wolman, 1987). Yu and Wolman showed that easily deformed rivers (e.g.
sand bed and banks) are narrower in the mean when the flow is highly variable.
Stevens et al. (1975) noted that differences in peak-flood discharge between two
rivers in the same geological settings are responsible for differences in river forms
(straight and sinuous planforms). Nouh (1988) found that the ratio of annual peak

flood for a return period of 50 years to annual mean flood best correlates with width,
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depth and slope of ephemeral channels in an extremely arid zone of Saudi Arabia.

In addition, type of load is related to the shape of the channel, whereas amount
of load is related to the size. Schumm (1960) demonstrated that the shape of
cross sections expressed as the width-depth ratio depends on sediment type (amount
of silt-clay in bed and banks). Channels containing little silt and clay are wide
and shallow, whereas high silt-clay content is related to narrow and deep channels.
Osterkamp and Hedman (1982) found similar results as Schumm (1960).

Several researchers have quantified the relationship between sediment load with
channel width, depth, slope and velocity (Chien, 1955; Maddock, 1970; Maza-
Alvarez and Cruickshank-Villanueva, 1973). The results vary widely. For exam-
ple, according to Chien (1955)and Maddock (1970), water discharge correlates bet-
ter than sediment load with channel slope. But, according to Maza-Alvarez and
Cruickshank-Villanueva (1973), sediment load is more important than water dis-
charge in defining channel slope.

In summary, there are many hydraulic geometry equations that have been devel-
oped to predict the equilibrium geometry of alluvial channels. Most of the equations
are empirical and as such, their use is restricted to their range of application. Ac-
cording to most of the equations, channel width varies as the squared root of water
discharge. Channel slope is directly proportional to sediment load and inversely pro-
portional to water discharge, as indicated by the qualitative approaches. Some of
the studies indicate that water discharge drives the changes in channel slope. Con-
versely, other results show that sediment load is the dominant factor that defines

channel slope.

Rational or Mechanistic Approach

As previously mentioned, alluvial channels have from four (Knighton, 1998) to nine
degrees of freedom (Hey, 1988). Dependent and independent variables are linked by

physically deterministic process equations, and the simultaneous solution of these
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equations will result in the prediction of the morphology of channels. This method
is referred as the rational or mechanistic approach. Currently, solutions can be
obtained for up to four degrees of freedom (Julien and Wargadalam, 1995) based on
flow continuity, flow resistance, secondary flow and sediment transport equations.
In the case of channels with fixed bed (no sediment transport), the fourth equation
will be critical shear stress or Shields criterion.

Many mechanistic approaches have been developed. They can be classified into
two groups: those methods that predict a single solution or single stable channel
configuration (Garde and Ranga Raju, 1977; Henderson, 1966; Maza-Alvarez and
Cruickshank-Villanueva, 1973; Parker, 1978a,b, 1979; Julien and Wargadalam, 1995;
Huang and Nanson, 1995; Cao and Knight, 1998; Julien, 2002), and those approaches
that predict a range of possible width-slope combinations that can transport the
incoming water and sediment load (Stevens, 1989; Griffiths, 1989).

Lane (1953, from Garde and Ranga Raju 1977) developed the tractive force
method to design stable channels in coarse noncohesive material with no sediment
supply from upstream. The stability method consisted of designing a channel such
that the shear forces on the perimeter of the channel are below the resistive forces of
the material. Three equations were used in the design: limiting tractive force in the
bed (Lane and Carlson, 1953), critical shear stress on the banks and flow resistance
equations similar to the Manning-Strickler equation (Garde and Ranga Raju, 1977).
This method leads to the design of a cosine cross section.

Henderson (1966) developed regime equations based on the tractive force method.
Parker (1978a, 1978b, 1979) developed a cosine bank profile for straight wide chan-
nels based on the idea that bank erosion due to gravity is counteracted by the
deposition of suspended sediment originating from the center of the channel and
moved to the banks by lateral diffusion. Cao and Knight (1998) extended Parker’s
approach to account for secondary currents.

Maza-Alvarez and Cruickshank-Villanueva (1973) developed regime equations to
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predict width, depth and slope based on a flow resistance equation, a sediment trans-
port equation and a width to depth ratio relationship. The independent variables
are flow discharge, sediment load, and sediment size. According to Maza-Alvarez
and Cruickshank-Villanueva (1973), channel width and depth are driven by water
discharge, whereas channel slope is dominated by sediment load.

Julien and Wargadalam (1995) derived analytical downstream hydraulic geom-
etry relationships that include the concepts of secondary flows in curved channels
and the three dimensional mobility of noncohesive particles. Later, Julien (2002)
included the effect of sediment concentration on the downstream hydraulic geometry
relationships. According to his results, sediment concentration drives the change in
slope, whereas discharge is the dominant factor for channel width. This result is in
agreement with the results of Maza-Alvarez and Cruickshank-Villanueva (1973).

Huang and Nanson (1995) related the width-depth ratio of alluvial channels
with rectangular cross sections to the ratio of shear stress acting on the walls to
bed shear stress. Combining the resulting equation with water continuity and Man-
ning’s resistance equation, the width, depth, area, velocity and width-depth ratio
were expressed as power functions of flow discharge, friction factor, slope and sed-
iment composition of the channel boundary. Huang and Nanson (1995) concluded
that sediment composition of the channel perimeter has a significant effect on chan-
nel shape (width-depth ratio) and their results are in agreement with Schumm’s
(1960) observations. Discharge is the dominant factor in the width, depth, area
and velocity relations. Channel roughness is the second most important factor in
determining the power functions. Huang and Nanson (1995) concluded that, when
the variability of channel roughness (Manning n) and channel slope is not signifi-
cant, as in stable channels, the results of their work are consistence with the regime
equations developed from stable canal data.

Stevens (1989) extended Lane’s work by combining the tractive force method

with a sliding strength criterion that prevents channel banks from having geotech-
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nical failures. These two criteria were combined with water and sediment continuity
equations, Darcy-Weisbach’s resistance equation and Colby’s sediment transport
equation to obtain the width of a trapezoidal cross section in a straight alluvial
channel. Stevens (1989) concluded that there is a range of stable or regime chan-
nel widths rather than one stable width. The bank height controls the minimum
width, and the meandering tendency that creates bank erosion controls the maxi-
mum width.

Griffiths (1989) predicted the characteristics of a stable single-thread channel
equivalent in water and bedload transport capacity to a given braided gravel-bed
river. His approach is based on the concept of river training developed in New
Zealand (Henderson, 1966; Nevins, 1969; Davies and Lee, 1988), which consists of
confining gravel braided streams laterally to a width smaller than the unconfined
original width, in order to induce degradation of the bed and create single thread
channels. Griffiths (1989) proposed five different design methods for the conversion
of braided to single thread rivers. Water discharge and sediment size were always
assumed known in the single-thread channel together with at least two of width,
depth, bed slope, gravel discharge and resistance coefficient (Griffiths, 1989). The
Meyer-Peter and Miiller (1948, from Julien 1995) formula for bedload transport and
Manning’s resistance equation were used. Four cases were developed for steady state
conditions and one for unsteady state conditions. From the five cases, Case 4 for
steady state conditions solves a problem similar to the one stated in this work, in
which two channels of different configuration transport the same water discharge
and sediment load. However, Case 4 is specifically concerned with a change from
a gravel bed braided channel to a single thread channel, both transporting the
same gravel load. The solution was obtained following lengthly numerical iterations.
Griffith (1989) used laboratory data (run 1) from Ashmore (1985; 1988) to validate
his method. Based on the width of a braided channel, the flume slope and the

sediment size, Griffiths (1989) predicted the channel slope of an equivalent single
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thread channel of prescribed width. The same trends observed in his results were
observed in the laboratory data: the narrower reach had a flatter slope than the
wider reach.

Griffith (1989) also developed an approach (Case 5) for unsteady flow using a
flow discharge/sediment-rating curve method (Julien, 1995). The objective was to
find out the width of a single thread channel that could transport the same gravel
load as a braided channel. In this case, the slope of both reaches were unknown.

Carson and Griffiths (1987) recognized the importance of determining the changes
in sediment load (specifically gravel load) due to a new imposed channel width under
discharges different from the dominant discharge. Their comments are supported
by Nordin and Beverage (1965), who compared the total bed-material discharge to
water discharge at confined and unconfined sections in the Rio Grande, New Mex-
ico. For any discharge below 1,000 cfs, more sediment is transported at the narrow
sections than at the wide sections. The opposite happens at discharges greater than
4,000 cfs (Nordin and Beverage, 1965).

In summary, many different rational approaches have been developed to come
up with regime relationships. In general, it has been concluded that channel width
varies as the squared root of discharge, as observed with empirical hydraulic geome-
try equations. Also, it has been proposed that there are multiple channel geometries
rather than a single stable channel that can transport the imposed water and sedi-

ment load (Nevins, 1969; Stevens, 1989; Griffiths, 1989).

Extremal Hypotheses

Researcher propose extremal hypotheses by combining mechanistic approaches with
variational principles in an effort to select a unique stable channel configuration
from the multiple solutions obtained by the application of some rational approaches.
The extremal hypotheses are based on the idea that channels adjust to convey the

maximum possible bedload, given the slope, water discharge and sediment size or
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to carry the sediment load with the available discharge on the lowest possible slope
(Ferguson, 1986a).

Kirkby (1977) first quantified the hypothesis of maximum sediment efficiency,
which says that rivers will adjust to carry the sediment load imposed upon them
as efficiently as possible in the medium term. Kirkby (1977) used the Meyer-Peter
and Miiller equation for bedload transport, the Darcy-Weisbach resistance equation
and the water continuity equation to develop a set of curves that represent the re-
lationship between sediment concentration and channel slope, depth and grain size.
Except for very high concentrations, the curves reflect minimum slopes that corre-
spond to sediment transport of maximum efficiency. According to Kirkby (1977),
the region to the right of maximum sediment efficiency is one of unstable channels
(braided channels). On the other hand, the region to the left of maximum sediment
efficiency is one of stable channels, typified by meandering channels.

Nanson and Huang (1999) observed that anabranch rivers are very common
in arid regions of Australia, where gradient cannot increase, systems are overloaded
with sediment, discharge is decreasing and river banks are very stable. Based on river
data of anabranch rivers in Australia, Nanson and Huang showed that anabranch
rivers are more efficient than a wide, single-thread system, because the decrease in
aggregate width and increase in flow depth produces an increase in velocity that will
increase or at least maintain its sediment transport. Increase in flow resistance of
about 10% will still increase the velocity of the anabranch channel with respect to a
wide single channel (Nanson and Huang, 1999). This result is of great applicability
in river systems that cannot increase the slope when they widen.

Yang developed the minimum unit stream power hypothesis in 1971 based on
the theory of minimum rate of energy dissipation (Yang, 1988). He stated that
a system will adjust itself in such a way that its rate of energy dissipation will
reach a minimum value. Chang (1979; 1980) introduced the hypothesis of minimum

stream power in alluvial channels based on the theorem of least work. The min-
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imum stream power theory is as follows: "For an alluvial channel, the necessary
and sufficient condition for equilibrium is when the stream power is a minimum sub-
ject to given constraints. Hence, an alluvial channel with given water discharge and
sediment inflow tends to establish its width, depth and slope such that the stream
power or slope is a minimum". The difference between unit stream power V.S and
stream power QS is the cross section area, where V' is the velocity, @) is the water
discharge and S is the slope. Chang (1980) demonstrated that the two minimization
techniques produce different results, predicting different stable channel width, depth
and slope. Chang (1979) also pointed out that possible multiple channel geometries
with identical water discharge and sediment load must be associated with different
flow regimes, stream-bed roughness, velocity, etc. For example, by using the En-
gelund and Hansen resistance formula for upper and lower regimes in rivers, the
Lacey resistance equation for lower flow regimes in canals, and three different sedi-
ment transport equations (DuBoys, Engelund and Hansen, Einstein-Brown), Chang
(1979) developed slope-width curves for different water discharge and sediment load
values that reflect two minimum slopes: one for the lower regime and another for
the upper regime. The global minimum is a more stable condition than the local
minimum (Chang 1979). However, the local minimum also represents a stable con-
figuration (Chang 1979). Chang (1979) argued that channel geometry and river
pattern are closely related. A meandering channel is more stable than a straight
channel and it represents minimization of sediment load and stream power (Chang
1979).

White et al. (1982) analytically demonstrated that extreme values of the sed-
iment concentration lead to extreme values for the slope. However, White et al.
(1982) were not able to demonstrate whether the extreme values were maxima or
minima. White et al. (1982) used Ackers and White sediment transport theory, and
the frictional characteristics were computed using White, Paris and Bettess linear

relationship between mobility factors related to total shear stress and to effective
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shear stress. Figure 2.1 shows the slope and sediment concentration versus width
relationship from White et al. (1982).

Huang and Nanson (2000) solved the problem of indeterminacy of channel ad-
justment by reducing the number of dependent variables to three (width to depth
ratio, slope and velocity) and using three basic equations (continuity, Lacey’s re-
sistance equation and DuBoys’ sediment transport equation). Huang and Nanson

developed the following relationship:

510/11 55/11
(€ +2)7/1 = (€+2pm T
Where, K, = pCyN&MSTMQ8M and K, = pNZ/MSYMQYN . N, = 0.0225 f1/4,

QS:KI

f is Lacey’s silt factor related to sediment size d in mm as f = 1.6d"/%, C; =
0.17d=3/* in m3kg~'s~ and 7, = 0.061 + 0.093d in kg m?. The approach followed
to obtain this equation is similar to the approach followed in this work. However,
the sediment transport equation used (Duboy’s equation) is more appropriate for
gravel bed channels (Julien, 1995) than for sand bed channels. The approach fol-
lowed in this work uses a sand sediment transport equation. Huang and Nanson
(2000) identified an optimum condition for sediment transport by adjusting the
width /depth ratio for given flow discharge, channel slope and sediment size. The
optimum condition is maintained in the range of 2.5 to 30 for the width to depth
ratio. The optimum condition for sediment transport reveals high levels of consis-
tency with the downstream hydraulic geometry equations developed by Julien and
Wargadalam (1995) and Huang and Nanson (1995). However, the results obtained
by Huang and Nanson were not validated with field or laboratory data.

Carson and Griffiths (1987) identified some drawbacks in applying the maximum
sediment transport hypothesis in gravel bed rivers. Some of them are: 1) difficulties
to select an appropriate resistance and transport equation; 2) variation of resistance
and sediment transport at different width-depth ratios (e.g. wide braided, meander);

3) utilization of a fixed dominant discharge; and 4) reduction of dominant discharge
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Figure 2.1: Sediment load, slope and channel width relationships (After White

et al. 1982).

due to overbank flow.

According to Carson and Griffiths (1987), the relationship between sediment

load and width in wide braided gravel channels might be similar to the modelling of

bedforms in sand bed channels as proposed by Chang (1979) (Carson and Griffiths,

1987). It is expected to find a double peak (two maxima) in the sediment load-
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width relationship for wide braided channels (Carson and Griffiths, 1987). Bed
load transport in braided channels is poorly understood (Ashmore, 1985) and it is
more difficult to model than the changes in roughness due to bedforms (Carson and
Griffiths, 1987).

According to Carson and Griffiths (1987), the physical explanation for the ex-
istence of a peak in the sediment load-width relationship is due to the inclusion
of a threshold shear stress in the transport equations. Carson and Griffiths (1987)
also noticed that different researchers have used different sediment transport and
resistance equations, and all of the equations include a threshold shear stress. Fer-
guson (1986a) found that an extremum in the sediment-load and width-depth ratio
relationship does not exist when using the Strickler resistance equation and Einstein-
Brown transport equation for shear stress greater than 0.1, which does not include
a threshold shear stress in the equation. Ferguson’s (1986a) finding is in agreement
with Carson and Griffiths’s (1987) conclusion. However, according to Carson and
Griffiths (1987), the optimum width for maximum sediment transport will emerge if
the three equations developed by Einstein-Brown are used, because these equations
represent the curvilinear nature of the data.

Furthermore, Carson and Griffiths (1987) show that an optimum width for a
maximum sediment transport exists in all cases when ¢ > m, assuming wide channels
(Rh = D), where cis the exponent of the flow depth factor in the resistance equation
(BD* = gT%) and m is the exponent of the excess shear stress factor in the sediment
transport equation. The width is B, the flow depth is D, the friction factor is n,
the water discharge is (), and the slope is S.

2.2.3 Summary

Channel adjustment to imposed changes in water discharge and sediment load is a
complex problem not fully understood yet. Throughout this review, several meth-

ods to predict equilibrium configurations of channels have been presented. Several
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aspects related to channel adjustments are worthy of further investigation. In partic-

ular, the following aspects have been identified and are pursued in this dissertation:

e There are many methods that demonstrate numerically and analytically that
there are multiple channel geometries that can transport the same water and
sediment discharge. These results have been validated with laboratory data
but not with quantitative field data. In addition, these results have not been

used for the evaluation of river restoration activities.

e All the methods developed to predict multiple channel geometries with equiv-
alent water and sediment discharge used only steady state input variables.
In addition, the solutions represent the condition of equilibrium and not the

evolution of the slope of the channel with time.
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Rio Grande Background

The Middle Rio Grande (MRG), NM begins about 56 kilometers north from Albu-
querque at Cochiti Pueblo and continues to the headwaters of Elephant Butte Reser-
voir (see Figure 3.1). Historically, the river was relatively straight with a braided
planform (Baird, 1996). The maximum degradation of the Rio Grande occurred
about 22,000 years ago (Sanchez and Baird, 1997). Since then, the Rio Grande
has been aggrading due to the imbalance between the sediment input from tribu-
taries and the capacity of the channel to transport the sediment (Crawford et al.,
1993). Water shortage and increasing sediment input from tributaries and arroyos
increased the sedimentation of the river bed around 1850 (Scurlock, 1998). The
aggradation trend caused severe flooding, waterlogged lands and failing irrigation
facilities (Scurlock, 1998).

The Middle Rio Grande Conservancy District was organized in 1925 with the
objective of improving drainage, irrigation and flood control in the middle valley
(Woodson and Martin, 1962). Levees were built along the channel in the early
1930’s to provide flood protection and prevent avulsion to the adjacent irrigated
lands and urban areas. The confinement of the river into a smaller area induced
more sedimentation in the bed. As a result, the levees had to be raised (Sanchez
and Baird, 1997). The Middle Rio Grande Conservancy District also built El Vado
Dam on a tributary of the river (Rio Chama) in 1935, four diversion dams along
the main stem, two canal headings and many miles of drainage and irrigation canals
(Lagasse, 1980).

Due to continued aggradation of the bed, the Corps of Engineers and the U.S.

27
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Bureau of Reclamation together with other Federal, State and local agencies recom-
mended a Comprehensive Plan of Improvement for the Rio Grande in New Mexico
in 1948 (Pemberton, 1964). The plan consisted of constructing a system of reservoirs
on the Rio Grande (Cochiti) and its tributaries (Abiquiu, Jemez, Galisteo), as well
as improving the conditions of the floodway constructed by the Middle Rio Grande
Conservancy District in 1935 (Woodson, 1961; Woodson and Martin, 1962).
Cochiti Dam, built in the Rio Grande, began operating in November 1973 (La-
gasse, 1980). This dam was intended to control floods and sediment, preventing
further aggradation of the river bed and inducing degradation (Lagasse, 1980). The
response of the river to construction of the dams as well as to system-wide changes
during longer time periods, has been investigated in several studies (Lagasse, 1980,
1981, 1994; Leon, 1998; Bauer, 1999; Sanchez and Baird, 1997; Mosley and Boelman,
1998; Massong et al., 2000; Richard, 2001; Richard et al., 2001; Leon et al., 2002).

These studies have focused on the characterization of the response of the river to
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changes in hydrologic and sediment regimes. The following sections summarize some
of the characteristics of the hydrologic and sediment regimes along the middle Rio
Grande as well as some of the river changes and ecological problems that have been

observed.

3.1 Hydrologic Regime

The flow in the Rio Grande follows a typical seasonal pattern. However, operations
of reservoirs and diversion dams alter the natural variability of the flow. Snowmelt
and rain in the mountains provide flow during the spring and early summer, from
about April to June. Irrigators begin to withdraw water from about March, decreas-
ing the spring runoff peak (U. S. Bureau of Reclamation, 2000). Heavy local rains in
tributary areas provide the flow during the summer season. After the summer rains
end, the flows remain fairly constant throughout the winter season (U. S. Bureau of
Reclamation, 2000).

Several United States Geological Survey (USGS) stream gages are located along
the river (Figure 3.1). In the downstream order, some of the stations are: Rio
Grande at Otowi Bridge (upstream from Cochiti Dam)(08-3145-00), Rio Grande at
Cochiti (just downstream from Cochiti Dam)(08-3145-00), Rio Grande below Cochiti
(08-3174-00), Rio Grande near Bernalillo (08-3295-00), Rio Grande at Albuquerque
(08-3300-00), Rio Grande at San Acacia (08-3549-00) and Rio Grande at San Marcial
(08-3584-00). Analysis of the streamflow gage data allows a characterization of the
changes in discharge regime. Several studies have identified dam construction and
climate changes as responsible for the major changes in water regime along the Rio
Grande.

Figure 3.2 shows the flow discharge mass curves at the above-mentioned gages.
The changes in slopes of the curves between the mid 1940’s and the late 1970’s
indicate a decline in water volume along the river. The change in slope is more

pronounced in the stations downstream from Albuquerque (see Figure 3.2). Large
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Figure 3.2: Flow discharge mass curves at USGS gage stations.

floods occurred in the Rio Grande before the early 1940’s (Woodson, 1961; Lagasse,
1980). The construction of flood and sediment control reservoirs in the mid 1950’s
could have contributed to the decline of water volume. In addition, variations in
climate over the upper Rio Grande basin might have caused this extended dry
period (U. S. Bureau of Reclamation, 2000). Molnar (2001) analyzed the recent
trends in precipitation and streamflow in the Rio Puerco, one of the largest tributary
arroyos of the Middle Rio Grande. According to Molnar (2001), annual maximum
precipitation events seem to produce lower annual maximum runoff events in the
Rio Puerco basin in the last 50 years, consequently decreasing water input into the
Middle Rio Grande. Furthermore, long-term precipitation trends in the Rio Puerco
Basin are strongly related to sea surface temperature anomalies in the Northern
Pacific (Molnar, 2001).

Flood and sediment control dams in the system play an important role in defining
the flow regime. Richard (2001) analyzed the impact of Cochiti Dam on the natural

flow regime of the river and concluded that the operation of the dam affects peaks in
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excess of 142 m?/s (5,000 cfs). Also, flood waves are attenuated and the duration of
the annual peak is increased (see Figure 3.3). The historical unregulated two-year
return period peak of 316 m3/s (11,166 cfs) decreased to the regulated two-year
return period flow of 160 m?3/s (5,650 cfs) after flow regulation began at Abiquiu
Dam on the Rio Chama in 1963 and Cochiti Dam on the Rio Grande in 1973 (Bullard
and Lane, 1993). Water for irrigation is withdrawn from the Rio Grande, reducing
the spring runoff peak. Figure 3.3 shows the decline in the peak between Cochiti
Dam and San Acacia gages.

Flow duration curves (Salas et al., 1999) of the pre-dam and post-dam periods
at Otowi, Cochiti, Albuquerque and San Acacia gages reveal increased low flows
and decreased high flows between the two periods (see Figure 3.4). Otowi gage, lo-
cated upstream from Cochiti Dam, observes the same behavior as the other stations
downstream from Cochiti Dam. Therefore, these changes in flow regime between
the pre-dam and post-dam periods are not due to the construction of the dam.

The water delivery from the San Juan-Chama Project to the Otowi gage since 1971
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might be responsible for the changes in flow regime between the pre-dam and post-
dam periods in all gages. The San Juan-Chama project provides about 67x10° m?
(54,600 acre-feet) of the San Juan River water annually to the Otowi gage (Mus-
setter Engineering, 2002). Another source of water to the river is the wastewater
discharge from the City of Albuquerque, which averages about 74x10% m3 (60,000
acre-feet) annually (Mussetter Engineering, 2002).

3.2 Sediment Regime

The sediment regime in the Rio Grande has changed with time, as well. Gellis (1991)
reported decreasing trends of suspended sediment loads relative to annual runoff at
streamflow-gaging stations and decreasing sedimentation rates in selected reservoirs
in New Mexico through time. It is believed that the decreasing trend is partly due
to the reduction of sediment delivery from tributary arroyos, which coincides with
arroyo evolution in the Southwest (Gellis, 1991).

In addition, Cochiti Dam alters the sediment regime in the river. Richard (2001)
observed that the greatest impact of Cochiti Dam on suspended sediment supply
to the river is seen at the Cochiti gage, located directly downstream from the dam,
where the sediment concentration decreases as much as 99 % from the pre-dam to
the post-dam period. Figure 3.5 is a plot of the cumulative suspended sediment from
Otowi to San Marcial gages. Suspended sediment discharge started to decline at
San Acacia and San Marcial before Cochiti Dam was constructed in 1973. However,
there is an evident break in slope at the Albuquerque gage in 1973.

Figure 3.6 shows the double mass curve of annual water and sediment discharge
at USGS gage stations. The curves were adjusted to the San Marcial gage for
comparison. Averaged suspended sediment concentrations were computed at the
beginning and end of the period of records of each gage, where a constant trend was
observed. The slopes of the curves were computed for the indicated periods and the

appropriate conversion factor was used to present the results in milligrams per liter
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Figure 3.5: Cumulative mass curve of annual suspended sediment at USGS gage

stations.

(mg/1). Table 3.1 summarizes the concentration values.

Sediment concentration started to decline at the San Marcial gage before Cochiti
dam was built. The decline in sediment load at San Marcial after 1936 could be par-
tially due to the completion of El Vado dam in the Rio Chama, one of the tributaries
of the river upstream from Cochiti dam. According to Rittenhouse (1944), about
2 to 8 per cent of the channel sand material comes from the Rio Grande upstream
from Cochiti Dam. In addition, the decrease in suspended sediment loads in the
river coincides with the arroyo evolution of the Southwest. Arroyos that delivered
large amounts of sediment to the river in the beginning of the 19" century, due to
incision, have been aggrading and delivering less sediment to the channel (Gellis,
1991).

The sediment concentration was reduced by almost half at the Otowi gage after
1973. The same trend is evident at Albuquerque, San Acacia and San Marcial,

downstream from Cochiti Dam (see white dots in Figure 3.6). The reduction of
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Figure 3.6: Double mass curve of annual water and sediment discharge at USGS

gage stations. White circles indicate year of completion of Cochiti Dam.

sediment concentration at Otowi gage might be due to changes in land use in the
watershed, climate, etc. The change in sediment concentration downstream from
Cochiti Dam might be the result of the effect of the same factors affecting Otowi
plus the retention of sediment behind the dam.

Table 3.1 shows that concentration increases with increasing distance down-
stream from Cochiti dam. Sediment is delivered to the river from tributaries and is

mined from the bed and banks along the channel.
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Gage Station Concentration in mg/1
Otowi (1956-1973) 2,400 | (1973-1993) 1,150
Cochiti (1974-1987) 38 -

Albuquerque | (1956-1973)4,000 | (1973-1999) 950
San Acacia | (1925-1936)17,800 | (1991-1999) 5,100
San Marcial | (1946-1947)22,000 | (1997-1999) 6,000

Table 3.1: Summary of suspended sediment concentration at USGS gage stations.

The time periods used for the estimations of the concentrations are in parentheses.

3.3 Bed Material

Bed material varies along the channel and with time. Prior to the construction
of Cochiti Dam, the middle Rio Grande was a sand bedded channel with some
coarse material (gravel and cobbles) in the upper reach (Nordin and Beverage, 1965).
Bed material has been coarsened in several reaches through time. Gravel bed is
found from Cochiti Dam to Bernalillo Bridge from 1985 to the present (Richard,
2001). The sediment is sand and gravel downstream from Bernalillo (Leén et al.,
2002). The Rio Salado, upstream from San Acacia Diversion Dam, inputs large
quantities of gravel sized particles. The material is stored in the pool upstream of
the dam and periodically flushed downstream (Mussetter Engineering, 2002). About
18 kilometers downstream from the San Acacia dam, a sand layer of about 0.60 -
0.90 meters of depth overlays a layer of gravel (Massong et al., 2000). Downstream
from this reach, the bed material consists of very fine sand. In the headwaters of

Elephant Butte reservoir, it consists of sand together with clay and silt.

3.4 Changes in Channel Morphology

The morphologic characteristics of the river vary along the channel depending on

geologic, geomorphic and man-made controls. However, some characteristics can be
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generalized for the entire river. For example, the active channel width, defined as
the width of the sand bed channel where the vegetation has been cleared away by
the flows (U. S. Bureau of Reclamation, 2000), has decreased since at least 1918.
Furthermore, the rate of decrease has not been exacerbated by the construction of
Cochiti Dam (Sanchez and Baird, 1997; Richard et al., 2001; Leon et al., 2002).
The sinuosity of the Rio Grande has been generally lower than 1.2 (U. S. Bureau
of Reclamation, 2000; Sanchez and Baird, 1997; Richard et al., 2001; Leo6n et al.,
2002), indicative of a straight river. Downstream from the San Acacia Diversion
Dam, the river develops a very particular planform of a sequence of alternating
wide and narrow reaches followed by a man-made narrow reach that extends to
Elephant Butte Reservoir.

In addition, the river has incised throughout most of its length. River reaches
upstream from Elephant Butte Reservoir are highly affected by the reservoir surface
elevation. Therefore, river bed aggradation occurs when the reservoir delta moves
upstream with the reservoir pool (U. S. Bureau of Reclamation, 2000). Channel
aggradation has occurred as far as 76 Kilometers upstream from the headwaters of
the reservoir, at the town of San Antonio (U. S. Bureau of Reclamation, 2000).

In general, the river has changed from a relatively straight, wide, braided and
aggrading channel to a narrow, incised channel. Recent aerial photos of the river,
taken at low flows, show a single thread channel with some split-flow reaches from
Cochiti Dam to Bernalillo. Bank-attached alternate bars and mid-channel braid
bars are common downstream from Bernalillo. There are also some dense vegetated
mid-channel bars in this reach.

Table 3.2 summarizes some of the characteristics of the middle Rio Grande based
on the data collected at the USGS gage stations. The time periods selected to
compute these values correspond to the time span of the most recent trends.

The mean annual flow (@) was computed from the mean daily discharge records

from 1978 to 2000. The hydrologic regime did not change during this period (1978-
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2000), as evidenced by the constant slopes of the curves in Figure 3.2. The Mann-
Whitney test (Salas et al., 1999) was used to determine the significance of the differ-
ence between the time series before and after the change in mean annual streamflow
at the San Acacia gage. The lag-1 coefficient of the time series before and after the
probable point of shift (1978) demonstrated that the time series were independent,
which is a condition to apply this method. The Mann-Whitney test was applied for
different periods to detect the most probable point of the change in the mean. The
change occurred in 1978, and the means are significantly different at a significance
level of o = 0.05.

The annual sediment loads (L,) were computed from Figure 3.5 during the pe-
riods of time indicated in parentheses in the Table 3.2. The median grain sizes
(ds0) correspond to the surface bed material samples taken at the gage stations for
the dates indicated in parenthesis. The median grain size at Cochiti corresponds
to the surface bed material sample collected at cross section CO-3, about 5.5 kilo-
meters downstream from Cochiti Dam, and the median grain size at San Acacia
is a value reported by Massong et al. (2000). The dominant discharge (Qq) was
estimated by taking the average of the peak daily flows of the five previous years
to 1999 (Richard, 2001). The rationalization behind this method of estimating the
dominant discharge is that the peak flows (high magnitude, low frequency flows) are
responsible for shaping the channel in arid regions (Knighton, 1998). In addition, the
dominant discharge at San Acacia is comparable with the value estimated by Mas-
song et al. (2000) based on recurrence interval data and field data (Qg = 142 m?/s).
Similarly, the dominant discharge at Cochiti is comparable with values estimated
by Richard (2001) based on frequency analysis (Q = 145 m?®/s) and the effective
discharge method (Q = 153 m?®/s) (Wolman and Miller, 1960).
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Gage Station Q L, ds0 Qa
m3/s tons/year mm m3/s

Otowi (78-2000) | (1958-1993) _ (1995-1999)
48 1.8 x 106 - 150

Cochiti (78-2000) | (1974-1987) |  (1998) | (1995-1999)
45 0.06 x 10° 16 133

Albuquerque | (1987-2000) | (1995-1999) |  (1999) (1995-1999)
40 0.08 x 10° 0.50 128

San Acacia | (1978-2000) | (1971-1999) |  (1996) | (1995-1999)
35 3.5 x 10° 0.40 139

San Marcial | (1978-2000) | (1991-1999) | (2000-2001) | (1995-1999)
32 4.9 x 108 0.22 104

Table 3.2: Summary mean annual flow (), annual sediment load L,,median grain
size (dsp) and dominant discharge Q4 at USGS gage stations. Values were averaged

over the period indicated in parentheses.
3.5 Environmental Implications and Restoration Efforts

The changes in water and sediment regime in the middle Rio Grande and the subse-
quent changes in river morphology through time have affected the biodiversity of the
aquatic and riparian habitat (Platania, 1991; Bestgen and Platania, 1991; Burton,
1997; Robinson, 1995; Arritt, 1996). Human perturbations such as water pollution,
food-web manipulation by harvest, stocking and exotic invasions and alteration of
water temperature and flux of material by dams, diversions and revetments uncou-
ple important ecological processes (Stanford et al., 1996). Several of these factors,

if not all of them, are present along the middle Rio Grande.
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3.5.1 Fish Habitat

The native fishes of the New Mexican portion of the Rio Grande consisted of 16
species (Platania, 1991). Of these, four species have been extirpated and five appear
to be declining in both range and abundance (Platania, 1991). Currently, the only
endemic of the Rio Grande surviving in New Mexico is the Rio Grande silvery
minnow ( Hybognathus amarus) (Platania, 1991), a species historically occurring
from Espanola, New Mexico, to the Gulf of Mexico (Bestgen and Platania, 1991) and
in major tributaries of the river (Burton, 1997). Large numbers of Rio Grande silvery
minnow were found in the middle Rio Grande between 1926 and 1978 (Bestgen and
Platania, 1991). Remaining populations of this species continue to decline primarily
due to the lack of warm, slow-moving, silt-sand substrate pools, dewatering of the
river and abundance of non-native and exotic fish species (Platania, 1991; Bestgen
and Platania, 1991; Burton, 1997; Robinson, 1995; Arritt, 1996).

Generally, the Rio Grande silvery minnow prefers shallow water with flow depths
less than 0.4 m and velocities less than 0.1 m/s (U. S. Fish and Wildlife Service,
2001). Few fish have been found in water greater than 0.5 m and velocities greater
than 0.4 m/s (U. S. Fish and Wildlife Service, 2001). According to some flume
experiments with the fish, the fish can swim in waters with velocities up to 0.4 m/s
and perform some short springs of up to 1 m/s (Mike Porter, USBR, Albuquerque,
NM, 2002 pers. comm.).

The most common mesohabitats of the silvery minnow were debris piles (41%),
pools (36%), and backwaters (14%). Small minnows are found in shorelines, back-
waters, and pools. Large minnows are found in the main channel and in side channel
runs. Moderate sized minnows are found close to debris piles in the winter. How-
ever, the majority of all size-classes are found in low-velocity habitats (U. S. Fish and
Wildlife Service, 2001). Platania (1991) documented the longitudinal distribution of
fishes in the Rio Grande based on samples taken in 1984. The river was divided into

five sections within which similar physical attributes were observed (Figure 3.7).
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Sections I to III were cool-water reaches and sections IV and V were warm-water
reaches. Section III, just downstream from Cochiti Dam, was the most species-rich
reach of the river with 17 species. The Rio Grande silvery minnow reached its most
upstream distribution in this section. The Rio Grande silvery minnow was present
at all sections III, IV and V, but was more abundant in section IV and in the low-
ermost sites in section V (Platania, 1991). Figure 3.8 represents the longitudinal
distribution and relative abundance of five cyprinids in the Rio Grande.

Currently, the Rio Grande silvery minnow occurs only in less than 10 % of its
original range (Bestgen and Propst, 1996). In 1999, the U.S. Fish and Wildlife
Service (USFWS) designated the middle Rio Grande, New Mexico from just down-
stream of Cochiti Dam to the railroad bridge at San Martial as critical habitat for
the silvery minnow, a federally listed endangered species (U. S. Fish and Wildlife
Service, 1999).

3.5.2 Riparian Vegetation and Bird Habitat

The degradation trend of the bed of the middle Rio Grande has halted overbank
flooding in recent decades (Umbreit, 2001). As a result, wetlands, particularly
cottonwood-willow riparian habitat, have been degraded. Frequent overbank flood-
ing ensures widespread seed dispersal and germination (U. S. Bureau of Reclama-
tion, 2000). Furthermore, non-native vegetation such as saltcedars and Russian
olives have contributed to this process (Taylor and McDaniel, 2001). Saltcedars
have longer seed dispersal periods, which enables them to germinate with flows that
decline later in the summer (U. S. Bureau of Reclamation, 2000).

Large-scale loss of cottonwood-willow riparian habitat is the main reason for the
decline of the southwestern willow flycatcher (SWWF) (Empidonaz trailli extimus).
In 1995, the U.S Fish and Wildlife Service listed the SWWF as an endangered
species (U. S. Fish and Wildlife Service, 2000) and the State of New Mexico also

classified it as endangered. However, no critical habitat has been designated along
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Figure 3.8: Longitudinal distribution and relative abundance of five cyprinids in
the Rio Grande. Bar width (one of five thicknesses) indicates abundance, relative
to the other four species. Thickest bar represents most common of the five species.

Collection sites and sections correspond to those in Figure 3.7 (After Platania 1991).

the Rio Grande (U. S. Bureau of Reclamation, 2000).

Cottonwood and willows also provide habitat for many neotropical migrant land-
birds during the migration and the breeding periods (U. S. Bureau of Reclamation,
2000). More than 100 bird species rest and forage in this habitat during the spring
and fall migration (U. S. Bureau of Reclamation, 2000).

The goal of ecological restoration is to produce a self-sustaining system as similar
as possible to the native biota (Whitney, 2001). Additionally, restoration goals must
meet social, political and biological constraints (Whitney, 2001; Booker and Ward,
1999), which makes their implementation a complex problem. Currently, restoration

efforts in the Rio Grande consist of creating wider shallower flow conditions, lowering
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overbank areas to re-connect the main channel with floodplains and establishing
native riparian species (Baird, 2001). Moreover, environmental groups, water users
and federal agencies are trying to negotiate the appropriate allocation of water that

will prevent the river from dewatering.

3.6 Summary

Changes in water and sediment regimes in the Rio Grande due to climate changes
and human activities have produced changes in the morphology of the middle Rio
Grande. The habitat of the native biota has been altered, causing the decline of the
Rio Grande silvery minnow, a federally listed endangered species.

The majority of all size-class silvery minnows are found in low-velocity habitats
(U. S. Fish and Wildlife Service, 2001), with flow depths less than 0.4 m and ve-
locities less than 0.1 m/s. Few fish have been found in water greater than 0.5 m
and velocities greater than 0.4 m/s (U. S. Fish and Wildlife Service, 2001). Cur-
rent narrow and deep channels in some reaches of the Rio Grande do not provide
the appropriate habitat for the minnow. One of the proposed means to restore the
habitat for the fish is to create wide channels that provide slow-moving and shallow
flows (Baird, 2001).

Changes in channel width under current water and sediment regimes will induce
channel form adjustments. It is the intent of this work to provide some insight about
the mechanisms of channel slope adjustment due to imposed changes in channel
width. Also, to evaluate how adjustments in slope due to imposed changes in channel

width will influence habitat for the silvery minnow.
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Steady State and Transient Models

As pointed out in the previous chapter, there are several reaches of the Rio Grande
characterized by straight wide channels that alternate between single thread narrow
stretches. The Bosque del Apache (BDA) reach is an example of these reaches that
has maintained the same width from about 1985 and has not migrated across the
floodplain. Therefore, this reach has been transporting the imposed or incoming
water and sediment discharges by adjusting the bed slope. The objective of this
chapter is to develop a steady state model to predict the adjustment of channel
slope due to changes in width along the channel. Two analytical approaches are
developed. The first approach approximates the hydraulic radius to the flow depth
(wide channels) (see Section 4.1) and the second approach does not approximate the
hydraulic radius to the flow depth (see Section 4.1). A numerical model for constant
water discharge input is developed to simulate the transient behavior of the system
(see Section 4.2). Finally, the results of the analytical and numerical approaches are

compared.

4.1 Analytical Approach for Steady State Condition

The problem to be solved consists of estimating the channel slope of two sequen-
tial channel reaches with different widths able to transport the same sediment load
and water discharge. This approach will be explained by means of the following
hypothetical example: the initial width (W;) of a rectangular channel of slope (S)
is changed from (W7) to (W3) at a distance (Lq)(see Figure 4.1). In order to main-

45
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(b)

Figure 4.1: (a) Plan view of an example channel. Dashed line represents the width
of the original channel. Continued line represents the width of the new imposed
channel. (b) Profile of reaches 1 and 2. Dashed line represents the profile of the
original channel. Continued line represents the width of the new imposed channel.

W — width, S — slope, L — length, () — water discharge, (); — sediment discharge.

tain the same sediment load (Qs1 = @Qs2) through both reaches (denoted 1 and 2
respectively), the slope, velocity and depth will adjust (see Figure 4.1)

The known variables in reach 1 are: water discharge (@), sediment discharge
(Qs1), channel width (W7), mean flow depth (h;), mean flow velocity (V;)and the
initial channel slope (S). The known variables in reach 2 are: water discharge
(Q2), sediment discharge (Qs2), channel width (I¥3) and the initial slope (S). If
the channel width does not change with time, the slope of both subreaches will
adjust to accommodate the water and sediment discharge, until sediment transport
equilibrium is reached (Qs1 = Qs2).

The following assumptions are made to solve this problem:

e Both reaches have rectangular cross-sections
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4.1.1

Both reaches are straight

Sediment size (ds) and friction factor (n) are the same for both reaches
Sand bed channel

Water discharge (@) and sediment discharge (Q)s) are constant

The overall slope of the channel is able to pass the input sediment load. The

upstream node is fixed.

Case A: Simplified Analytical Approach: hydraulic radius is
approximated to flow depth (R, =~ h)

The following three basic equations are used to solve the problem:

1.

Water mass continuity for steady flow conditions: @) = VA. Where @ is the

water discharge, V' is the mean velocity and A is the cross sectional area

. Manning’s flow resistance equation: V = %RZ/?’SI/Q. Where ¢ is 1.49 for

English units and 1 for metric units, n is the friction factor, R}, is the hydraulic

radius and S is the energy grade line slope.

. Julien’s (2002) simplified sediment transport equation: Qs = 18W\/§d‘:’/27'*2.

Where @) is the sediment discharge by volume, W is the channel width, g is

the gravitational acceleration, ds is the particle size and 7, = i T is the

Vs _T’Y>ds )
bed shear stress, v is the specific weight of the sediment and -y is the specific
weight of the water-mixture. Julien’s (2002) simplified sediment transport

equation was developed for 0.1 < 7, < 1.0.

Under sediment transport equilibrium the following conditions are met: @)1 = Q)2

and Q51 = Q5. Replacing the resistance equation into the continuity equation, we

obtain:
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Q=VA= %Riﬁ’sl/m

For very wide channels R;, =~ h, then:

_ @1 9/3c1)2 _ @1 5/301)2
Q h=°SH =W h>2SHEW
n n

Thus the ratio of ()1 and Q5 is:

Q. _ VV2hg/3521/2 _ 5/3 /2

=1= 5/3aq1/2 Wby 2S5,
Solving for S, we get:
1
S, = T (4.1)

Where W, is the ratio of the widths, h, is the ratio of the flow depths, and .S, is
the ratio of the slopes.
The ratio of Qs and Q4 is:

Q82 W2h3522 2Q2
=1= = W,h;S:
Qsl Wlh%sf
Solving for S, we get:
1
Sy = T2h (4.2)

r

Then, making equation 4.1 equal to equation 4.2 we obtain:

1 |
W2 iy,

Replacing equation 4.3 into equation 4.1 we obtain:

= h, = W14 (4.3)

S, = w7 (4.4)

S, = h;° (4.5)
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Figure 4.2: Relationship between the ratio of the slopes and the ratio of the width-

depth ratios according to equation 4.6

A 2/23
S, = ( - ) = (&)7% (4.6)
The ratio of the velocities is equal to:
% — 3G =V, = 7O (4.7)

In practice, equations 4.6 and 4.4 indicate that an increase in channel width
will require an increase in channel slope to satisfy continuity of sediment transport.
Figure 4.2 represents equation 4.6. The coordinate (1,1) corresponds to a channel
of one width and slope. As the channel width is increased (move to the right of the

curve), the channel slope has to increase to transport the same sediment load.

4.1.2 Case B: Detailed Analytical Approach: hydraulic radius is not
approximated to the flow depth (R) # h)

This approach consists of determining the relationship between slope and width-
depth ratio of a channel, when the hydraulic radius is not approximated to the flow

depth. The following three dependent variables are considered: width to depth ratio
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(€), mean flow velocity (V') and channel slope (S). The steady state independent
variables are: flow discharge (@), sediment discharge (Q;), sediment size (d;) and
friction factor (n). The same basic equations used in sub-section 4.1.1 are used in
this approach.

The cross section area (A) and the hydraulic radius (Rj,) can be expressed as

function of the width-depth ratio (£), then: A = Wh = &h? and Ry, = WVJVrZh = é—hZ

Substituting R;, A and V into the continuity and resistance equations the following

expression is obtained:

Solving for h:

s @n (€220 QYR (4 2)
- ¢51/2 55/3 - ¢3/8S3/16 55/8

Then, W can be written as:

Q3/33/8 (& + 2)1/4 Q3/3p3/8

1/4¢3/8
G3/853/16 ¢5/8 43/8G3/16 (€ +2)11¢¥

W=¢

Replacing W and h into the sediment transport equation:

R2S?
— 1801/2 312 h
Q=189 74 W g
3/8,,3/8 52 2
_ 1/2 33/2 Q"n 1/4¢3/8 £ 2
Q= 180" | Srte + 96" et
3/8,,3/8 52 2
_ 1/2 33/2 Q"n 1/4.+3/8 §
Q= 1890 | 6+ 2 S

Q/31,6/8 (& + 2)1/2
|:S6/16¢6/8 £5/4
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Solving for S

16/23 _1)32/334%/23 418/23 9)20/23

Q (Q2/231816/2348/23y18/23  (18/23
The above equation can be expressed as a function of the volumetric sediment

concentration C,, as:

e (G = D g15/% (¢ 4 207
S = CU Q2/231816/23g8/23n18/23 518/23

(4.9)

For large width-depth ratios (¢ — o0), the hydraulic radius R, approximates
the flow depth h and equation 4.8 reduces to:

16/23 _11\32/33 ;8/23 ,18/23
Q G-1 ds

Q ()2/231816/23 48/23,18/23

This equation is similar to equation 4.6, where the slope is a function of the

liM£_,OOS = (

width-depth ratio to the power of 2/23. Figure 4.3 compares the results of Case
A and Case B. The input data used to develop these curves are: water discharge
(Q = 139 m?/s), sediment discharge (Qs = 0.082 m?/s), particle size (d; = 0.3 mm),
friction factor (n = 0.023), specific gravity of the sediment (G = 2.65) and grav-
itational acceleration (¢ = 9.81 m/s?). Both cases yield the same solutions for
width-depth ratios greater than 70. For the above set of data, the Shields pa-
rameter is greater than 1 at width-depth ratios less than about 490. The Shields
parameter is about 2.7 at a width-depth ratio of 18 (at minimum slope). At this
value of Shields parameter, Julien’s (2002) simplified sediment transport equation is
expected to over-estimate the transport. However, the accuracy of the equation for
Shields parameter greater than 1 has not yet been tested. For practical purposes,
the portion of the curve that corresponds to the Shields parameter between 0.1 and
1 should only be used.

The minimum of the curve for Case B can be calculated analytically by taking
the derivative of equation 4.9 with respect to £ and equating it to zero, as shown

below:
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Figure 4.3: Slope versus width-depth ratio relationships for cases A and B. This
curve was generated with the following data: Q = 139 m?/s, Q, = 0.082 m?/s,
ds = 0.3 mm, n =0.023, G = 2.65, and g = 9.81 m/s>.

E Ki [(§+2>20/231 _

df - df 518/23
50 18 (4.11)
- K _(€+2)73/235718/23 + (£+2>20/23 5741/23 -0
23 23
16/23 2 8/23 ,18/2
Where K = (%) 55;311);16/525;8/25)711/23' Solving for £ in equation 4.11, the

minimum slope occurs always at £ = 18.

The maximum width a channel could develop will be limited to the excess of
shear stress. When the available shear stress is less than the critical shear required
to entrain the sediment particles of the bed, all the sediment will deposit. Therefore,

the solution for large width-depth ratios is limited to this condition.
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Analytical Solutions with Different Resistance to Flow Equations

The solutions presented in Sections 4.1.1 and 4.1.2 were developed from Manning’s
resistance equation and Julien’s (2002) simplified sediment transport equation. Sim-
ilar solutions were also developed using Darcy-Weisbach’s and Brownlie’s resistance
equations. The detailed procedure is outlined in Appendix B.

The following set of equations represents the solutions developed from Darcy-
Weisbach’s resistance equation for the simplified case, when the hydraulic radius is
approximated to the flow depth (R, ~ h).

The slope versus width relationship is:

S, = Wy (4.12)
The slope versus depth relationship is:

S, = h '3 (4.13)

The slope versus width-depth ratio relationship is:

5.~ () T (114)

And the slope versus velocity relationship is:

S’r‘ - V_l (415)

T

The following equation is the detailed analytical solution for the slope versus the
width-depth ratio relationship, when the hydraulic radius is not approximated to

the flow depth (Rj # h):

B Qi’/7 d§/14gl/14(G _ 1)10/7 (8)3/7 (5 + 2)

- Q8/7 185/7 ? £6/7

As opposed to the solution obtained with Manning’s resistance equation, the

S (4.16)

minimum of the function represented by equation 4.16 is always at £ = 12.
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Brownlie (1981) developed two flow resistance equations, one for lower regime
and another for upper regime, for large width-depth ratios (R; =~ h). The follow-
ing equation is the detailed analytical solution developed from Brownlie’s (1981)

resistance equations:

Q7 [(G-1)F a4 e
S = Sg |: 18 :| : 1—2x 3 3Z (417)
Q% g 2 avoy

where b = 2(1 + X) + 3Y and a,X,Y,Z and T are the coefficient and exponents of

the resistance equation as indicated in the following equation:

X
h
h:a< 4 ) SYoZdy,

vV gdgo
The values of the coefficient and exponents depend on the flow regime. For lower

regime a = 0.3724, X = 0.6539, Y = —0.2542, Z = 0.1050, and T = 1. For upper
regime a = 0.2836, X = 0.6248, Y = —0.2877, Z = 0.08013, and T = 1.

The function represented by equation 4.17 does not have a minimum. For large

width-depth ratios, the slope tends to: S o &P, where p = 2Xb_1 and is equal to

p = 0.1209 for lower regime and p = 0.1046 for upper regime.

Figure 4.4 shows the solutions of equations 4.8, 4.16, and 4.17 for the following
data set: water discharge (Q = 139 m?/s), sediment discharge (Q, = 0.082 m?3/s),
particle size (d; = 0.3 mm), Manning friction factor (n = 0.023), Darcy-Weisbach
friction factor f = 0.03, specific gravity of the sediment (G' = 2.65) and gravitational
acceleration (¢ = 9.81 m/s?). In order to plot equation 4.17, a flow regime was
assumed and then it was verified that the results correspond to the assumed flow

regime (see Appendix 7.1 for the conditions of each flow regime).

Numerical Solutions with Different Sediment Transport Equations

The analytical solutions presented at the beginning of this chapter were developed

from Julien’s (2002) simplified sediment transport equation. Other sediment trans-
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Figure 4.4: Slope versus width-depth ratio relationships developed from Julien
simplified sediment transport equation and Manning, Darcy-Weisbach and Brownlie
flow resistance equations. These curves were generated with the following data:
Q=139 m3/s, Qs = 0.082 m?®/s, dy = 0.3 mm, n = 0.023, f = 0.03, G = 2.65, and
g=9.81m/s>

port equations were also used to develop slope versus width-depth ratio relation-
ships for comparison. The sediment transport equations used were: Yang (1973),
Engelund and Hansen (1967, from Julien 1995), Molinas and Wu (2001), Brownlie
1981, and Ackers and White (1973). These equations are included in Appendix 7.1.

Analytical solutions cannot be developed with these equations. Therefore, nu-
merical solutions were produced by performing numerical iterations. Given the flow
discharge (Q), the sediment discharge (Qs), the sediment size (ds), the friction fac-
tor (n or f), and the channel width (1¥), the resistance equation and the sediment
transport equation were solved simultaneously for the channel slope S by solving for

the flow depth h. These iterations were performed with Visual Basic for Microsoft
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Excel.

The numerical solutions were developed using three resistance equations (Man-
ning, Darcy-Weisbach, Brownlie) (see Appendix 7.1). The solutions were found for
the same data used to develop Figure 4.4. Figures 4.5 and 4.6 present the results.
The analytical solution developed from Julien’s simplified transport equation is also
plotted for comparison.

Figures 4.5 and 4.6 show that the slope versus width-depth ratio relationships
change with the different transport and resistance equations. The width-depth ratios
at the minimum slopes vary from about 1.5 to 25 in Figure 4.5. Multiple slope so-
lutions for the same value of width-depth ratio are generated when using Brownlie’s
(1981) equation.

Similar solutions can be obtained for the slope versus width relationships. Fig-
ures 4.7 and 4.8 contain the results of these relationships for all the sediment trans-
port and resistance equations. The solution of slope versus width relationship ob-
tained from Julien’s (2002) simplified sediment transport equation and without ap-
proximation of the the hydraulic radius equal to the flow depth can only be obtained
numerically. Figure 4.7 shows that the width at minimum slope varies from about
10 to 50.

The SAM hydraulic Design Package for Flood Control Channels (v. 3.07, 10
August 1994), developed by the US Army Corps of Engineers, was used to generate
similar curves to the relationships in Figures 4.5 to 4.8 for comparison. This program
uses composite hydraulic parameters, which consist of computing the cross section
as a function of the bed hydraulic radius and the side slope hydraulic radius. The
bed hydraulic radius is computed with Brownlie’s flow resistance equation and the
side slope hydraulic radius with Manning’s flow resistance equation. In addition,
Brownlie’s transport equation is used to compute the sediment concentration. Figure
4.9 presents the results obtained from SAM. The width and the width-depth ratio

at minimum slope are 5.6 m and 4.6 m, respectively.
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Figure 4.5: Slope versus width-depth ratio relationships developed from six differ-
ent sediment transport equations and Manning and Darcy-Weisbach flow resistance
equations. These curves were generated with the following data: Q = 139 m3/s,

Qs =0.082 m?3/s, dy = 0.3 mm, n = 0.023, f =0.03, G = 2.65, and g = 9.81 m/s>.

In order to achieve a better understanding of these relationships, a sensitivity
analysis of the slope versus width-depth ratio and slope versus width relationships
was performed. Two different analyses were carried out. In one the sediment dis-
charge was considered dependent on water discharge. In this case water discharge
(Q), sediment size (ds) and friction factor (n) were perturbed and the sediment dis-
charge was estimated according to the bed material rating curve at San Marcial (see
Appendix 7.1) for each value of water discharge. The bed material load was used

instead of the bedload, because there are no bedload measurements at San Marcial
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Figure 4.6: Slope versus width-depth ratio relationships developed from six dif-
ferent sediment transport equations and Brownlie flow resistance equation. These
curves were generated with the following data: Q = 139 m?/s, Q, = 0.082 m3/s,
dy = 0.3 mm, G = 2.65, and g = 9.81 m/s?. T = Transition; LR = Lower regime;

UR = Upper regime.

gage. The second analysis consisted of changing only the sediment discharge and
keeping the water discharge constant. Four different responses were measured. The

width-depth ratio at minimum slope, the width at minimum slope and the exponents

P
p and ¢ of the following relationships: S, = (‘f{:) , and S, = W2, for large widths.
The details of the procedures followed and the results of the sensitivity analysis are

in Appendix C.
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Figure 4.7: Slope versus width relationships developed from six different sedi-
ment transport equations and Manning and Darcy-Weisbach flow resistance equa-
tions. These curves were generated with the following data: @Q = 139 m3/s,

Q, = 0.082 m3/s, dy = 0.3 mm, n = 0.023, f = 0.03, G = 2.65, and g = 9.81 m/s>.

Even though the slope versus width-depth ratio and slope versus width relation-
ships change with different equations (see Figure 4.5 to 4.8) and different levels of
the input variables, there are some common trends in the results of the sensitivity
analysis. The exponents p and g never change for any level of water discharge, sed-
iment size and friction factor, when using the Engelund and Hansen equation. For
example, the exponents p and ¢ are always equal to 0.22 and 0.40, respectively, for

the Engelund and Hansen sediment transport equation and the Darcy-Weisbach re-
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Figure 4.8: Width versus slope relationships developed from six different sediment
transport equations and Brownlie flow resistance equation. These curves were gen-
erated with the following data: Q = 139 m?®/s, Q, = 0.082 m3/s, d, = 0.3 mm,
n = 0.023, f = 0.03, G = 2.65, and g = 9.81 m/s*>. T = Transition; LR = Lower
regime; UR = Upper regime.

sistance equation. Similarly, p and ¢ are always equal to 0.24 and 0.42 respectively,
when using the Manning resistance equation. It can be noticed from these results
that p and ¢ are almost the same in both cases.

In general, the exponents p and ¢ are more sensitive to the combined changes
in water and sediment discharge than to the changes in sediment size, and friction

factor, when using Yang’s and Brownlie’s equations.
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Figure 4.9: Results from SAM hydraulic Design Package for Flood Control Chan-
nels. (a) Width-depth versus slope relationship. (b) Width versus slope rela-
tionship. These curves were generated with the following data: Q = 139 m3/s,

Q, = 0.082 m3/s, d, = 0.3 mm and n = 0.023.

The outcomes of the model developed with Ackers and White’s equation are more
sensitive to the perturbations of the input variables than the outcomes produced
with any other transport equations.

Another interesting result is that none of the response variables change for the
different levels of friction factor n, when using the Molinas and Wu sediment trans-

port equation.

For all the different input conditions and all the sediment transport equations,
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the exponents p range from 0.09 to 0.29 when using the Manning resistance equation
and from 0.02 to 0.22 when using the Darcy-Weisbach equation. Similarly, ¢ ranges
from 0.14 to 0.56, when using the Manning equation and from 0.05 to 0.40, when

using the Darcy-Weisbach resistance equation.

4.2 Transient Solution with Constant Discharge

In the previous section analytical solutions were developed between the equilibrium
slope and the width-depth ratio for steady state input variables. The transient so-
lution of the channel slope changes from the initial condition to the equilibrium
condition in a channel like the one depicted in Figure 4.1, which can be simulated
with a numerical model. This section summarizes the characteristics of the numer-

ical model used and the results of the simulations.

4.2.1 Model Overview

A one-dimensional numerical model was developed to compute bed aggradation and
degradation processes driven by constant water discharge (). This model provides
the changes in bed slope of a sequence of channel reaches with different widths
(see Figure 4.1) under constant discharge. The model consists of fully uncoupled
hydraulic and sediment components solved by an explicit finite difference scheme,
forward in time and backward in space (FTBS) (Hoffmann and Chiang, 2000).
The backwater profile for one-dimensional steady gradually varied flow was cal-

culated with the following equation of motion (Chow, 1959; Henderson, 1966):

dh S, — S
&1 (4.18)

where S, is the bed slope, Sy is the friction slope, F; is the Froude number, A is the
flow depth and x is the distance along the channel.
Changes in channel bed elevation were computed with the equation of conserva-

tion of sediment without sediment source (Vanoni, 1977; Julien, 1995) given by:
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aAAb + Te aQs
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Where A, is the area of the bed layer, p, is the porosity of the sediment, Q)

—0 (4.19)

is the sediment discharge and 7, is the trap efficiency, defined as T, = 1 — e®/hV

Where, w is the sediment fall velocity, h is the flow depth, V is the flow velocity
and z is the distance along the channel. The first term in equation 4.19 expresses
the rate of deposition and/or erosion in the bed and the second term provides the
change in sediment discharge along the channel. Because the width of the channel
changes with distance x, equation 4.19 was expressed as:

0Z,, . 0Qs

o T ) on =0 (4.20)

where Z, is the elevation of the bed and W is the width of the channel.

Julien’s (2002) simplified sediment transport equation was used to compute the
sediment discharge along the channel. Appendix G contains the flow chart, the
Matlab computer code of the model and typical input and output files. A more

detailed description of the model follows in the next section.

Backwater Profile

The model was developed for subcritical flow. Therefore, the flow is controlled at the
downstream end of the channel. The downstream flow depth must be provided to
start the computation of the backwater profile. The program computes the normal
depth at the first downstream node to start the backwater computation. It is assum
that a normal flow develops in the reach downstream from the study reach. If
an adverse slope develops in the first downstream node, the model will stop. The
normal depth does not exist on adverse slopes.

The standard step method (Chow, 1959; Henderson, 1966) is used to integrate

equation 4.18. This method consists of computing the flow depth at a specified
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distance Az along the channel. For a given discharge, the flow depth at the down-
stream node is known (k). Then a trial value of the unknown depth upstream from
the first node is chosen(h.), and the total energy (H.; = z+v?/2g+h,) is computed
based on this value. Manning’s resistance equation is used to compute the friction
slopes (S, and Sy,) at each node and from the mean value (Sy) a second value of
the total energy (H,2) at the second node is calculated. If the difference of H,; and
H.,s is less than or equal to a specified error (error = 0.001), the trial flow depth is
the solution. Otherwise a new trial flow depth will be computed, as the previous
trial depth plus an increment. Henderson’s (1966) method is used to compute the
increment in flow depth for the new trial value. The increment in flow depth (Ahy)

is computed with the following equation:

Hg

Ahy =
1—Fr?+

e (4.21)

2Ro

where Hp is the change in total energy (H.o — H.1), and F'ry is the Froude number
at node 2.

Once a solution has been found, the program checks that the flow depth is
greater than the critical flow. Otherwise, the model sets the solution equal to the
critical flow. In addition, if there is a contraction in the channel, the model checks
that the flow has enough energy to pass the constriction. If the flow is choked,
the water upstream from the constriction has to back up. Therefore, a new flow
depth upstream of the constriction is computed based on the minimum energy at
the constriction.

This program computes the backwater profile using an algorithm for gradually
varied flow. There are some cases in which rapidly varied flow occurs and some of
the characteristics are approximated with a gradually varied flow algorithm. For
example, when there is a change in channel width, rapidly varied flow occurs and
the curvature of the flow is more pronounced than in gradually varied flow. In

addition, the friction losses become less important in rapidly varied flow than in the
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gradually varied flow. In these cases, it might be difficult to find a solution of the
equation of motion. The program keeps track of all the trial values of the flow depth
at each station as well as the number of iterations and the computed errors (Hg).
If the minimum error (0.001) has not been met after 50 iterations, the program
uses the flow depth that produced the minimum error as the solution and continues
computing the backwater profile in the next upstream node. The backwater routing
was validated with published data in the Open-Channel Flow book by Chaudhry
(1993, p.136).

This model works with a constant roughness coefficient. Under this condition,
it is better to assume a constant Manning roughness coefficient (n) than a constant
Darcy-Weisbach roughness coefficient (f). The comparison of both equations shows

1/6
R#. Therefore, even though n is constant, the factor that accounts

that /% =
for roughness in Manning resistance equation changes with changes in hydraulic
radius Rj,. In addition, the Manning roughness coefficient (n) has been used as a
calibration parameter in sediment transport models in the middle Rio Grande (Drew
Baird, USBR, Albuquerque, NM, 2002 pers. comm.). The results of the roughness
coefficient from the calibration(n) are used as a reference value in this dissertation
(see Chapter 6).

Hydraulic geometry characteristics of the channel can be computed for trape-
zoidal or rectangular cross sections. The side slope (2) has to be specified in either
case. If z is zero, the cross section is rectangular. The component of the program
that computes the backwater profile works for rectangular and/or trapezoidal cross

sections. However, the component that computes the changes in bed elevation only

works for rectangular cross sections.

Aggradation/Degradation

The results of the backwater profile are input into the sub-routing that computes

aggradation/degradation along the channel. The equation of conservation of sed-
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. The

iment (equation 4.20) was discretized as: Zi1{ = ZI,, — (1570) (Qg]‘;;:i%)m
super-index t refers to time and the sub-index j refers to space. The sub-index j
increases in the downstream direction. The median grain size (ds) is used to com-
pute the sediment load. The sediment size (dso) and the friction factor (n) do not
change along the channel.

It is assumed that the bed elevation at the first upstream node does not change
with time, meaning that the channel is able to transport the sediment coming into
the reach. Due to the numerical scheme used (backward in space), the change
in elevation computed between the first upstream node (j) and the adjacent node
downstream from it (j + 1) will be assigned to the node j + 1. Therefore, the
upstream elevation has to be specified. The bed slope at each node is computed
with the elevation of subsequent nodes. The slope at node j is the slope computed
with the elevations of nodes j (upstream) and j+ 1 (downstream). The slope of the
first downstream node is assumed equal to the slope of the node upstream from it.

The scheme of discretization of the equation of conservation of sediment that
produces more stable results depends on the type of sediment transport equation
(Julien, 2002). In addition, the stability of the model also depends on the time step
(At) and space intervals (Ax) specified. The stability of the model is checked at

each node with the Courant-Friedrich-Levy condition. The Courant-Friedrich-Levy

Ats

number is C' = o3

V', when using Manning’s resistance equation (Julien, 2002).
The mean flow velocity is V. If C' exceeds 1, the model produces a warning message

to indicate that numerical instability is likely to occur.

4.2.2 Model Limitations

Natural processes are complex and not fully understood. Consequently, numerical
models are generalizations of the reality and therefore do not account for all the
factors that might affect a given process. This section summarizes the limitations

of the numerical model:
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e Backwater profile and changes in bed elevation are modelled as one dimen-
sional processes. Therefore, three dimensional flows, that occur in braided

channels, cannot be simulated with this model.

e The model does not account for changes in channel width with time. The
changes in channel width will depend, among other factors, on the resistance
of the banks to erosion. Some reaches of the middle Rio Grande (e.g. Bosque
del Apache Reach) have not changed significantly their widths since about
1985, likely due to the vegetation on the banks and the almost constant water

and sediment regimes (see Figures 3.2 and 3.5).
e The model does not account for point sources of sediment, such as tributaries.

e The model does not account for coarsening or fining of the bed material with

erosion or deposition of sediment in the channel bed.

e The model does not account for infiltration and/or exfiltration along the chan-

nel.

e The model does not account for changes in roughness with discharge due to

bedforms.

4.2.3 Simulation with Constant Discharge

A sequence of two channel reaches with different widths similar to Figure 4.1 was
modelled. The total length of the channel was 32 kilometers. The following data
were input into the model: upstream and downstream channel widths: W; = 100
m and Wy = 200 m, respectively, initial channel slope S = 0.0008 m/m, constant
water discharge: @ = 139 m3/s, Manning friction factor: n = 0.023 and sediment
size: ds = 0.3 mm. The space interval was Az = 200 m and the time step At = 0.2
day. The channel width changes from 100 m to 200 m over a distance of 200 m. The
lengths of the subreaches are L; = 12.2 km and Ly = 19.6 km for subreaches 1 and
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2, respectively. These channel geometry, sediment and roughness characteristics are
typical values for the middle Rio Grande downstream from the San Acacia gage.

The normal flow depth downstream was used as a boundary condition. In addi-
tion, the elevation of the first upstream nodes was fixed. The model was run until
the sediment transport rate was equal in the upstream and downstream reaches. It
took a long time (about 18 model-years) to reach this condition. Figure 4.10 shows
the results of the hydraulic component of the model. Figure 4.11 shows the results
of the sediment component of the model. The slope of the wide reach (W5 = 200 m)
steepened and the slope of the narrow reach (W; = 100 m) flattened until continuity
of sediment was achieved (see Figure 4.11(b)). In consequence, the velocity of the
wide reach increases with time. However, it remained less than the velocity of the
narrow reach.

Sensitivity analysis of the model to the time to reach equilibrium indicates that
for a reduction of about 50% of dx and dt, the time to reach equilibrium decreases
about 6%. In addition, the time to reach equilibrium decreases with decrease in
reach length, increase in roughness coefficient (n) and increase in water discharge.
The decrease in sediment size from 1.00 mm to 0.5 mm also decreased the time
to reach equilibrium, even though, the trap efficiency is decreased with the finer
sediment size. Appendix F contains the results of the model for different reach
lengths, sediment sizes, roughness coefficients and water discharges. The time to
reach equilibrium is expected to vary with the square of the reach length (L?),
because this time is a function of the volume of sediment storage in the reach.

The changes in slope with time at the narrow and wide reaches are plotted in
Figure 4.12. The increase in the slope in the narrow reach during the first 100
days is due to the water profile upstream (Type M2) from the transition. The
channel transition produces a pronounced curvature of the flow in the narrow reach.
In consequence, the friction and water surface slopes increase, producing higher

transport rates in the narrow reach than in the wide reach, creating a scour hole.
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Figure 4.10: Results of the hydraulic component of the numerical model with
constant discharge . (a) Flow depth along the channel, (b) Width-depth ratio along

the channel,(c)Flow velocity along the channel.

This discontinuity is evident in Figure 4.11(a), where the curve for t = 5 days has
a spike. The spike attenuates with time and for this example it took about 100
days. The initial spike was 30,000 m?/s. If the transition is longer, the initial spike
decreases. For example, for a transition of 400 m, the spike is about 20, 000 m3/s and
attenuates during the first 50 days. However, in either case the time of attenuation of
the spike is very small compared to the time to reach sediment transport equilibrium.
Therefore, the time to equilibrium is not significantly affected by the length of the
transition and the final results are not different. It is worthwhile noticing that the
definition of the curves in Figure 4.12 depends on the nodes selected to compute the

reach-averaged slopes. The closer the node is to the transition, the steeper will be
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Figure 4.11: Results of the sediment component of the numerical model with
constant discharge. Top Figure: Sediment discharge along the channel. Bottom

Figure: Bed elevation profile.

the reach-averaged slope of the narrow reach.

An exponential model was fit to the data of Figure 4.12 in order to describe the
slope change as function of time. Richard (2001) and Williams and Wolman (1984)
performed similar analyses to describe the changes in channel width with time. The
detailed procedure and the results are included in Appendix F.

The results of the numerical model are compared with the results of the analytical
approach in Figure 4.13. Numbers 1 and 2 identify reach 1 and reach 2, respectively.
The ratio of the final bed slopes is .S, = 1.09 and the ratio of the width-depth ratios
is & = 3.13. Then, equation 4.6 is satisfied.

Figure 4.14 represents a scheme of the slope versus width-depth ratio relation-
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Figure 4.14: Scheme of the change in slope versus width-depth ratio relationship
between reach 1 and 2. Solid lines represents the initial conditions. Dashed line
represents the final relationship for both reaches. Q4; and Q4 are the sediment
loads at reach 1 and 2, respectively. The white dots represents the initial and final

conditions of each reach.

ships of the two reaches and how this relationship changes with time. At the initial
time (¢;), both reaches have the same slope, and they transport the same water
discharge but different sediment loads. Therefore, the slope and width-depth ratio
for each reach plots in different curves (solid lines). As the time passes, the narrow
reach develops a flatter slope and the wide reach develops a steeper slope. In conse-
quence, the narrow reach decreases the sediment load and the wide reach increases
it. The characteristics of the two reaches (width-depth ratio and slope) plot in the
same curve (dashed line), when both reaches transport the same sediment load at

time (¢ = ¢;). The arrows indicate the change in conditions at each reach with time.



Chapter 4. Steady State and Transient Models 73

4.3 Validation of the Steady State Analytical Solution

Laboratory flume data of Bigillon (1997) were used to validate the analytical solu-
tion developed in section 4.1.1 of this Chapter. Bigillon (1997) conducted 20 flume
runs involving five different flume slopes, two water discharges and ten sediment
discharges. Two different types of test were performed. One type of test, in which
the sediment injected in the channel was smaller than the sediment discharge, cor-
responded to the initial experimental conditions, such that erosion of the bed was
induced. The other type of test consisted of injecting a sediment discharge higher
than the sediment discharge resulted from the initial experimental conditions. In
both cases, the experiments were run until equilibrium conditions were reached. Ten
of the runs were performed from a narrow (W = 15 cm) to a wide reach (W = 30
cm), and the other ten from a wide (W = 30 ¢cm) to a narrow (W = 15 cm) reach.
In both cases, the channel transition had a length of 60 cm.

The widths of the channels and the equilibrium slopes at the end of each run are
compared with equation 4.4 in Figure 4.15. The downstream reach is numbered 2
and the upstream reach is numbered 1. The results for both cases (channel widening
and narrowing) are summarized in box plots and represented in Figure 4.16. Both
cases are compared with the analytical solution.

The laboratory results are in good agreement with equation 4.4, except for two
runs for the case of channel widening and three runs for the case of channel narrowing
(Figure 4.15). Most of the results indicate that the wide reach develops a steeper
slope than the narrow reach (see Figure 4.16. The laboratory flume data show the

same trend indicated by the analytical solution.

4.4 Summary

Analytical solutions developed in Section 4.1 indicate that a change in channel width

from a narrow to a wide section causes a decrease in slope in the narrow reach and
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Figure 4.15: Comparison of the slope versus width-depth ratio relationship in

equation 4.4 with the laboratory flume data of Bigillon (1997).

an increase in slope in the wide reach. This result is in agreement with laboratory
flume data of Bigillon (1997) and the literature of hydraulic geometry equations (see
Chapter 2).

Equation 4.9 shows that the change in slope depends more on the sediment
concentration by volume (C,) than on the flow discharge (Q). This result is in
agreement with Julien (2002), Huang and Nanson (2000), and Maza-Alvarez and
Cruickshank-Villanueva (1973).

Slope versus width-depth and slope versus width relationships depend on the

sediment transport and resistance equation used. The exponents p and ¢ of the
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Figure 4.16: Comparison of the width ratio versus slope ratio relationship in equa-
tion 4.4 with the box plots for the results of the laboratory flume data of Bigillon
(1997).

W,

p
e ) , and S, = WZ vary with different equations.

following relationships S, = (

A numerical model was developed to simulate the evolution of the channel bed
of a sequence of two channel reaches with different widths under constant water
discharge. The results of the numerical model are in agreement with results of the

analytical solution. This model can be used to estimate the time to reach equilibrium

under constant water discharge.



Chapter 5

Numerical Model with Variable Discharge

It is a common practice in engineering to use a dominant discharge for designing
river works. However, the definition of this dominant discharge is not a simple task.
Each component of the channel form adjusts at different time scales (Knighton,
1998) over a range of discharges. The objective of this Chapter is to simulate the
evolution of the bed elevation under unsteady flows rather than under a constant
discharge, then compare the long-term changes in channel slope with the equilibrium
slope predicted for constant discharges. In the first part of this chapter a description
of the model is presented. Then the results of the model simulations are presented

and compared with the simulations of the numerical model with constant discharge.

5.1 Description of the Model

5.1.1 Backwater Computation

The same algorithm developed for the numerical model for constant discharge was
used in the numerical model for variable discharge. However, the flow discharge is
allowed to change every time step. This algorithm implies that the local acceleration
term (%) in the momentum equation is neglected (Chow et al., 1988).

In order to validate this assumption, the terms of the momentum equation were
estimated using flow depth and flow velocity data reported at the San Acacia and
San Marcial gages during two consecutive days (Table 5.1). The San Acacia gage is
located upstream from the San Marcial gage (Figure 3.1). The momentum equation

is as follows: S; = S, — 9 — aVij2g _ 1oV (Chow et al., 1988). Where, Sy is the

76
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Station Dates | Q in m?/s | Depth (m) | Velocity (m/s)
San Acacia | 5/22/01 40 1.1 0.74
San Marcial | 5/23/01 98 1.8 1.02

Table 5.1: Flow discharge, depth and velocity at San Acacia and San Marcial gages
for May 22 and 23 of 2001.

friction slope, S, is the bed slope, h is the flow depth, V is the flow velocity, ¢ is
the gravitational acceleration, x is the length of the channel, and ¢ is the time.
The flow data of May 22 and 23 of 2001 were used to estimate the terms of the
momentum equation. Table 5.1 summarizes these data. The two gage stations are
about 76 km apart. The averaged bed slope in this reach is about S, = 7 2 107%. The

change in flow depth Ah between the two stations Ah = 1.8—1.1 = 0.7m. Then, the

. (AR 07T m —06 -
change in flow depth over the reach is 33 = =45, = 9-21 1077, The convective

. . OAV2 _ (1.022-0.74%)m?2/s? —07
acceleration can be evaluated as: bgAT = 22081776000 mi/E = 3.28 x 107°". The local

; CAV _ (L02-0.74)m/s _o7
acceleration term can be evaluated as: GAL = D81 m/sTx864005 — 3.31 x 1077,

The local acceleration term is of the order of 107%7, whereas the bed slope (S,)
is of the order of 107%4. Therefore, the local acceleration term was neglected and a
non-uniform, steady state model was developed.

Other variables that are allowed to change with time are the water temperature,
kinematic viscosity of the flow and fall velocity of the sediment particles. The
temperature data are input to the model. Then, the kinematic viscosity and the fall
velocity are computed for each time step.

The original steady state model was also modified to account for other fac-
tors. For example, contraction and expansion losses were added to the model. The
program compares the velocity between two consecutive stations. If the velocity
downstream is greater than the velocity upstream a contraction occurs. If the op-
posite happens an expansion occurs. The coefficient of contraction is ¢ = 0.1 and

the coefficient of expansion is ¢ = 0.4, which are typical coefficients recommended
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by the U. S. Army Corps of Engineers (1998).
Minor losses due to expansion and contraction are evaluated in the following

manner:

Vd2 Vu2

29 29

where, V; and V,, are the downstream and upstream velocities and ¢ is the gravita-

hy, = ¢

tional acceleration.
The equation of Henderson (Henderson, 1966) for the solution of the energy
equation was also changed to account for the expansion and contraction coefficients

and is as follows:
Hg

Ah; =
1— Fr2(1—0.5¢) +

2R;

where Ah; is the increment of flow depth at node i, Hg is the change in total energy

(H.; — Hyi—1), and F'r; is the Froude number at node i.

5.1.2 Aggradation/Degradation Computations

The aggradation /degradation module of the program was modified to limit the max-
imum bed degradation, in order to account for the existence of man-made or geologic
controls in the bed of the channel. In order to do this, the user has to specify the
minimum bed elevation at each node. Then, the initial available sediment volume

that can be eroded in the channel is computed as:

volume; =(1 — po) <(elevati0ni — minelev;) + (elevation;, — mz’neleviﬂ)) .

2

ed, <widthi + widthi+1)
2
where, elevation; is the bed elevation at node ¢, minelev; is the minimum elevation
the bed can have at node 7, width; is the width of the channel at node 7 and po is
the porosity of the sediment.

The sediment transport capacity is computed at each node (7). The difference

in sediment discharge between two adjacent nodes yields the amount of sediment
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that will be aggraded or degraded between them. If there is aggradation, the change
in bed elevation is computed as explained in Chapter 4 and the available volume
is recomputed as the volume that already exists in the bed plus the volume that
will be stored. If there is degradation, there are two options: 1) the amount of
sediment to be degraded is greater than the available volume in the bed. In this
case, all the sediment is moved downstream and the bed elevation takes the value
of the minimum elevation. Or, 2) the amount of sediment to be degraded is less
than the available volume in the bed. In this case, the change in bed elevation
is computed as explained in Chapter 4 and the available sediment volume left in
the bed is recomputed as the available volume that existed in the previous time
step minus the volume of sediment moved downstream in the present time step.

Appendix G contains the flow chart of the model.

5.2 Long-term Simulations

The numerical model for variable discharge was run for 20 years. The flow discharge
data at the San Acacia gage from 1979 to 1999 were routed through the channel.
This period was selected because the flow regime did not change during this time
span (see Figure 3.2).

The channel characteristics are the same as the characteristics used in the ex-
ample presented in Chapter 4, Section 4.2.3, where the channel is widened from
100 m to 200 m. The following data were input into the model: initial channel slope
S = 0.0008, Manning friction factor: n = 0.023 and sediment size: d, = 0.3 mm.
The space interval was Ax = 200 m and the time step At = 0.2 day. The channel
width changes from 100 m to 200 m over a distance of 200 m. The lengths of the
subreaches are Ly = 12.2 km and Ly = 19.6 km for subreaches 1 and 2, respectively.

Figure 5.1 (a) contains the hydrograph input to the model, and Figure 5.1 (b)
presents the change in reach-averaged slope with time. The values of the reach-

averaged slope depend on the nodes used to compute them. Then, rather than a
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unique curve a family of curves is more representative of the averaged value. Figure
5.1 (b) shows the reach-averaged slope computed with five different sets of nodes.

The slope of the wide reach increases, whereas the slope of the narrow reach
decreases. The slope changes rapidly during high peak flows and stays almost con-
stant during low flows. This result is in agreement with the results of the steady
state model for different flow discharges (see Appendix F), where the rate of change
in slope with time is faster with steady state high flows than with steady state low
flows. The increase in sediment discharge also increases the sediment concentration.
Therefore, the channel slope changes rapidly during high flows. Another interesting
result is that the larger the discharge, the larger the equilibrium slopes.

Appendix D contains the analysis performed to explore the effect of the sediment
concentration on the time to equilibrium with variable discharge.

Figures 5.2 to 5.4 compare the results of the numerical model with variable dis-
charge with the results of the numerical model with constant discharge for three
different discharges: the dominant discharge (Q = 139 m3/s) (see Chapter 3), dis-
charge equalled or exceeded 10 percent of the time (Qy9 = 97 m3/s) (see Appendix
E) during the period 1979-1999 and mean annual discharge (Q = 35 m?/s) during
the same time period. The dominant discharge was estimated as the average of the

peak daily flows of the five previous years to 1999 (Richard, 2001).

5.3 Summary

Numerical simulations with variable discharge of a sequence of two channel reaches
with different widths and constant initial channel slope indicate that the slope of
the wide reach increases, whereas the slope of the narrow reach decreases. The rate
of change of slope with time is faster at high flows and is almost zero at low flows.

The long-term changes in channel slope with time due to variable water dis-
charges are better approximated by the numerical simulation with a constant dis-

charge close to the mean annual flow than with the flood discharges (e.g., discharge
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Figure 5.1: Results of the numerical model with variable discharge. (a) Input
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averaged slope with time.
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Figure 5.4: Results of the numerical model with variable and constant discharges.

(a) Input hydrograph from the San Acacia gage from 1979 to 1999, (b) Change in

reach-averaged slope with time from the numerical model with variable discharge

and from the numerical model with a discharge equal to the dominant discharge

(Q =139 m3/s).
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equalled or exceeded 10 % of the time, dominant discharge).

The rate of change of slope with time decreases after about 10 years. The
sequence of high flow peaks between the year 12 and 19 did not change the channel
slope as much as the sequence of peaks from year 1 to 9. This indicates that the

channel slope is approaching an equilibrium slope asymptotically.
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Field Application to the Middle Rio Grande

Wide braided reaches and alternating narrow straight channels are common in some
stretches of the middle Rio Grande. The numerical model for variable discharges
was used to simulate the slope adjustment of a river stretch characterized by reaches
of different widths. The study reach is located in the southern end of the middle
Rio Grande, which includes the Bosque del Apache National Wildlife Refuge (see
Figures 6.1 and 6.3). The following section describes the characteristics of the study
reach. The data input into the model are summarized in Section 6.2. Section 6.3
presents the model results and Section 6.6 presents the applications of the results

to river restoration.

6.1 Description of the Study Reach

The study reach starts about 47 kilometers downstream from the San Acacia diver-
sion dam (Figure 6.1). This reach comprises the Bosque del Apache Reach National
Wildlife Refuge and consists of three subreaches; one wide section located between
two narrow, straight reaches.

This reach was selected because its width has remained almost constant since
about 1985. In addition, it has not migrated across the floodplain. Digitized aerial
photos of the active channel or non-vegetated channel show that this reach narrowed
from 1918 to 1972 (Figure 6.2). Channel cuts took place in this reach between
1949 and 1972 (U. S. Bureau of Reclamation, 2000). Much of this narrowing is

due to human intervention (U. S. Bureau of Reclamation, 2000). The wide reach

86
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Figure 6.1: Approximate location of the Bosque del Apache reach in the middle

Rio Grande. Map not to scale.

observed in the planform plots after 1972 is the result of clearing the vegetation
on the banks. The width of the channel corresponds to the channel clearing width
(Drew Baird, USBR, Albuquerque, NM, 2002 pers. comm.). This wide reach has
remained the same since then (Figure 6.3). The banks have not widened as a result
of the vegetation that was not cleared (Drew Baird, USBR, Albuquerque, NM, 2002
pers. comm.). In addition, the cohesive banks of the downstream narrow reach have

remained fairly stable (Figure 6.3).
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6.1.1 Cross Section Surveys

Field surveyed cross section data along the study reach (Socorro-lines or SO-lines)
have been collected since 1987. Figure 6.4 shows three typical cross sections at each
of the subreaches.

Figures 6.5 and 6.6 contain the thalweg profiles for February 1992 and July to
September of 1999, respectively. Linear regressions were fit to the available data,
with one regression per subreach. The slopes of the regression lines were estimated
for each subreach and are indicated in Figures 6.5 and 6.6. These slopes show that
the wide reach is steeper than the two narrow reaches for both surveys. Similar
results are obtained from the cross section data collected in 1993, 1997 and 1998

(see Appendix I).

6.1.2 Active Channel Width

The active channel width corresponds to the non-vegetated channel delineated by the
GIS and Remote Sensing Group of the USBR, Denver, CO, from aerial photos and
topographic maps. The active channel width definition is based on the idea that high
flows for the five or so years prior to the survey will clear away the newly established
vegetation (Richard, 2001). The non-vegetated channel width was measured at each
cross section (SO-line) along the reach. These measurements were performed with
ArcView by clipping the cross section line coverage with the active channel polygon
coverage. Figure 6.7 shows the active channel width at the SO cross sections in 1985
and 1992. The non-vegetated channel width has not changed significantly during
this period, except for two short stretches in the upstream and downstream narrow
sections. The narrow reach downstream from Bosque del Apache (Figures 6.2 and
6.3) is completely a man-made channel (Mussetter Engineering, 2002). Aerial photos
of the study reach taken in the winter of 2000 show that the channel width has not
changed from 1992 to 2000. Figures 6.8 and 6.9 show the digitized non-vegetated

planform in 1992 and the 2000 aerial photo of the upstream section (narrow) and a
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Figure 6.4: Typical cross sections in the study reach.

section of the middle reach, respectively. The location of the reach in Figure 6.8 is
between the letters A and B in the 1992 longitudinal profile (Figure 6.5). Similarly,
the location of the wide channel section in Figure 6.9 is between letters B and C in

the same profile.

6.1.3 Width-Depth Ratios

The width-depth ratios were computed from the cross section surveys, which include
water surface elevations. The surveys were collected when the flow discharges were
between 9 and 32 m?/s in 1999. The mean annual flow is 39 m?/s at the San Acacia
gage between 1992 and 1999. Therefore, all the measurements were performed

during flows less than or close to the mean annual flow. Unfortunately, there are
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Figure 6.5: Thalweg profile of the study reach for 1992. Bed slopes in m/m are
indicated in the plot. The letters A,B, and C identify the location of the aerial

photos shown in Figures 6.8 and 6.9.

not cross section measurements during high flows.

The upstream, narrow reach has an averaged width-depth ratio of 163 with a
standard deviation of 89, when the flow discharge is 9 m?/s. The middle, wide reach
has an averaged width-depth ratio of 337 with a standard deviation of 28, for a flow
discharge of 32 m?3/s. The downstream, narrow reach has an averaged width-depth

ratio of 91 with a standard deviation of 58 for a flow discharge of 18 m*/s.

6.1.4 Bed material

The banks and bed of the Bosque del Apache reach consist of sand-sized material
(Drew Baird, USBR, Albuquerque, NM, 2002 pers. comm.). Bed material particle
size distributions have been collected at the SO-lines from 1990 to 1999. Bed mate-

rial data collected in 1992 were input into the model. Several samples were collected
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across cross section SO-1470.5 in April and May of 1992 (see Figure 6.4). The arith-
metic average of the values of percentages finer than a given size were computed to
generate an average curve (Nordin and Culbertson, 1961). The averaged particle
size distribution for SO-1470.5 in 1992 is shown in Figure 6.10. The median grain
size is 0.26 mm and the dgs = 0.43 mm. Bed material data collected at different
SO-lines and at different times of the flow regime in 1999 indicated variability of the
median size between 0.1 mm and 0.3 mm, with the majority of the samples between
0.2 mm and 0.3 mm. This indicates that the bed material has not changed between
1992 and 1999. Mussetter Engineering (2002) reported median grain size of 0.3 mm

in this reach according to bed material surveys performed in September of 2001.

6.1.5 Roughness Coefficient

The San Acacia gage is located upstream from the study reach. Measurements at
the gage between 1988 to 1999 were used to estimate Manning roughness coefficient
(n). This period of record was selected, because the sediment and water regime has
not changed during this time period (Massong et al., 2000).

The data collected at the gage consist of flow discharge, channel width, cross
sectional area and mean flow velocity. In addition, reported channel slope estimates
indicate that the slope in the 5.6 kilometer reach below the San Acacia Diversion
dam varies from 0.0006 m/m to 0.0008 m/m (Massong et al., 2000), with a mean
value of 0.0007 m/m. Manning roughness coefficient at the gage was estimated based
on these data. Figure 6.11 shows the Manning n as a function of discharge. The
roughness coefficient varies from about 0.010 to 0.05. There is no trend between
discharge and roughness coefficient in this plot. However, it is expected to find
bedforms in a fine-grained sand bed river, like this one. It has been observed that
the water surface elevation can drop during high flows (U. S. Bureau of Reclamation,
2000), probably because of reduction of the resistance to flow during the development

of upper regime plane bed. Unfortunately, there are not enough data to use a
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bedform predictor and estimate the roughness coefficient as a function of discharge

in this reach.

6.1.6 Water Temperature

Water temperatures affect the transport of fine sediment particles. The decrease
in water temperatures increases the kinematic viscosity, the resistance to flow and
therefore the total load. Nordin and Beverage (1965) observed that changes in
concentration are usually accompanied by changes in water temperature during
spring runoff, whereas changes in concentration might be independent of tempera-
ture changes during late summer or fall in the Rio Grande. Sporadic water tem-
perature samples from 1982 to 1997 at the San Acacia gage were used to estimate
monthly averaged temperature values. Figure 6.12 shows the sample data as well as
the monthly averaged values of water temperature in degrees Celsius. Averaged tem-
peratures vary from about 5 to 25 degrees Celsius, with the maximum temperatures

in July and August.

6.2 Data Input into the Model

The data input into the model correspond to the 1992 data collected in the river.
The data consist of channel thalweg elevation at each cross section included in
Figure 6.5, channel width at each cross section included in Figure 6.7, monthly
averaged temperatures presented in Figure 6.12, and an overall roughness coefficient
of n = 0.026 obtained from Figure 6.11. This overall roughness coefficient input into
the model is in good agreement with the roughness coefficient (n = 0.024) obtained
from the calibration of sediment transport models in the upper reach of Elephant
Butte Reservoir (Drew Baird, USBR, Albuquerque, NM, 2002 pers. comm.).

The model was run with one sediment size equal to the median bed material size
(ds0) obtained from the sediment gradation curve in Figure 6.10, because the bed

material is almost uniform. This conclusion is supported with the analysis presented
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in Appendix H.

The initial channel slope was computed at each node based on the initial thalweg
elevation and the distance between cross sections. In addition, the mean daily flow
discharge record at the San Acacia gage from 1992 to 1999 was routed. The 1999
reach-averaged slopes predicted by the model were compared to the slopes computed
from the measurements (Figure 6.6).

The upstream boundary condition consists of the historical thalweg elevation at
the first upstream cross section (SO-1470.5). A total of 38 elevation measurements
were available from 1992 to January of 1999. Daily bed elevation values were esti-
mated from the available data by linearly interpolating the missing elevations. The
model was run until January 6, 1999.

The thalweg elevation profiles of the study reach from 1987 to 1999 show that the
channel has aggraded and degraded above a channel elevation close to but slightly
lower than the 1992 channel elevation. The lower end of the study reach is affected
by the backwater profile from the Elephant Butte Reservoir during wet periods
(U. S. Bureau of Reclamation, 2000). In addition, there are some stretches of the
lower end of the study reach that have a significant amount of cohesive material in
the bed (Kristi Smith, USBR, Albuquerque, NM, 2002 pers. comm.). The lower end
of the study reach was moved to the east side of the valley between 1949 and 1962
and relocated to an overbank area that had a higher clay content than the previous
main channel (U. S. Bureau of Reclamation, 2000). The cohesion of the bed explains
the low degradation observed in the lower part of the study reach. However, it is
not clear why the upper part of the study reach behaves in the same manner as the
lower reach.

Two different simulations were performed. In one simulation, the bed degrada-
tion was controlled in the last two downstream cross sections of the study reach.
The bed was not allowed to degrade below the lowest elevation recorded at those

stations during the 1987 to 1999 period. In the other simulation, the bed of the
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Year a b

1992 | 0.156 | 0.363
1993 | 0.105 | 0.475
1994 | 0.178 | 0.348
1995 | 0.109 | 0.490
1998 | 0.230 | 0.254
1999 | 0.215 | 0.291

Table 6.1: Regression coefficients of depth-discharge relationships at the San Mar-

cial gage.

entire study reach was not allowed to degrade below the lowest elevation recorded
during the 1987 to 1999 period.

For the downstream boundary condition the initial downstream water depth was
estimated from depth-discharge relationships developed at the San Marcial gage.
Based on flow discharge, channel width and cross sectional area measurements at the
gage from 1992 to 1999, the mean flow depth was estimated and plotted against the
discharge. One depth-discharge relationship was developed for each year, because
the bed elevation changes with the flow regime and the stage-discharge relationships
shift with time. There were few data values for 1996 and 1997. Therefore, the
1995 equation was used for these years. The equations are of the following form:
h = aQ®, where h is the flow depth in m, Q is the flow discharge in m?/s and a and
b are coeflicients determine with a non-linear regression. Table 6.1 summarizes the
regression coefficients.

Yang’s (1973) sediment transport equation was used in the simulation. This
equation has been used in sediment transport modelling in the upper end of Ele-
phant Butte Reservoir and its results are in good agreement with field measured
transport rates (Drew Baird, USBR, Albuquerque, NM, 2002 pers. comm.). The

bed material measurements at the San Acacia gage are close to the predicted values



Chapter 6. Field Application to the Middle Rio Grande 98

with this equation, for discharges greater than about 10 m?3/s (see Appendix 7.1).
However, the measurements at the San Acacia gage are less than the capacities com-
puted with Yang’s equation. This gage is located downstream from the San Acacia
diversion dam, and therefore the sediment is trapped behind the dam, reducing the
bed material load downstream.

An attempt was made to compute the incoming sediment load to the channel
with the bed material rating curves developed at San Acacia and San Marcial gages.
However, the incoming sediment loads from the rating curves and the potential
transport rates from Yang’s (1973) equation were not in balance. Therefore, the
rating curves were not used in the simulations. Even though the bed material
measurements were close to the potential transport capacities computed with Yang’s
(1973) equation based on the historical hydraulic and sediment data at San Acacia
gage (see Appendix 7.1), the regression lines (rating curves) do not fit the data
(measurements) very well and therefore they do not compare very well with the

predictions made with Yang’s (1973) equation during the simulations.

6.3 Model Results

The model was run from February of 1992 to January of 1999, which corresponds to
the dates for which bed elevations in the upstream node are available. Comparison
of the results was made with the bed elevation profiles for September 1993, July
1997, May-June 1998 and July-September of 1999. The comparison of the results
with the 1999 data is presented in this chapter. The other results are included in
Appendix 1.

Figures 6.13 (a) and (b) compare the resulting channel profiles from the model
with the 1999 measurements. Figure 6.13 (a) shows the results for the case in which
the channel degradation was only controlled in the last two downstream nodes.
Figure 6.13 (b) shows the results when the maximum degradation was controlled

along the entire reach.
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The results obtained with the condition of controlling the maximum degradation
along the entire reach seem to better reproduce the 1999 channel profile. Similarly,
the results for 1993, 1997 and 1998 are best approximated when the maximum
degradation is controlled (Appendix I). If the degradation is not controlled in the
entire channel, a deeper and larger pool is predicted in the narrow downstream reach
(Figure 6.13 (a)).

Figures 6.14 (a) and (b) show the reach-averaged slopes obtained from the profiles
in Figures 6.13. Linear regressions were fit to the data. The slopes of the regression
lines were estimated for each subreach. The results show that the wide reach is
steeper than the two narrow reaches. In addition, the reach-averaged slopes from
the simulations are in good agreement with the reach-averaged slopes obtained from

the field data.

6.4 Comparison of Model Simulations with Variable and Constant

Flows with the Field Measurements of 1999

Numerical simulations were performed in the study reach with two different steady
flow discharges and with the mean daily flows at the San Acacia gage from 1992 to
1999. Figures 6.15 and 6.16 show the comparison of the 1999 field data with the
three different runs for the case in which the channel degradation was controlled in
the last two downstream nodes and the case in which the maximum degradation
was controlled along the entire channel, respectively. For both cases, the results
of the runs with the mean annual discharge Q = 39 m?/s are in good agreement
with the results of the runs with the mean daily flows at the San Acacia gage from
1992 to 1999. Conversely, the results of the runs with the dominant discharge (Q
— 139 m?/s) are not in good agreement with the solution obtained with variable
flows. These results are in agreement with the results obtained in Chapter 5. The
long-term changes in bed elevation with time due to variable water discharges are

better approximated by the numerical simulations with a constant discharge close
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to the mean annual flow.

6.5 Comparison of the Steady State Solution with the Field

Measurements of 1999

Figures 6.17 and 6.18 compare the steady state solutions of slope versus width and
slope versus width-depth ratio, respectively, with the field measurements of 1999.
The steady state solutions were obtained for a mean annual flow of @ = 39 m?3/s
between 1992 and 1999, a sediment load of about Qs = 4,000 tons/day (see Figures
A.1 and A.2 in Appendix 7.1), a median grain size of ds = 0.26 mm, and a Manning
friction coefficient of n = 0.026. The steady state solutions were developed with
Julien’s (2002) simplified sediment transport and Manning resistance equations.
The reach-averaged width of the wide section is 229 m, whereas the reach-
averaged width of the narrow downstream section is 46 m. The weighting factor
used to compute these averages was one half of the distances to each of the adjacent
upstream and downstream cross-sections. The reach-averaged slopes are indicated
in Figure 6.6. The width-depth ratios were estimated from the measured reach-
averaged widths and the computed normal depths at each reach corresponding to
the reach averaged slopes, the mean annual discharge of Q@ = 39 m?/s, and the
Manning friction coefficient of n = 0.026. The results of the steady state solutions
for the mean annual discharge and the corresponding averaged sediment discharge

are in good agreement with the field measurements.

6.6 Application to River Restoration in The Middle Rio Grande

Reach-averaged mean flow velocity and mean flow depth were computed for each
day from the results of the simulations presented in the previous section. The
weighting factor used in the reach averaging was one half of the distances to each

of the adjacent upstream and downstream cross-sections.
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Flow depth and mean flow depth duration curves were developed with the aver-
aged data. Figure 6.19 (a) shows the comparison of the flow depth duration curves
of the narrow (upstream) reach and the wide (middle) reach. Figure 6.19 (b) shows
the curves for the wide (middle) reach and the narrow (downstream) reach. The
results include the two cases considered in the previous section: not controlling
the maximum degradation along the entire channel, and controlling the maximum
degradation along the entire channel.

Figure 6.20 (a) shows the comparison of the flow velocity duration curves of the
upstream (narrow) reach and the middle (wide) reach. Figure 6.20 (b) shows the
curves for the wide (middle) reach and the narrow (downstream) reach. The results
include the two cases considered in the previous section: controlling the maximum
degradation at the downstream end of the channel, and controlling the maximum
degradation along the entire channel.

These plots show the estimated flow depth (h = 0.4 m) and flow velocity (V =
0.1 m/s) below which the greatest population of Rio Grande silvery minnows have
been found (U. S. Fish and Wildlife Service, 2001). Also the maximum flow depth
(h = 0.5 m) and maximum flow velocity (V = 0.4 m/s), where fewer minnows have
been found (U. S. Fish and Wildlife Service 2001, Mike Porter, USBR, Albuquerque,
NM, 2002 pers. comm.), is indicated. Tables 6.2 and 6.3 summarize the percent
of time the indicated flow depths and flow velocities have been equalled or non-
exceeded at the three reaches for the two conditions (controlling degradation, and
not controlling degradation). The average value is also summarized.

The flow depths and flow velocities needed by the Rio Grande silvery minnow
occur more frequently in the wide reach than in the two narrow reaches. Flow depths
less than or equal to 0.4 m occur about 1.5 to 2 times more in the wide reach than
in the narrow reaches, whereas flow velocities less than or equal to 0.1 m/s occur
approximately 10 times more in the wide reach than in the narrow reaches.

Flow depths less than or equal to 0.5 m and flow velocities less than or equal to
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Reach h< 0.4 m (%) | average | V< 0.1 m/s (%) | average

Narrow (u/s)(control) 15.8 1.2
16.7 0.8

Narrow (u/s)(no control) 17.5 0.3

Wide (m) (control) 33.0 6.28
30.4 11.7

Wide (m) (no control) 27.8 7.7

Narrow (d/s) (control) 16.7 0.4
14.6 1.2

Narrow (d/s) (no control) 124 2

Table 6.2: Summary of percent of time the flow depth and the flow velocity equal
or non-exceed h = 0.4 m and V = 0.1 m/s, respectively. Upstream reach is u/s,
middle reach is m, downstream reach is d/s. Control represents the results when
controlling the maximum degradation along the entire channel. No control repre-
sents the results when the maximum degradation was controlled at the downstream

end of the channel.

0.4 m/s occur more frequently in the wide than in the two narrow reaches. However,
the percent of times these conditions are equalled or non-exceeded are high in all
three reaches, when compared with the more strict conditions summarized in Table
6.2.

It is worthwhile mentioning that this analysis was performed with mean cross
sectional velocities and flow depths and do not account for the variation of velocity
and flow depth across the cross sections due to the development of middle bars
and multiple channels. Small minnows are found in shorelines, backwaters, and
pools, whereas large minnows are found in the main channel and in side channel
runs (U. S. Fish and Wildlife Service, 2001). The analysis performed with the mean

flow velocity and depth duration curves do not distinguish the changes in velocity
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Reach h< 0.5 m (%) | average | V< 0.4 m/s (%) | average

Narrow (u/s)(control) 27 15
26 16.5

Narrow (u/s)(no control) 25 18

Wide (m) (control) 50 68
47 67.5

Wide (m) (no control) 44 67

Narrow (d/s) (control) 24 15
20.5 23.5

Narrow (d/s) (no control) 17 32

Table 6.3: Summary of percent of time the flow depth and the flow velocity equal
or non-exceed h = 0.5 m and V' = 0.4 m/s, respectively. Upstream reach is u/s,
middle reach is m, downstream reach is d/s. Control represents the results when
controlling the maximum degradation along the entire channel. No control repre-
sents the results when the maximum degradation was controlled at the downstream

end of the channel.

between backwaters and pools in the same cross section. Therefore, the results of

this analysis are an approximation.

6.7 Summary

Field data of the middle Rio Grande indicate that two narrow reaches upstream and
downstream from a wide river section have developed slopes that are flatter than
the slope of the wide reach. Results of the model simulations of the study reach are
in good agreement with the field measurements.

Results of the numerical model obtained with a constant discharge equal to the
mean annual flow are in good agreement with the results obtained with variable

discharges.
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The steady state slope versus width and slope versus width-depth ratio for the
mean annual flow and the corresponding sediment discharge are in agreement with
the field measurements collected in 1999.

Flow depth and flow velocity duration curves indicate that the wide reach pro-
vides shallower and lower velocity flows than the two narrow reaches, which might
be more favorable for the fish habitat. The flow conditions (h < 0.4 m and
V' < 0.1 m/s), where the majority of Rio Grande Silvery Minnow have been found
in the river (U. S. Fish and Wildlife Service, 2001), are met less than 30 % of the
time at all reaches.

The percent of time a flow depth of h = 0.5 m is non-exceeded or equalled is
about 50 % in the wide reach. In the case of a mean flow velocity of V = 0.4 m/s,
this condition is equalled or non-exceeded about 70 % of the time in the wide reach.
In the narrow reaches, the percent of time the flow depth and velocity occur or are

less than h = 0.5 m and V = 0.4 m/s respectively is less than 30 %.
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Figure 6.8: Digitized non-vegetated channel in 1992 (left) and 2000 aerial photo
(right) of the upstream, narrow reach. This reach is located between A and B in

Figure 6.5.
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Figure 6.9: Digitized non-vegetated channel in 1992 (left) and 2000 aerial photo
(right) of a section of the middle, wide reach. This reach is located between B and

C in Figure 6.5.
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Figure 6.10: Averaged bed material particle size distribution at cross section SO-

1470.5 in 1992.
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Figure 6.11: Manning n as function of flow discharge at San Acacia gage. Period

of record: 1988-1999.
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Figure 6.12: Water temperature as function of time at the San Acacia gage.
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Figure 6.13: Resulting channel profile from the sediment transport model. (a)
Channel degradation is controlled in the last two downstream nodes of the reach.

(b) Channel degradation is controlled along the entire channel.
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Figure 6.14: Reach-averaged slopes of each subreach from the simulations. (a)

Results of the simulations when the degradation of the last two downstream nodes

were controlled. (b) Results of the simulations when the maximum degradation

along the entire channel was controlled.



Chapter 6. Field Application to the Middle Rio Grande

1390

1385

----- Unsteady discharge from 1992 to 1999
Mean annual discharge Qm = 39 cms
Dominant discharge Qd = 139 cms

1380

1375

Elevation in m

1370

w 1999 measurements
X%

A

1365

1360

5000 +

10000 +
5000 +
20000 -

~

Distance downstream in m

25000 -

30000 -

111

Figure 6.15: Comparison of the field data collected in 1999 with the results of the

sediment transport model with the mean daily flows at the San Acacia gage from

1992 to 1999, the mean annual flow at the San Acacia gage from 1992 to 1999 (Q

= 39 m?/s) and the dominant discharge (Q = 139 m?/s). Channel degradation is

controlled in the last two downstream nodes of the reach.
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Figure 6.16: Comparison of the field data collected in 1999 with the results of the
sediment transport model with the mean daily flows at the San Acacia gage from
1992 to 1999, the mean annual flow at the San Acacia gage from 1992 to 1999 (Q
= 39 m3/s) and the dominant discharge (Q = 139 m?/s). Channel degradation is

controlled along the entire reach.
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Figure 6.17: Comparison of the field data collected in 1999 with the results of the
steady state slope versus width relationship obtained for a mean annual flow of Q
= 39 m?/s, a sediment discharge of Q, = 4,000tons/day, a median grain size of

ds = 0.26 mm, and a Manning friction coefficient of n = 0.026.
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Figure 6.18: Comparison of the field data collected in 1999 with the results of the
steady state slope versus width-depth ratio relationship obtained for a mean annual
flow of Q = 39 m?/s, a sediment discharge of Q, = 4,000tons/day, a median grain

size of dy = 0.26 mm, and a Manning friction coefficient of n = 0.026.
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Figure 6.19: Flow depth duration curves. (a) Comparison of the curves at the

narrow (upstream) and wide (middle) reaches. (b) Comparison of the curves at the

wide (middle) and narrow (downstream) reaches. nc = no controlling degradation

along the entire channel; ¢ = controlling degradation along the entire channel.
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Figure 6.20: Flow velocity duration curves. (a) Comparison of the curves at the
narrow (upstream) and wide (middle) reaches. (b) Comparison of the curves at the
wide (middle) and narrow (downstream) reaches. nc = no controlling degradation

along the entire channel; ¢ = controlling degradation along the entire channel.



Chapter 7

Conclusions and Recommendations

The Bosque del Apache reach, located in the middle Rio Grande, NM, provided an
excellent case to study the adjustment of bed slope in sequential sand bed channels
with different widths and equivalent water and sediment discharge. The primary

conclusions of this work are as follows:

1. Analytical solutions of the slope versus width and width-depth ratio of chan-
nels in equilibrium under steady state input water and sediment discharges
were developed in Chapter 4. These relationships indicate that an increase in
channel width will require an increase in channel slope to satisfy continuity of

sediment transport.

The following relationships are the analytical solutions for the case when the

hydraulic radius is approximated to the flow depth (wide channels):

Sy =W

2/23
5= (B < e

The following relationship is the analytical solutions for the case when the

hydraulic radius is not approximated to the flow depth:

o proyan (G — PSP (¢ 4 200
=0, Q2/231816/2398/237’L18/23 518/23
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The above equation indicates that the channel slope is directly proportional
and highly dependent on sediment concentration. The analytical solutions for
both cases (R, ~ h and Ry, # h) yield the same results for width-depth ratios

greater than or equal to 70.

The analytical solution of the width ratio versus the slope ratio for large
widths is in good agreement with the laboratory flume data of Bigillon (1997).
Similarly, the analytical solutions of slope versus width and slope versus width-
depth ration are in good agreement with field measurements of the middle Rio

Grande.

2. The transient solutions for constant discharge are in agreement with the results
of the analytical solutions. The numerical simulations allow estimation of the

time to reach equilibrium under constant discharge.

3. The transient solution of the slope under variable flow and sediment discharges
indicates that the slope changes more rapidly under large flows than under low

flows.

The long term simulations with variable flows compare better with the tran-
sient solutions under a constant discharge close to the mean annual flow than
under flood discharges (e.g. discharge equalled or exceeded 10 % of the time,

or discharge equal or close to the dominant discharge).

4. Quantitative field data from the study reach, which include the Bosque del
Apache in middle Rio Grande, indicate that the two narrow reaches have
flatter slopes than the wide reach. Simulations of a study reach of the middle
Rio Grande with the transient numerical model with both variable discharges

and mean annual flow are in good agreement with the field data.

It is likely that the wide reach of the study reach provides better habitat for

the Rio Grande silvery minnow than the two narrow reaches, as indicated by
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the flow and velocity duration curves. Mean cross-sectional flow depths less
than or equal to 0.4 m occur about 1.5 to 2 times more in the wide reach than
in the narrow reaches, while mean cross-sectional flow velocities less than or
equal to 0.1 m/s occur approximately 10 times more in the wide reach than

in the narrow reaches.

Flow conditions such as h < 0.5 m and V' < 0.4 m/s, where some silvery
minnow have been found in the river (U. S. Fish and Wildlife Service, 2001),
occur more than 40 % of the time in the case of the flow depth and 70 % of

the time in the case of the mean flow velocity in the wide reach.

7.1 Recommendations and Future Work

The dynamic nature of rivers does not easily allow humans to force rivers into con-
trollable and more manageable conditions. Restoration of the Rio Grande is a chal-
lenging task that should be carefully implemented. This dissertation provides a tool
to understand and evaluate the adjustment of channel slope with time due to spatial
changes in channel width and to estimate the degree of change of hydraulic variables
(mean cross sectional velocity and depth) between wide and narrow reaches.

The methodology proposed in this work could be used in other sectors of the
Rio Grande and in other rivers to evaluate restoration activities. However, the
assumptions made in this work must apply. The width of the channel has to be
managed in order to maintain it almost constant with time, as in the case of the
Bosque del Apache reach. The vegetation on the banks of this reach has not allow
the channel to widen. It seems that the constant flow regime for the last 20 years
has also contributed in the maintenance of an almost constant channel width. New
establish vegetation in the bed of the river during low flows seem to be removed by
the high flows during the wet periods.

Even though the study reach has maintained an almost constant width for about

a period of 20 years, other reaches of the Rio Grande or other rivers might not
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responde in the same manner to management of the vegetation on the banks. In
these cases, the change in channel width with time is a factor that might need
to be considered and could be explored in future works. Empirical relationships
that describe the change in channel width with time such as the one developed
by Richard (2001), could be included in the numerical models developed in this
dissertation. This empirical width model accounts for channel narrowing and new
relationships must be developed for channel widening. Therefore, appropriate data
should be collected to develop the relationships that account for increase in width.

Other factor that might be considered when designing the increase in channel
width is the downstream and upstream control imposed by the current conditions
of the channel. For example, the increase in width will cause degradation of the
downstream narrower reach. This degradation will be controlled by the type of bed
material and existing geologic controls in the bed of the channel. If erosion is limited,
the channel downstream might response by increasing the width to accommodate
the imposed water and sediment discharges. This change in channel width will
depend on the resistance of the banks to absorb the changes in flows. If the changes
in the downstream reach exceed the natural inherent variability of the river, the
disturbance will result in the channel becoming unstable (Werritty, 1997). Also, a
nickpoint could form and migrate upstream. Creating instabilities in the channel.
It these types of changes occur, the modelling of the changes in width with time
might be required to obtain better results.

The equivalent results obtained with the mean annual flow and the variable
discharge during the same period of time suggest that different water management
strategies could be used in the river. The increase in mean annual discharge, by
increasing the base water level, could produce equivalent results (changes in bed
elevation) to the increase of flow peaks. However, other channel characteristics,
such as channel width, might be more responsive to the increase in flow peaks than

to the increase in base water levels, because channel width is highly dependent on
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water discharge. Therefore, if dam operating regime in the Rio Grande is desired to
be changed to increase the flows, the simultaneous adjustment of width and slope
should be assessed under both conditions: increase in base level, and increase of
flow peaks. Other factors such as the increase in elevation of the water table due
to the increase in base level in the channel, should be considered in a new proposed
management strategy. Because, the increase in elevation of the water table could
effect negatively the agricultural lands adjacent to the channel.

Channel widening is desired to restore the habitat of the Rio Grande silvery
minnow. River widening could be promote by increasing the flows or removing the
vegetation. Previous experiences in the Rio Grande showed that channel widening
could be achieved by managing the vegetation. If changes in water regime are
proposed, the considerations outlined in the previous paragraph should be taken
into account.

The majority of silvery minnows are found in low-velocity habitats such as debris
piles, backwaters and pools (U. S. Fish and Wildlife Service, 2001). If the channel
is widened, a braided morphology could develop if the width-depth ratio exceeds
a threshold. For example, theoretical analyzes indicate that braiding occurs when
the width-depth ratio exceeds 50 (Knighton, 1998). It is possible that the minnow
not only needs wide channels but also braided planforms. Therefore, to restore the
habitat of the minnow both conditions should be seek.

Finally, it is of crucial importance to try to identify the ability of the river to resist
and accommodate the imposed disturbance or changes in the channel. This is not
an easy task. However, previous experiences in the river and historical data should
be used as a start point for the design of restoration activities. It is recommended
to continue the data collection in the Rio Grande for the specific purposes of river
restoration. Bed load data will allow to develop appropriate sediment rating curves.
In addition, daily flow depth and velocity measurements will allow to estimate or

simulate the changes in channel roughness due to the development of bedforms.
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Appendix A

Sediment Transport and Resistance Equations

A summary of the sand-bed material sediment transport equations and the resistance
equations that are used in this work is presented in this section. Also, the estimated
bed material rating curves at the San Acacia and San Marcial gages are compared
with the different sediment transport equations presented at the beginning of the

appendix.

A.1 Sediment Transport Equations
e Engelund and Hansen

Engelund and Hansen (1967, from Julien 1995) developed the following equation

to obtain sediment concentration by weight:

szo'%( G ) VS; RySy
(G

G-1 — 1)gds]% (G —1)dy

where S is the friction slope, d, is the grain size, I}, is the hydraulic radius, V/
is the depth averaged velocity, g is the gravitational acceleration and G the specific
gravity of sediment. This equation can be used with moderately sorted bed materials

having mean fall diameter larger than 0.15 mm (Stevens and Yang, 1989).
e Ackers and White

Ackers and White (1973) developed a sediment transport equation in terms of

three dimensionless groups: dimensionless grain diameter (D,, ), sediment mobility
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(F,R) and sediment transport (G,.). Coarse sediment is considered to be trans-
ported mainly as a bed load and only part of the shear stress of the bed causes the
movement of the sediment. Fine sediments are transported in suspension and the
total shear stress causes the movement of fine particles.

The dimensionless grain diameter is defined as the cube root of the ratio of

immersed weight to viscous forces:

1
_ |96 =1)]¢
Dy, = d; [T
Where d; is the particle size, g is the acceleration of gravity, G the specific gravity
of the sediment and v the kinematic viscosity.

The mobility number is defined as:

b

o u, V

" g —1)dyg | V32log L

Where u, is the shear velocity, V' the mean velocity, h the mean depth, and b the

transition exponent that depends on sediment size. For coarse sediment b = 0 and
for fine sediments b = 1. The total sediment concentration by weight is expressed

as:

dy (VN'[E, 1™
comco () [

for 1.0 < Dy, < 60.0 (e.g.0.04 mm to 2.5 mm)
n =1.0—0.56log D,
log C' = 2.861og Dy, — log Dy,* — 3.53

A=%21014 and m = 3% +1.34
D2 o

for Dy > 60.0, n =0, C' = 0.025, A = 0.17, and m = 1.50
Ackers and White’s equation overestimate the sediment transport of fine and

very fine sands (Julien, 1995).

e Yang
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Yang (1973) stated that the unit stream power of the time rate of potential
energy expenditure per unit weight of water in an alluvial channel is the dominant
factor in determining the total sediment concentration. The dimensionless regression

equation for the total sediment concentration (Ct) in ppm by weight for sand is:

ds .
log Copm = 5.435 — 0.286 log ”V — 0.457log %
ds .
+ <1.799 — 0.409 log “’V —0.3141log %)

<VS VCS)
rlog | — —

w w

Where C,,,, is the total sediment concentration in ppm by weight, V. is the
average flow velocity at incipient motion, VS is the unit stream power, V.S/w is
the dimensionless unit stream power and V. /w is the dimensionless critical velocity
expressed as:

Yoo 25 _ (.06 forl2< 22 <70

w  logusds/v

and
Ye =205 for %4 > 70

The data used to test the above equations cover the following ranges: particle
size from 0.15 mm to 1.71 mm; channel width from 0.44 ft (0.134 m) to 1,746 ft (532
m); channel depth from 0.037 ft (0.011 m) to 49.9 ft (15.21 m) ; water temperatures
between 0 C and 34.3 C; average water velocity from 0.75 fps (0.23 m/s) to 6.45
fps (1.96 m/s) ; slope from 0.000043 to 0.0279; and total sediment concentration
between 10 ppm to 585,000 ppm (Yang, 1973).

e Julien

Julien (2002) proposed a simplified sand bed load transport formula. The equa-
tion expresses the unit sediment discharge by volume as a simple power function of
the Shields parameter (7.) as follows:

o = 18,/gdY*72 for 0.1 <7, < 1
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Where ¢, is the unit sediment discharge by volume, g is the gravitational accel-

eration, d, is the particle size and 7, = ( 7 is the bed shear stress, 7, is the

T
Vs _'Y)ds ’

specific weight of the sediment and + is the specific weight of the water-mixture.
e Molinas and Wu

Molinas and Wu (2001) recently developed a sediment transport equation for
large rivers, using the stream power concept and a large data set of field measure-
ments, which include data from the Rio Grande (Molinas and Wu, 2001). The bed
material concentration by dry-weight in parts per millions (Cy(ppm)) is given by the

following equation:

1430(0.86 + v/9)ypt®
C = Al
t(ppm) 0016 1 0 (A1)
Where 1 is the universal stream power given by
V3
P = (A.2)

(59 — 1)ghwso {log (d—;ﬂ

V' is the mean flow velocity, s, is the relative density = p/ps, g is the gravi-
tational acceleration, h is the flow depth, and wsg is the fall velocity of sediment

corresponding to particle size dsx.
e Brownlie

Brownlie (1981) proposed the following equation to compute the sediment con-

centration in parts per million (Cp,,):

r —0.3301
Copm = T115CR(Fy — Fy) 77880001 (d—)
50

Where Cr = 1 for laboratory data and Cr = 1.268 for field data. F} is the grain
Froude number and I, is the critical grain Froude number given by the following

equations:
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v
F, =
pPs=p
( P ) gdso
F o—4 5967_0(.)5293570‘14050_70.1606
go — = *

Where 7,0 = 0.22Y +0.06(10) """, which defines the transformed Shields curve
7.0 = f(R,), where R, is the grain Reynolds number, Y = (\/(ps — p)/pRy) ™%, r

is the hydraulic radius, S is the friction slope, and dsq is the mean grain size.

A.2 Resistance Equations

This section presents a summary of the three different resistance equations used in

this work.
e Manning

The Irish engineer Robert Manning developed the following resistance equation
in 1889 (Chow, 1959):
v = CRs
n
Where ¢ is 1.49 for English units and 1 for metric units. Rj is the hydraulic
radius, S is the friction slope, n is the Manning friction factor, and V is the mean

velocity of the flow.
e Darcy-Weisbach

The Darcy-Weisbach resistance equation is as follows (Chow, 1959):

V= 87"3,1/251/2

Where f is the Darcy-Weisbach friction factor, g is the gravitational acceleration,
Ry, is the hydraulic radius, S is the friction slope, and V' is the mean velocity of the

flow.
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e Brownlie

Brownlie 1981 developed two resistance equations for lower and upper regimes,
based on dimensionless analysis of nine variables and calibrating the equation coef-
ficients and exponents with laboratory and field data for wide channels and rivers.

The two proposed equations are:

For lower flow regime

;_S — 03724(q* 5)0.653950.0918802.1050
50

For upper flow regime

Z_S — 0.2836(q*5)0'624850'087500'2‘08013
50

Where 7 is the hydraulic radius, S is the slope, g is the gravitational acceleration,
0,4 is the gradation coefficient of the bed material, dsq is the median grain size and
¢. = ¢/+/9D%.

To determine the type of flow regime (upper or lower) under existing set of
hydraulic conditions, Brownlie proposed a discriminator based on the slope (.S), the
grain Froude (F};) number and a variable F;. Lower regime occurs when Fy, < 0.8F},

where F, = 1.745 — 1/3. Upper regime occurs when S > 0.006 or I, > 1.25F.

A.3 Bed Material Rating Curves

Bed material data at the San Acacia and San Marcial gages were estimated from
the total load reported by the U.S.G.S. (United States Geological Survey) from
1990 to 1997. In general, the washload comprises the fine particles not found in
large quantities in the bed. One of the criteria to define the proportion of the bed
material that consists of fine particles is to estimate the percentage of material in

suspension that is finer than the dy (particle size at which 10 % of the material by
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Figure A.1: Bed material data measured at the San Acacia gage from 1990 to
1997. The rating curve fitted to the data is indicated.

weight is finer) of the bed material (Julien, 1995). Therefore, the dyo of each bed
material sample was determined. Then, the percent of material in suspension finer
than the dyy of the bed corresponds to the percent of washload. The bed material
is estimated as the total load minus the washload.

The following rating curves were generated from the data. A non-linear re-
gression was fit to the data to avoid the problem of underestimating the sediment
load predicted by the fitted equations (Ferguson 1986b, Duan (1983, from Helse
and Hirsch 1995). The resulting bed material sediment load rating curves are
Q, = 91.91Q%" and Q, = 18.38Q*° for San Acacia gage and San Marcial gage
respectively. Figures A.1 and A.2 show the bed material load data and the non-
linear regressions. In both cases there is a lot of scatter around the regression lines.

The sediment transport capacity was computed with the different sediment trans-
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Figure A.2: Bed material data measured at the San Marcial gage from 1990 to
1997. The rating curve fitted to the data is indicated.

port equations presented in the previous section of this appendix and the hydraulic
and sediment data at the San Acacia gage from 1990 to 1997. The results are plotted
together with the bed material measurements at both stations in Figure A.3. The
sediment transport capacities were compared with the bed material data, because
there are not bed load measurements at these gages.

Regression lines were fit to the potential transport capacities predicted with
each equation. Even though linear regressions underestimate the sediment load
predicted by the fitted equations, they graphically represent better the data than
the non-linear regression methods. The objective of fitting the regression lines was
to summarize the data into single relationships for each sediment transport equation
and compare them with the measurements, and not to make predictions with the
regression equations. Figure A.4 shows the linear regression lines generated from

the potential capacities predicted with each equation. For flow discharges greater



than about 20 m?/s, all the equations, but Ackers and White’s equation, converge
to the same solutions.

Yang’s (1973) equation was selected to perform the simulations for the field
application in the Rio Grande, because this equation has been used previously in
sediment transport modelling in the Rio Grande and its results have been in good
agreement with field measured transport rates (Drew Baird, USBR, Albuquerque,
NM, 2002 pers. comm.).

Figure A.5 shows the comparison between the potential transport capacity com-
puted with Yang’s equation based on the hydraulic and sediment data at San Acacia
from 1997 to 1990 and the bed material loads at San Acacia and San Marcial gages
during the same period. The comparison of the potential transport capacity values
computed with Yang’s equation (Figure A.5 show good agreement with the mea-

surements.
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Figure A.3: Comparison of the bed material data measured at the San Acacia
and San Marcial gages from 1990 to 1997 with the potential transport capacities

computed with different sediment transport equations.
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Appendix B

Other Analytical Solutions

The developement of the width-depth ratio versus slope relationship using Julien’s
(2002) simplified transport equation and Darcy-Weisbach and Brownlie resistance

equations are presented in this appendix.

B.1 Analytical Solution with Darcy-Weisbach Resistance Equation.
Hydraulic Radius is approximated to the flow depth R, = h

Under sediment transport equilibrium the following conditions are met: Q)1 = Q-
and Q51 = Q5. Replacing the resistance equation into the continuity equation, we

obtain:

Q=VA=W, /87%3/251/2

The ratio of @)1 and @) is:

@ 1= M — W.h3/251/2
Qs
1y o
Solving for S, we get:
1
Sr = WEh? (Bl)

Where W, is the ratio of the widths, h, is the ratio of the flow depths, and .S, is
the ratio of the slopes.
The ratio of Qs and Q4 is:
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Qs2 W2h%‘s22 2Q2
=1= = W,h;S:
Qsl Wlh%S%
Solving for S, we get:
1
Sy = ——— (B.2)
2h,
Then, making equation B.1 equal to equation B.2 we obtain:
1 1
= = h, = W3/ (B.3)

W T Wi

Replacing equation B.3 into equation B.1 we obtain:

S, = wH4

S, = h 13

17
Sy = (‘2@‘) = (57“)1/7

The ratio of the velocities is equal to:

Y2 gl sy, = 50
Vi

B.2 Detailed Analytical Solution with Darcy-Weisbach Resistance

Equation. Hydraulic Radius is different from the flow depth
Ry, #h

The cross section area (A) and the hydraulic radius (R},) can be expressed as func-

tion of the width-depth ratio (£), then: A = Wh = ¢h? and Ry, = WVE/i-gh = §£+_hz

Substituting R, A and V into the continuity and resistance equations the following

expression is obtained:

Q_ . 8g §h 12 1/2 Q_ _\/8>9 §h V2 1/2
ST () e () s
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Solving for h:

Q" (f\ e+
“ ) e

Then, the width is:

2/5 1/5
woen=3 (L) croren

Replacing W and h into the sediment transport equation:

R25?
= 18 1/2d3/2W h
R R

18g1/2 SQ 52 h2

s = di* (G — 1) (€ +2)?

2

1841/2 2
7 89 WS2 S -
4 (G —1)? (€+2)

0. = 18¢*/10 S8/504/5 f 25 gs W
di*(G - 1)2 8) (6+2)7

Q.= Q" ( f )”"’ (+2)°

§1/5 @ £3/5

0, - 189—1/1058/5624/5 (z) 2/5 ( §4/5 [Q2/5 <i) 1/5 (5 . 2)1/552/5]

d¥*(G - 1)?2 8 £+2)8° | 815 \ 8¢
Q — 18 S?/SQG/S i G 66/5
s d;/Q(G o 1)291/10 8 (é‘ + 2)7/5

Solving for S

S

= Qb/7 185/7 N £6/7

Q2/7 d§/14gl/14(G _ 1)10/7 (8)3/7 (€+2)
f



Appendiz B. Other Analytical Solutions 148

B.3 Analytical Solution with Brownlie Resistance Equation. Hydraulic

Radius is approximated to the flow depth R, = h

Brownlie (1981) developed one flow resistance equation for lower regime and another
one for upper regime. Both equations are of the same form but with different

coefficients and exponents. These resistance equations can be expressed as:

X
Vh‘ Y Z 4T
r = h =a (W) S 0'9 ds (B5)

Replacing the continuity equation into the above equation and solving for h:

Q¥ hX Y _Z T
h = XX gX/2d§X/2S 0y d;
_ Q* Y _Z T
o angX/ngxﬂ g dy
Replacing channel width as W = &h:
_ QF Y 71
h= aéXthX/ngX/Q 75 ds
And solving for h:
1 X A
aTHX QToX ST g X
h = 3X_oT

X X ==
EXHT g2x+D 200

Replacing W = £h and h into sediment transport equation we obtained:

1891/282

- A A
(G 1) ¢

Qs:

3 3X 3y 34
18¢g1/28% @TixQTix STix g ¥

Qs = 1/2 9 ax ax  9X—6T §
ds (G - 1) €1+X92(1+X)d$2<1+x>
1-2X  2(14+X)+3Y 3 3x -3Z_
S N2 Trx
0. = 18¢20+X) ST TIHX T aTHX QT+ X gy
s = 10X 6711

ds 2(1+X) (G _ 1)25%_1
Solving for S



= >
g 2 abvoy

where b = 2(1 + X) + 3Y. For lower regime a = 0.3724, X = 0.6539, Y =
—0.2542,7 = 0.1050 and 7" = 1, and for upper regime a = 0.2836, X = 0.6248,
Y = —0.2877,Z = 0.08013 and T = 1.
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Appendix C

Sensitivity Analysis

This appendix summarizes the procedure and the results of the sensitivity analysis of
the width-depth ratio versus slope and width-versus slope relationships. This anal-
ysis was performed with the results obtained from all sediment transport equations
(see Appendix 7.1) and Manning’s and Darcy-Weisbach’s resistance equations. The
sensitivity analysis was not performed with Brownlie’s resistance equations, because
these equations produced multiple solutions for the same input data set making dif-

ficult the selection of the response variables.

C.1 Methodology

The effects of water discharge (Q), sediment size (ds) and friction factor n, were
tested. Sediment discharge (Qs), which is an input to the models, was considered
dependent of water discharge. For each water discharge (@), a sediment discharge
(Qs) was estimated from the bed-material rating curve at the San Acacia gage (see
Appendix 7.1 and Table C.1). However, to determine the sensitivity of the model
to sediment discharge (Q)s) separately, for a single water discharge (@) value, two
different sediment discharge (Qs) values were tested.

The water discharge values in Table C.1 correspond to the dominant discharge
(Q = 139 m?/s), as defined in Chapter 3, the discharge equalled or exceeded 10 %
of the time (Q19 = 97 m?/s), according to the flow duration curve at San Acacia
from 1986 to 2000 (see Appendix E) and the mean annual flow at San Acacia
(Q = 35 m?/s) during the same period.
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Q (m?/s) | Qs (ppm)

139 1179
97 730
35 272

Table C.1: Water discharge () and sediment concentration () values used in the

sensitivity analysis.

Model solutions were compared to a reference solution. To determine the sensi-
tivity to each input variable, each input variable was modified separately, and the
model solution was compared to the reference solution. Figure C.1 is a scheme of
all the input variable levels tested.

There were different reference solutions. When comparing the effect of changing
the flow discharge from Q = 139 m3/s to Q = 97 m?3/s, the reference solution
corresponds to the solution at Q = 139 m?3/s and from Q = 97 m3/s to Q = 35 m3/s
the reference solution was at Q = 97 m3/s. When comparing the effect of the change
in sediment size, the reference solution corresponds to the solution obtained with
ds = 0.3 mm and when comparing the effect of changing the friction factor from
n = 0.010 to n = 0.023, the reference solution was the solution obtained with
n = 0.010 and from n = 0.023 to n = 0.040, the reference solution was at n = 0.023.

The width versus slope and width-depth ratio versus slope relationships were
characterized with four variables. These response variables were: the width at
minimum slope, the width-depth ratio at minimum slope, and the exponents p and
q of the following relationships S, = (‘%)p, and S, = W4, for large widths.

In a log-log plot of width (W) versus slope (5), the slope of the curve for large
widths represents the exponent p. Similarly, the slope of the width-depth ratio
(W/h) versus slope (.S) curve, in log-log scale, for large width-depth ratios represents
the exponent ¢. In order to estimate these exponents (p and ¢), the second derivative

of the curves were computed numerically. Then, a straight line was defined as the
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Manning Resistance Equation

q, i Qs (ppm)
0023 — | 1179
139 { 0.3 F 0.010 416
1.5 0.040
0.3 0.023
Q o7 { 0.010
15
0.040
. { 031 _| Tt
35 .
1.5 0.040

Darcy-Weisbach Resistance Equation

d; Qs (ppm)

139 0.3 11;9
15
Ql— o7 03
15
03
35 15

Figure C.1: Scheme showing the values of the input variables tested in the sensi-

tivity analysis.
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stretch of the function where the second derivative was less than 0.05. Once the
straight part of the function was identified, the slope of was determined with a linear
regression.

The effect of each input variable (z;) into each one of the solution of the models
(f:) was evaluated with a Jacobian matrix (JJ). Each element of the matrix represents
the partial derivative of the outcome variable with respect to the reference solution.

The partial derivative is expressed as:

fi—fi
O f; i
= C.1
(%Z- xj_/wj ( )

x!.
J

where, f; (i = 1...number of outcomes) is the outcome of the model and z; (j =
1...number of inputs)is the input. The superscript ’ represents the reference state
of the model.

The Jacobian matrix is defined by:

h oft
or1 Oxn
J(xy..oxp) =1+ -0 (C.2)
Ofn Ofn
8_271 “ .. E

C.2 Results

Tables C.2 to C.11 summarize the model responses to the different input values
tested. These results correspond to the combined effect of changing sediment dis-
charge as function of water discharge. Tables C.12 to C.15 summarize the model
responses due to changes in sediment concentration only.

Tables C.16 and C.17 are the Jacobian matrixes for all sediment transport and
Darcy-Weisbach and Manning resistance equations respectively. Each one of the
elements of the matrix represents the partial derivative of the response variable
with respect to a reference solution. These changes were considered negligible if its

value was lower than 5 percent. A negative value means an increase in the response



Input variables Width at minimum slope in m
Q (m%s)|d, (mm)| f [Julien Yang |Aand W |E and H |Brownlie|M and W
139 0.3 |[0.03 30 11 32 13 13 44
97 0.3 |[0.03 26 10 29 11 11 39
35 0.3 |[0.03 18 7 18 7 7 28
Input variables Width at minimum slope in m
Q (m’s)|ds (mm)| f | Julien | Yang |Aand W|E and H|Brownlie| M and W
139 1.5 10.03 27 11 369 11 11 47
97 1.5 10.03 23 10 223 9 9 42
35 1.5 10.03 16 7 63 6 6 32

Table C.2: Summary of the width values at minimum slope for all sediment trans-
port equations, Darcy-Weisbach resistance equation and two different sediment sizes

(ds = 0.3 mm and 1.5 mm).

variable with respect to the reference solution.
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Input variables Width at minimum slope in m
Q (ms)|d, (mm)| n Julien | Yang |A and W|E and H|Brownlie[M and Wj|
139 0.3 0.01 25 9 23 10 11 26
97 0.3 0.01 22 8 20 8 9 23
35 0.3 0.01 16 5 13 6 6 16
Input variables Width at minimum slope in m
Q (ms)|d, (mm)| n Julien | Yang |A and W|E and H|Brownlie[M and W|
139 0.3 |0.023 39 11 27 12 12 26
97 0.3 |0.023 35 10 23 11 11 23
35 0.3 |0.023 24 7 15 7 7 16
Input variables Width at minimum slope in m
Q (ms)|dg (mm)| n Julien | Yang |A and W|E and H|Brownlie[M and Wj|
139 0.3 0.04 52 13 29 15 14 26
97 0.3 0.04 46 12 26 13 12 23
35 0.3 0.04 32 8 17 9 8 16
Input variables Width at minimum slope in m
Q (m°/s) dg (mm)[ n Julien | Yang |A and W|E and H |Brownlie|M and W|
139 1.5 |0.023 35 11 51 11 11 25
97 1.5 |0.023 31 10 41 9 9 22
35 1.5 |0.023 22 7 23 6 6 16

Table C.3: Summary of the width values at minimum slope for all sediment trans-
port equations and Manning resistance equation for two different sediment sizes and

friction factors.
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Input variables Width-depth ratio at minimum slope in m
Q (m/s)|dg (mm)| £ Julien | Yang |A and W|E and H|BrownlieM and W
139 0.3 0.03 12 1.84 13.49 2.13 2.16 24.95
97 0.3 0.03 12 2.02 14.4 2.05 2.06 25.19
35 0.3 0.03 12 219 12.37 1.9 1.87 26.3
Input variables Width-depth ratio at minimum slope in m
Q (m’fs)|d, (mm)| f Julien | Yang |A and W|E and H|BrownlieM and W|
139 1.5 0.03 12 1.92 [ 12654 | 2.19 2.1 32.92
97 1.5 0.03 12 209 |67294| 1.96 1.88 33.64
35 1.5 0.03 12 225 147.5 2 1.88 38.62
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Table C.4: Summary of the width-depth ratio values at minimum slope for all

sediment transport equations, Darcy-Weisbach resistance equation and two different

sediment sizes.
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Input variables Width-depth ratio at minimum slope in m
Q (m’s){d,(mm)| n |Julien Yang |A and W|E and H|Brownlie| M and W
139 0.3 0.01 18 1.95 9.31 2.18 2.06 10.15
97 0.3 0.01 18 2.02 9.22 1.84 1.81 10.21
35 0.3 0.01 18 1.69 8.48 2.27 1.76 10.11
Input variables Width-depth ratio at minimum slope in m
Q (m’s)|dg(mm)| n |Julien| Yang |Aand W|E and H|Brownlie| M and W
139 0.3 |0023]| 18 1.86 9.97 1.85 1.85 10.15
97 0.3 |0023]| 18 2.01 9.51 2.06 2.06 10.21
35 0.3 |0023]| 18 2.1 8.74 1.82 1.83 10.11
Input variables Width-depth ratio at minimum slope in m
Q (ms){d,(mm)| n |Julien Yang |A and W|E and H|Brownlie| M and W
139 0.3 0.04 18 1.92 9.85 2.04 2.11 10.15
97 0.3 0.04 18 214 10.24 2.02 2.05 10.21
35 0.3 0.04 18 2.04 9.43 212 2 10.11
Input variables Width-depth ratio at minimum slope in m
Q (m%s) |dy (mm)| n [Julien Yang |A and W|E and H|Brownlie| M and W
139 1.5 | 0.023| 18 1.93 48.28 2.19 2.11 11.25
97 1.5 [0.023| 18 2.08 40.84 1.93 1.86 11.21
35 15 |0.023| 18 2.16 27.39 1.88 1.83 11.91

Table C.5: Summary of the width-depth ratio values at minimum slope for all sed-
iment transport equations, Manning resistance equation and two different sediment

sizes and friction factors.
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Julien Yang
Q (m%s)| d, (mm) f q r2 range | q r2 range
139 0.3 0.03 |0.3] 1.000 [180-600(0.27| 1.000 | 94-600
97 0.3 0.03 | 03] 1.000 [157-600(0.28| 1.000 | 84-600
35 0.3 0.03 |0.3] 1.000 [106-600| 0.3 | 1.000 | 62-600
A and W E and H
Q (m/s)| dg (mm) f q r2 range | q r2 range
139 0.3 0.03 - - - 0.4 | 1.000 [111-600
97 0.3 0.03 - - - 0.4 | 1.000 | 96-600
35 0.3 0.03 - - - 0.4 | 1.000 | 63-600
Brownlie M and W
Q (m/s)| dg (mm) f q r? range | q r2 range
139 0.3 003 (04| 1.0000 |122-600|0.10| 1.000 |136-600
o7 0.3 0.03 | 04| 0.9999 |108-600|0.10( 1.000 [119-600
35 0.3 0.03 |04 09999 | 78-600 [0.09| 0.999 | 82-600
Julien Yang
Q (ms)| dg (mm) f q r? range | q r2 range
139 1.5 0.03 | 03] 1.000 |160-600|0.32] 0.9999 |105-600
o7 1.5 0.03 |0.3]| 1.000 |140-600|0.33| 0.9999 | 95-600
35 1.5 0.03 |0.3[ 1.000 95-600 | 0.36| 0.9995 | 76-389
A and W E and H
Q (m°/s)| dg (mm) f q r2 range | q r2 range
139 1.5 0.03 - - - 0.4 | 1.000 | 93-600
o7 1.5 0.03 - - - 0.4 | 1.000 | 80-600
35 1.5 0.03 - - - 0.4 | 1.000 | 53-600
Brownlie M and W
Q (m’s)| d (mm) f q r2 range | q r2 range
139 1.5 0.03 |04 09999 |121600|0.06] 0.9986 |112-570
97 1.5 0.03 |04 0.9999 [109-600(0.06| 0.9987 | 97-455
35 1.5 0.03 |[04| 0.9999 | 83-600 [0.05| 0.9959 | 66-249

158

Table C.6: Summary of the exponent ¢ for all sediment transport equations and

Darcy-Weisbach resistance equation for f = 0.03 and d;, = 0.3 mm and 1.5 mm.

2

r represents the correlation coefficient of the linear regression. The numbers in

the Range column represent the range of widths from which the regression was

generated. Missing values (—) could not be estimated.
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Julien Yang
Q (m”s) |dg (mm)|  n g ? | range | q | range
139 0.3 0.023 | 0.14 1 171600 0.34 | 0.9999 |119-600
97 0.3 0.023 | 0.14 1 151600 0.35 | 0.9999 |110-600
35 0.3 0.023 | 0.14 1 ]106-600| 0.36 1 111-200
A and W EandH
Q (m’/s) |d, (mm)| n q 2 |range q P |range
139 0.3 0.023 -— —- - 0.42 1 116-600
97 0.3 0.023 -— —- - 0.42 1 101-600
35 0.3 0.023 -— —- -— 0.42 1 68-600
Brownlie M and W
Q (m’s) [dg (mm)| n q = range q r range
139 0.3 0.023 | 0.49 1 166-600( 0.33 1 157-600
97 0.3 0.023 | 0.49 1 150600 0.33 1 137-600
35 0.3 0.023 | 0.51 1 117600 0.32 | 0.9999 | 94-600
Julien Yang
Q (m’s) |dg (mm)| n q 2 |range q r range
139 1.5 0.023 0.14] 1 [154-600 — - -—-
97 1.5 0.023 0.14] 1 [136-600 —- - -—-
35 1.5 0.023 0.14] 1 [95-600 — — -
A and W EandH
Q (m%s) [ds (mm)| n q r? |range q r?  |range
139 1.5 0.023 -— —- - 0.42 1 98-600
97 1.5 0.023 -— —- - 0.42 1 85-600
35 1.5 0.023 -— —- -— 0.42 1 57-600
Brownlie M and W
Q (m%s) [dy (mm)| n q r? range q r2 range
139 1.5 0.023 0.52] 1 187600 0.29 1 128-491
97 1.5 0.023 0.52] 1 179600 0.28 1 112-401
35 1.5 0.023 0.56] 1 [238-351| 0.27 1 76-230

Table C.7: Summary of the exponent ¢ for all sediment transport equations and
Manning resistance equation for n = 0.023 and d, = 0.3 mm and 0.5 mm. r? repre-
sents the correlation coefficient of the linear regression. The numbers in the Range
column represent the range of widths from which the regression was generated.

Missing values () could not be estimated.
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Julien Yang
Q (m’s) |dg (mm)| n q 2 |range q r2 range
139 0.3 0.01 0.14 1 [111-600| 0.33 | 0.9999 | 85-600
97 03 | 001 | 014 | 1 |98600 | 0.34 | 0.9999 | 76-600
35 0.3 0.01 0.14 1 |68-600 0.35 [ 0.9998 | 59-437
Aand W E and H
Q (m’s) [dg (mm)] n q r | range q r2 range
139 0.3 0.01 --- --- --- 0.42 1 89-600
97 0.3 0.01 -—- - - 0.42 1 77-600
35 0.3 0.01 --- --- --- 0.42 1 52-600
Brownlie M and W
Q (m’ls) |dg (mm)| n q r2 range q r? range
139 0.3 0.01 0.48 1 136-600( 0.33 1 157-600
o7 0.3 0.01 0.49 1 122-600( 0.33 1 137-600
35 0.3 0.01 0.5 1 92-600 | 0.32 | 0.9999 | 94-600
Julien Yang
Q (m’/s) dg (mm) n q r2 |range q r? range
139 0.3 0.04 0.14 1 [229-600( 0.35 | 0.9999 |161-600
o7 0.3 0.04 0.14 1 [202-600( 0.35 | 0.9999 |159-495
35 0.3 0.04 0.14 1 [142-600 -—- - -—-
Aand W E and H
Q (ms) [ds (mm)| n q r? |range q 2  |range
139 0.3 0.04 -—- - - 0.42 1 89-600
97 0.3 0.04 --- --- --- 0.42 1 120-600
35 0.3 0.04 o - - 0.42 1 81-600
Brownlie M and W
Q (m’s) |dg (mm)| n q 2 | range q r? range
139 0.3 0.04 0.49 1 190-600( 0.33 1 157-600
97 0.3 0.04 0.5 1 173-600( 0.33 1 137-600
35 0.3 0.04 0.52 1 140-600( 0.32 [ 0.9999 | 94-600

Table C.8: Summary of the exponent ¢ for all sediment transport equations and
Manning resistance equation for n = 0.010 and n = 0.040 and d; = 0.3 mm.
r? represents the correlation coefficient of the linear regression. The numbers in
the Range column represent the range of widths from which the regression was

generated. Missing values (—) could not be estimated.
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Julien Yan
Q (m/s)| dg (mm) f p r2 range | p r2 range
139 0.3 0.03 0.14 872270 10.15] 0.9996 | 24-2480

1
o7 0.3 0.03 014 1 |[87-2885 |0.16| 0.9996 | 24-3190
35 0.3 0.03 014 1 |87-5666 |0.17|0.9994 | 25-6556
Aand W Eand H
Q (m°/s)| d, (mm) f p r2 range | p r2 range

139 0.3 0.03 | 0.15[0.999|149-2275| 0.22| 0.9999|36-2415
97 0.3 0.03 |0.14|0.998|157-2929| 0.22| 0.9999|35-3141

35 0.3 0.03 ]10.19(0.999|181-6109| 0.22| 0.9999|35-6615
Brownlie M and W
Q (m°/s)| dg (mm) f p r2 range p r2 range

139 0.3 0.03 | 0.19
97 0.3 0.03 | 0.19
35 0.3 0.03 | 0.20

32-2296 | 0.06 | 0.9998 | 74-2143
32-2968 | 0.06 | 0.9998 | 73-2650
34-6184 | 0.05] 0.9995 | 73-4820

=l

Julien Yan
Q (m°/s)| d (mm) f p r? range p r2 range
139 1.5 0.03 0.14 872776 10.18]0.9997 | 29-2703

1
o7 15 0.03 014 1 [86-3524 |0.18| 0.9996 | 29-3475
35 15 0.03 014 1 (866929 | 0.2 | 0.9992 | 32-7178
Aand W Eand H
Q (m°fs)| dg (mm) f p r2 range | p r2 range
139 1.5 0.03 - - --- 0.22] 0.9999 |36-3332
97 1.5 0.03 - - -—- 0.22] 0.9999 |36-4334
35 15 0.03 - - -—- 0.22| 0.9999 (34-9127
Brownlie M and W
Q (m’s)| dy (mm) f p r2 range | p r2 range

139 1.5 0.03 | 0.20
97 1.5 0.03 | 0.21
35 1.5 003 | 0.22

34-3079 | 0.04 | 0.9989 | 68-2447
35-4001 | 0.03 | 0.9977 | 69-3011
36-8471 1 0.02] 0.9833 | 66-5388

=l

Table C.9: Summary of the exponent p for all sediment transport equations and
Darcy-Weisbach resistance equation for f = 0.03 and d; = 0.3 mm and 1.5 mm.
r? represents the correlation coefficient of the linear regression. The numbers in
the Range column represent the range of widths from which the regression was

generated. Missing values (—) could not be estimated.
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Julien Yang
Q (m’s)[d (mm)| n p r?  |range p r range
139 0.3 0.023 | 0.09 | 0.9993 | 75-1633 0.2 0.9997 | 33-2070
97 0.3 0.023 [ 0.09 [ 0.9993 | 74-2004 0.2 0.9996 | 34-2613
35 0.3 0.023 | 0.09 | 0.9995 | 75-3576 | 0.21 0.9994 | 25-5099
A and W E and H
Q (m%/s)|d, (mm)| n p r |range p r?  |range
139 0.3 0.023 | 0.23 | 0.9997 | 155-2048| 0.24 | 0.9999 |40-1947
97 0.3 0.023 [ 0.24 | 0.9997 |160-2599| 0.24 | 0.9999 |41-2473
35 0.3 0.023 | 0.26 | 0.9996 |174-5182| 0.24 | 0.9999 |39-4867
Brownlie M and W
Q (m’/s) [dg (mm)| n p r2 range p r2 range
139 0.3 0.023 | 0.27 | 0.9999 | 50-2060 0.19 1 100-2143
97 0.3 0.023 | 0.28 | 0.9999 | 51-2633 0.19 1 99-2650
35 0.3 0.023 | 0.29 | 0.9998 | 52-5314 0.19 1 96-4820
Julien Yang
Q (m%s) [dg (mm)| n p 2 |range p r2 range
139 1.5 0.023 [ 0.09 [ 0.9994 |75-1940 0.22 | 0.9996 | 41-2251
97 1.5 0.023 | 0.09 | 0.9994 [75-2368 0.23 | 0.9995 | 43-2847
35 1.5 0.023 [ 0.09 | 0.9995 |74-4250 0.25 0.999 | 49-5628
A and W E and H
Q (m%s)|ds (mm)| n p r |range p r  |range
139 1.5 0.023 [ - — — 0.24 | 0.9999 |40-2609
97 1.5 0.023 - - - 0.24 | 0.9999 [40-3314
35 1.5 0.023 - - - 0.24 1 39-6522
Brownlie M and W
Q (m’s)[dg (mm)| n p r? range p r2 range
139 1.5 0.023 0.29] 0.9998 | 55-2732 0.17 1 92-2447
97 1.5 0.023 0.29] 0.9998 [ 56-3511 0.17 | 0.9999 [ 90-3011
35 1.5 0.023 0.31] 0.9998 | 61-7213 0.16 | 0.9996 | 88-5388

Table C.10: Summary of the exponent p for all sediment transport equations
and Manning resistance equation for n = 0.023 and d; = 0.3 mm and 1.5 mm.
r? represents the correlation coefficient of the linear regression. The numbers in
the Range column represent the range of widths from which the regression was

generated. Missing values (—) could not be estimated.
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Julien Yang
Q (m%s)[d, (mm)| n p r’ |[range p r2 range
139 0.3 0.01 | 0.09 | 0.9994 [74-3335 0.19 | 0.9997 | 31-3020
97 0.3 0.01 | 0.09 | 0.9995 [73-4092 0.19 | 0.9997 | 31-3811
35 0.3 0.01 [ 0.09 | 0.9996 |75-7303 0.2 0.9995 | 32-7412
A and W EandH
Q (m%s)|d, (mm)| n p r> |range p r  |range
139 0.3 0.01 [ 0.24 | 0.9997 |167-2578| 0.24 | 0.9999 |40-3067
97 0.3 0.01 [ 0.25 | 0.9996 |171-3289| 0.24 [ 0.9999 |41-3895
35 0.3 0.01 | 0.28 | 0.9996 | 185-6663| 0.24 1 40-7667
Brownlie M and W
Q (m*/s) |d, (mm)| n p r range p 2 range
139 0.3 0.01 [ 0.27 | 0.9999 | 49-2603 | 0.19 1 100-2143
97 0.3 0.01 [ 028 | 0.9999 | 49-3324 | 0.19 1 99-2650
35 0.3 0.01 | 028 | 0.9998 | 516684 | 0.19 1 96-4820
Julien Yang
Q (ms) dg (mm)[ n p r2 range p r2 range
139 0.3 0.04 | 0.09 | 0.2992 [75-1016 0.2 0.9996 | 35-1614
97 0.3 0.04 | 0.09 | 0.9993 [75-1247 0.2 0.9996 | 35-2038
35 0.3 0.04 | 0.09 | 0.9994 [74-2226 0.22 | 0.9993 | 38-3990
A and W E and H
Q (m’/s)|d, (mm)| n p r2  |range p r?  |range
139 0.3 0.04 | 0.22 | 0.9997 [149-1766| 0.24 | 0.9999 |40-3067
97 0.3 0.04 [ 0.23 | 0.9997 |153-2234| 0.24 | 0.9999 |40-1828
35 0.3 0.04 | 0.25 | 0.9996 |166-4411| 024 | 0.9999 |40-3599
Brownlie M and W
Q (ms)|d, (mm)] n p r2 range p r2 range
139 0.3 0.04 [ 028 | 0.9999 | 52-1764 | 0.19 1 100-2143
97 0.3 0.04 [ 0.28 | 0.9999 | 52-2257 0.19 1 99-2650
35 0.3 0.04 | 0.29 | 0.9998 | 54-4567 0.19 1 96-4820
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Table C.11: Summary of the exponent p for all sediment transport equations

and Manning resistance equation for n = 0.010 and n = 0.040 and ds; = 0.3 mm.

r? represents the correlation coefficient of the linear regression. The numbers in

the Range column represent the range of widths from which the regression was

generated.
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Width at minimum slope

Q, (ppm)| dg (mm) f Julien |Yang A and W |E and H |Brownlie |M and W
1179 0.3 0.03 30 11 32 13 13 44
416 0.3 0.03 34 13 35 14 14 52

Width to depth ration at minimum slope
Q, (ppm)| dg (mm) f Julien Yang [A and W|E and H|Brownlie| M and W
1179 0.3 0.03 12 1.84 13.49 213 2.16 24.95
416 0.3 0.03 12 2.03 12.47 197 1.95 23.93

Table C.12: Summary of the width-depth ratios and widths at minimum slope
for all sediment transport equations, Darcy-Weisbach resistance equation, and two

different sediment concentrations.
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q
Julien Yang
Q; (ppm) | d, (mm) f q q r2 range
1179 0.3 0.03 0.25 0.27 | 0.9999 | 94-600
416 0.3 0.03 0.25 0.29 | 0.9999 |115-600
q
A and W, E and H
Q. (ppm) | ds (mMm) f q r2 range
1179 0.3 0.03 -—- 0.4 1 111-600
416 0.3 0.03 -—- 0.4 1 124-600
q
Brownlie M and W
Qs (ppm) | ds (mm) f q r2 range q r2 range
1179 0.3 0.03 0.35 1 122-600| 0.10 | 0.9999 |136-600
416 0.3 0.03 0.36 1 156-600| 0.10 1 166-600
p
Julien Yang
Q; (ppm) | ds (mm) f p p r2 range
1179 0.3 0.03 0.14 0.15 | 0.9996 |24-2480
416 0.3 0.03 0.14 0.16 | 0.9996 |26-2059
p
Aand W E and H
Q. (ppm) | dy (mm) f p r range p r2 range
1179 0.3 0.03 0.15 0.999 [149-2275 0.22| 0.9999(36-2415
416 0.3 0.03 0.18 | 0.9993 [184-1877 0.22| 0.9999|37-1961
p
Brownlie M and W
Qs ppm | ds (mm) f p r? range p r range |
1179 0.3 0.03 0.19 | 0.9998 [32-2296| 0.06 | 0.9998 |74-2143
416 0.3 0.03 0.2 0.9997 [35-1862| 0.06 | 0.9997 |74-1552
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Table C.13: Summary of the exponents p and ¢ for all sediment transport equa-

tions, Darcy-Weisbach resistance equation, and two different sediment concentra-

tions. 72 represents the correlation coefficient of the linear regression. The numbers

in the Range column represent the range of widths from which the regression was

generated.
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Width at minimum slope

Qs (ppm) ds (MmM) n Julien |Yang Aand W |E and H|Brownlie/M and W
1179 0.3 0.023 39 11 27 12 12 26
416 0.3 0.023 45 13 29 14 14 32

Width to depth ration at minimum slope
Qs (ppm) ds (mm) n Julien | Yang | Aand W |E and H|Brownlie| M and W
1179 0.3 0.023 18 1.86 9.97 1.85 1.85 10.15
416 0.3 0.023 18 2.07 8.98 2.03 1.98 10.43

Table C.14: Summary of the width-depth ratios and widths at minimum slope for
all sediment transport equations, Manning resistance equation, and two different

sediment concentrations.
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q
Julien Yang
Qs (ppm) |ds (mm)[  n q q r2 range
1179 0.3 0.023 | 0.14 0.34 0.9999 |119-600
416 0.3 0.023 | 0.14 0.36 0.9999 |159-600
q
Aand W| E and H
Qs (ppm) [ds (MmM)| n q P |range
1179 0.3 0.023 -— 0.42 1 116-600
416 0.3 0.023 -— 0.42 1 129-600
q
Brownlie M and W
Qs (ppm) | ds (mm) n q r2 range q r? range
1179 0.3 0.023 | 0.49 1 166-600| 0.33 1 157-600
416 0.3 0.023 | 0.51 1 232-600| 0.34 1 192-600
p
Julien Yang
Qs (ppm) |ds (mm)|  n p p r2 range
1179 0.3 0.023 | 0.08 0.2 0.9997 |33-2070
416 0.3 0.023 | 0.08 0.21 0.9997 |36-1740
p
Aand W E and H
Qs (ppm) [ds (MM)| n p r2 range p P |range
1179 0.3] 0.023 0.23 0.9997|155-204 0.24| 0.9999|40-1947
416 0.3] 0.023 0.25 0.9997]179-169 0.24| 0.9999|40-1611
p
Brownlie M and W
Qg (ppm) | ds (Mmm) n p r2 range p r? range
1179 0.3 0.023 | 0.27 0.9999 50-2060| 0.19 1 100-2143
416 0.3 0.023 | 0.24 0.9999 B319-1689 0.20 1 100-1552
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Table C.15: Summary of the exponents p and ¢ for all sediment transport equa-

tions,Manning resistance equation, and two different sediment concentrations.r? rep-

resents the correlation coefficient of the linear regression. The numbers in the Range

column represent the range of widths from which the regression was generated.
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Input Variables ds=03[ds=03|{Q=139| Q=97 | ds =03
f=003|f=003|f=0.03|f=0.03| f=0.03
Modified Variable Q (m*s)| Q (m*s)| ds (mm)|ds (mm)| Qs (ppm)
Initial Value 139 97 0.3 0.3 1179
Modified Value (New) o7 35 1.5 1.5 416
Julien Eq.
Width at min S 0.441 | 0.481 [ -0.025 | -0.029 [ -0.206
W/h at min S 0.000 | 0.000 | 0.000 | 0.000 0.000
g 0.000 | 0.000 [ 0.000 | 0.000 | 0.000
p 0.000 | 0.000 [ 0.000 | 0.000 | 0.000
Yang Eq.
Width at min S 0.301 | 0.469 [ 0.000 | 0.000 [ -0.281
W/h at min S -0.324 | -0.132 | 0.011 | 0.009 [ -0.160
g -0.123 | -0.112 | 0.001 | 0.045 [ -0.114
p -0.221 | -0.098 [ 0.050 | 0.031 | -0.103
Ackers and White Eq.
® Width at min S 0.310 | 0.593 | 2.633 1.672 -0.145
2 W/h at min S -0.223 | 0.221 [ 23.201 | 11.433 | 0.117
3 |9 - - - - -
§ D 0.221 | -0.559 — — -0.309
® Engelund and Hanse Eq.
g Width at min S 0.509 | 0.569 | -0.038 | -0.045 | -0.119
2 |W/h at min S 0124 | 0.114 | 0.007 | -0.011 | 0.116
e g 0.000 | 0.000 [ 0.000 | 0.000 | 0.000
p 0.000 | 0.000 [ 0.000 | 0.000 | 0.000
Brownlie Eq.
Width at min S 0.509 | 0.569 | -0.038 | -0.045 | -0.119
W/h at min S 0.153 | 0.144 | -0.007 | -0.022 | 0.150
q 0.000 | -0.045 | 0.014 | 0.014 -0.044
p 0.000 | -0.082 [ 0.013 | 0.026 | -0.081
Molinas and Wu Eq.
Width at min S 0.376 | 0.441 0.017 | 0.019 -0.281
W/h at min S -0.032 | -0.069 | 0.080 | 0.084 [ 0.063
q 0.000 | 0.156 | -0.100 | -0.100 | 0.000
p 0.000 | 0.261 | -0.083 | -0.125 | 0.000

168

Table C.16: Jacobian matrixes for all sediment transport equations and Darcy-

Weisbach resistance equation. The four rows at the top of the table contain the input

values to the model. Each element of the matrix represents the partial derivative of

the response variable with respect to the reference solution obtained with the data

in the first three rows of the table.
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Appendix D

Effect of Sediment Concentration

The effect of sediment concentration on the time to equilibrium can be tested with
the simulations performed to design the temporarily channel at the downstream end
of the middle Rio Grande, that conveys the water into Elephant Butte Reservoir.
The temporarily channel consists of a wide middle reach (Subreach 2), located be-
tween to narrow reaches (Subreach 1 (upstream) and Subreach 2 (downstream)).
Table D.1 summarizes the geometric characteristics of the channel, the sediment
size, and the roughness coefficient used in the simulations. The change in width
between Subreaches 1 and 2 and between Subreaches 2 and 3 were simulated with
a transition of 200 m. The upstream and downstream nodes were fixed for this
simulation, in order to control the downstream degradation.

Two different cases (A and B) were studied. In case A, the incoming sediment
transport to the model was not specified. In case B, the incoming sediment load to

the channel at the first upstream node was estimated with a sediment rating curve.

Subreach Width (m) | Length (m) Initial n | ds (mm)
Slope (m/m)
1 (narrow-upstream) 76 4200 0.00143 0.024 0.22
2 (wide-middle) 91 400 0.00145 0.024 0.22
3 (narrow-upstream) 76 6200 0.00172 0.024 0.22

Table D.1: Summary of data input into the quasi-steady state model to design the

temporarily channel upstream from Elephant Butte Reservoir.
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In both cases, the sediment transport along the channel was computed with Yang’s
(1973) equation. The sediment rating curve used is Q, = 0.05Q%?**, where Q is
the discharge in cubic feet per second and (s is the sediment load in metric-tons
per day.

The mean daily flows at the San Marcial gage from 1/1/95 to 12/31/99 were
routed along the channel. Figure D.1 shows the bed elevation profiles for 0, 2 and 5
years for case A (a) and case B (b). In case A, the channel degraded until equilibrium
was achieved. In case B, the excess of sediment concentration upstream, caused
aggradation in the channel, increase of the slope, and subsequence degradation.

Figures D.2 D.3 show the changes in reach-averaged slopes with time at the three
subreaches for cases A and B respectively. The changes in slope with time for case
B are more variables than for case A, due to the impulses of sediment input into
the channel during high flows. The wide channel (Subreach 2) developed at steeper
slope than the two narrow reaches (1 and 3). The equilibrium slope for subreaches
1 and 3 should be the same, since they both have the same width. Subreach 1 and
3 developed the same slope in less than one year in case B, and in about 2.5 years
in case A. This means that the increase in sediment concentration increases the rate
of change in slope.

Figure D.4 shows the comparison of the change in reach-averaged slope with
time at each subreach and for both cases. The rate of change in slope with time
is faster when the channel is overload with sediment, as in case B. In the case of
subreach 3, the initial rates of change in slope with time is the same for both cases
and then decreases less rapidly for case B than case A. This response might be due
to the decrease in supply of sediment from the upstream reaches (1 and 2), where
the input sediment has been deposited.

From this analysis, it can be concluded that the increase in sediment concen-
tration in a channel, induces the channel to change the slope at a faster rate than

without the increase in sediment concentration.
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Figure D.1: Bed elevation profiles of the temporarily channel (a) Elevation profiles

for case A. (b) Elevation profiles for case B.



Appendixz D. Effect of Sediment Concentration 173

160
140 -
120 —h\ |
100 |

80 {N
60

40 | NL 1 | |

Discharge in m’/s

(a)

0.0018

0.0016 ﬁ _____________
0.0014

0.0012

Subreach 1 —

0.0010 Subreach 2 |

—-—-Subreach 3

0.0008

0.0006

Reach averaged slope in m/m

0.0004 ! ! ! ! !

(b) Time in years

Figure D.2: Changes in reach-averaged slopes with time. (a) Mean daily flow
discharges at San Marcial gage input into the model. (b) Reach-averaged slopes for

case A.
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Figure D.3: Changes in reach-averaged slopes with time. (a) Mean daily flow
discharges at San Marcial gage input into the model. (b) Reach-averaged slopes for

case B.
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Appendix E

Flow Duration Curves at San Acacia Gage

This appendix contains the flow duration curves developed at the San Acacia gage
during the periods 1986-2000 and 1978-2000. According to the water discharge mass
curve (Figure 3.2) presented in Chapter 3, the water regime has not change between
1978 and 2000. However, another flow duration curve was developed to account for

the cessation of diversion to the Low Flow Conveyance Channel in 1985.

300

—— 1978 - 2000
250 1 —o— 1986 - 2000

200

150 4

100 ~

Water discharge in m*/s

50 -

0 T T T T T T x T »J
0.1 1 10 30 50 70 90 99 99.9

Percent of time indicated discharge was equaled or exceeded

Figure E.1: Flow duration curves at the San Acacia gage for the 1978 to 2000 and
1986 to 2000 periods.
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Appendix F

Sensitivity Analysis of Time to Equilibrium

This appendix contains the results of the numerical model with constant discharge
for different values of channel length, sediment size, and roughness coefficient. The
effect of different discharges on the time to reach equilibrium is also tested. In
addition, an exponential model is fit to the transient solution of the slope to describe

changes in reach-averaged slope with time.

F.1 Effect of Channel Length

In order to test the change in time to reach equilibrium due to changes in channel
length, two runs were performed with a channel length of 32 kilometers and 52
kilometers. A constant flow discharge of Q = 36 m?®/s was routed. The roughness
coefficient was 0.023, the sediment size was 0.50 mm and the initial slope was 0.0008
m/m for both runs. The geometry data input into the model are summarized in
Table F.1. The length of the transition between the narrow and the wide reaches
was 200 m. In addition, the time step used was 0.2 days. Figure F.1 presents the
change in reach-averaged slope with time in the upstream (narrow) and downstream

(wide) reaches.

Figure F.1 shows that the channel reached equilibrium faster in the shorter reach,
which is an expected result, because the final volume of sediment comprised between
the initial and final bed profiles is less when the channel is shorter. The time to

equilibrium is expected to vary with the square of the reach length (L?).
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Run | Length (km) | d, (m) | Wy (m) | Wy (m) | Ly (km) | Ly (km)
1 32 200 100 200 12.2 19.6
2 92 200 100 200 26.8 25.0
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Table F.1: Geometry data input into the numerical model to test the effect of

channel length on the time to reach equilibrium.
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Figure F.1: Change in reach-averaged slope with time in a narrow (upstream) and

wide (downstream) reaches of a channel, for two different channel lengths.

F.2 Effect of Sediment Size

Two model runs were performed to study the change in time to reach equilibrium

due to the size of the sediment particles. Table F.2 summarizes the data input into
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Run | d; (mm) | Q (m3/s) | n | d, (m) | di(day) | Wy (m) | Wy (m)
1 1.00 142 0.03 | 200 0.2 100 200
2 0.50 142 0.03 | 200 0.2 100 200
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Table F.2: Data input into the model to test the effect of the sediment size on the

time to reach equilibrium.
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Figure F.2: Change in reach-averaged slope with time in a narrow (upstream) and

wide (downstream) reaches of a channel, for two different sediment sizes.

the model. The total length of the channel was 32 Km with a constant initial slope

of 0.0008 m/m for all the runs. Figure F.2 shows the change in reach-averaged slope

with time of the upstream (narrow) and downstream (wide) reaches.

Time to equilibrium is reached faster with finer sediment. The rate of change in
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slope with time is greater when the sediment is finer. For these examples, the time to
equilibrium was about 3,000 days, when the sediment size was ds = 0.5 mm, while it
increased to about 5,000 days when the sediment size was increased to d, = 1.00 mm.
Finer sediments are easier to entrain. Therefore, the adjustment of slope occurs
faster with fine sediment than with coarser sediment. However, finer sediments
decrease the trap efficiency and could decrease the aggradation/degradation of the

channel. For this case, it does not happens, because the trap efficiency is 100 % in

both cases.

F.3 Effect of Manning Roughness Coefficient

Two runs were performed with different Manning n roughness coefficients to test the
change in the time to reach equilibrium. Table F.3 summarizes the data input into
the model. The total length of the channel was 32 Km with a constant initial slope
of 0.0008 m/m for all the runs. Figure F.3 shows the change in reach-averaged slope

with time of the upstream (narrow) and downstream (wide) reaches.

Sediment transport equilibrium is reached faster with larger friction factor. An
increase in roughness produces an increase in flow depth and consequently an in-

crease in bed shear stress.

Run | n | Q(m/s) | d, (mm) | d, (m) | dilday) | Wi (m) | Wy (m)
1 0.030 142 0.50 200 0.2 100 200
2 0.023 142 0.50 200 0.2 100 200

Table F.3: Data input into the model to test the effect of the Manning roughness

coefficient on the time to reach equilibrium.
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Figure F.3: Change in reach-averaged slope with time in a narrow (upstream)
and wide (downstream) reaches of a channel, for two different Manning roughness

coefficients.

F.4 Effect of Discharge on the Equilibrium Time

Two runs were performed with different constant flow discharges to test the change
in the equilibrium time. Table F.4 summarizes the data input into the model. The
total length of the channel was 32 Km with a constant initial slope of 0.0008 m/m
for all the runs. Figure F.4 shows the change in reach-averaged slope with time of

the upstream (narrow) and downstream (wide) reaches.

The reach-averaged slope changes rapidly with larger flows. Also, the equilibrium
slopes for both reaches are larger for large discharges than for low flows. The increase

in flow discharge increases the sediment concentration and therefore, the equilibrium
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Run | Q (m*/s) | n |ds (mm) | W; (m) | Wy (m)
1 142 0.023 0.50 100 200
2 36 0.023 0.50 100 200
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Table F.4: Data input into the model to test the effect of water discharge on the

time to reach equilibrium.
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Figure F.4: Change in reach-averaged slope with time in a narrow (upstream) and

wide (downstream) reaches of a channel, for two different water discharges.

slope.

F.5 Exponential Model

An exponential model was fit to the transient solution of the slope. This model is

based on the concept that the slope changes more rapidly, the further it is from the
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equilibrium state. The same type of model have been applied to describe the changes
in channel width with time in the Rio Grande (Richard, 2001). The hypothesis of
the model is that the magnitude of the slope of the slope versus time curve increases

with deviation from the equilibrium slope (.S).

AS
At
Where AS is the change in slope during the time period At; and At is the time

—k(S - S.) (F.1)

period in days.

Differentiating F.1 the following equation is obtained:

s

— = k(S-S5 (F.2)

Then, rearranging and integrating equation F.2:

S dS /t
= —kdt
/So S -5, 0
In(S — S,) — In(S, — S.) = —kt +0

In (SS __SS > =M (F.3)

The resulting exponential function is:

S=28.+(S,—5.).e

Where k is a constant, S, is the equilibrium channel slope, S, is the channel
slope at time ¢,; and S is the channel slope at time, t.

The exponential model was fit to the simulation results of Chapter 4, Section
4.2.3. The equilibrium channel slope (S. was obtained from the numerical simu-
lations, and the constant k was obtained by minimizing the sum of square errors

(SSE). The exponential model was fit from the day 100, when the slope of the narrow
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Figure F.5: Change in reach-averaged slope with time in a narrow (upstream) and
wide (downstream) reaches of a channel as predicted with the numerical simulations

and with the exponential model.

reach started to decline. Figure F.5 shows the exponential model fit to the data as
well as the data from the simulation. This plot shows the time scale in years, how-
ever, the regression was performed with the time in days. The exponential model is
in good agreement with the results from the simulation. The coefficient k might be a
function of the reach length, the sediment size, the flow discharge and the roughness

coefficient.
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Appendix G

Flow Charts and Computer Codes

This appendix contains the flow charts of the numerical models for constant and

variable discharges.

G.1 Flow Chart of Numerical Model for Constant Discharge

Read Input data:

Width(i), Length(i). d;,Q,n. S 4 () At, Total time
(1), A, number of stations (nstat)
Maxday = number of days per output
'

Compute
- number of time steps (ntime) }

¥

Initilize

ndi = O (initial number of days to write output)
It =1 (last number of days to write output)

tt =1 (time index per output file)

t=1 (total time index)

r---while ts=ntime

ndf = (t-1)*dt +1 (number of days )
numday (tt) = ndf

!

Call Function bisection and compute:
Critical depth downstream (h,(1,tt))

|

Call Function bisection and compute:
Normal depth downstream (h,(1.tt))
using the initial slope at node 1
(slope(1,1)

!

Assume h(1,tt) = hn =(1,tt)

Call Function geometrym and compute:
area (1,t), perimeter(1.tt). hyradius(1.tt)
velocity(1.tt), velhead(1,tt) slopef(1 tt),
fr2(1,tt),energyt (1.tt)
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@ Initialize

sta =2 (index of # stations)
ni=1 (number of iterations)
nii(sta,t) =1 (number of iterations)

v
[Assume hstart(sta,tt) = h (sta-1,t) ]

l___________________whl\esta<-nstat|on - e e e e = =

Call Function geometrym and compute:
area (sta.tt), perimeter(sta,tt), hyradius(sta,t),
velocity(sta tt), velhead(sta,tt) slopef(sta,tt)
fr2(sta,tt), energyt(sta, tt)

|

[Call Function bisection and compute: J

Critical depth downstream (h.(sta.tt))

l meansf(sta tt) = (slopef(sta-1 tt)+slopef(sta time))*0.5 l

l etstart(sta tt) = energyt(sta-1,tt) + meansf(sta,t)*dx(sta-1) ]

l denergy(sta,tt) = energyt(sta tt) etstart(sta tt) ]

l error(ni tt) = abs(denergy(sta,tt)) l

1
Yes minerror = error(ni,tt)
iteration = ni
hsmin(sta,ni) = hstart(sta tt)

minerror = error(ni tt)
iteration = ni >
hsmin(sta,ni) = hstart(sta,t)

If error(ni.tt) Yes

<minerror

If error(ni, tt)
<0.0001

Yes
%lsenergy(sm‘tt) = velhead(sta,tt)+h(sta, ) l

If width(sta)
> width(sta-1)

lcenergy(sta-1 Jtt) = 3*he(sta-1 tt)/2 l

If senergy(sta.tt)<
cenergy(sta,tt)

O
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E>

Call Function geometrym and compute:
area (sta tt), perimeter(sta, tt),hyradius(sta tt),

]

187

Call Function bisectionme and compute @
h(sta,tt) that corresponds to cenergy(sta-

1,4)

velocity(sta.tt), velhead(sta.tt) slopef(sta,tt),
fr2(sta, tt), energyt(sta tf)

)

«—
v

sta = sta +1

ni=1

nii(sta,t) = 1

hstart(sta,tt) = h(sta-1,t)

I >

number
C = 5*velocity(sta,tt)*(dt/dx(sta-1))/3

LYes

Compute the Courant-Frederich-Levy ‘

Warning: the model might be

v
[dhstart(sta,tt) = denergy(sta,tt)/(1-fr2(sta, tt) + (3*slopef(sta, tt)*dx(sta-1))/(2*hyradius(sta, tt)))

[

unstable. Change the dt or dx

l

lhstart(stat,tt) = hstart(sta,tt)-dhstart(sta, tt)

if hstart(sta, t)< 0

Yes
or nii(sta,t)»=50 _.lh(sla,tt) = hsmin(sta,iteration)

l

v

Yes

If width(sta)
> width(sta-1)

senergy(sta,tt) = velhead(sta,tt)+h(sta,tt)

l

lcenergy(sta-1 tt) = 3*hc(sta-1,tt)/2

l

If senergy(sta,tt)<
cenergy(sta,tt)

Call Function bisectionme and compute
h(sta,tt) that corresponds to cenergy(sta-1,tt)

Call Function geometrym and compute:

area (sta,ft), perimeter(sta, tt),hyradius(sta, tt),
velocity(sta,tt), velhead(sta tt) slopef(sta, tt),
fr2(sta tt), energyt(sta tt)

|

Compute the Courant-Frederich-Levy ‘

number

|2 d C = 5*velocity(sta,tt)* (dt/dx(sta-1))/3
! v
: o Yes
' ¥ y
' sta = sta +1 No
3 ::i(zs:a =1 {V\/aming: the model might be }
3 hstart(sta,tt) = h(sta-1.t) unstable. Change the dt or dx

UL RO S g

sta = 1 to nstation

l taubed(sta,time) = 9810*hyradius(sta,t)*slopef(sta,

) |

Call Function julien to compute total sediment
discharge gst(sta tt) in mglday

)

[te(sta,ttﬂ) =1 - exp(-dx(sta-1)*omega)/(h(sta,tt) *velocity(sta, tt))

l

|

!
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@ ———— sta = nstation to 2 4 @

ldqst(sta-1 J[t+1) = gst(sta-1, tt)-gst(sta, tt) l

ldz(sta-1 t+1) = -te(sta-1,tt+1)*dqgst(sta-1,tt+1)dt/((1-po)*dx(sta-1)*width(sta-1)) ‘

¥
lelevation(sta-1,rt+1) = elevation(sta-1 tt)+dz(sta-1 tt+1) ‘

k2
lelevat\on(1‘tt+1) = elevation(1 1) ‘

le\evat\on(nstation,ttﬂ) = elevation(nstation,tt) ‘
[1

sta = nstation to 2

’slope(sta,ttﬂ) = (elevation(sta, tt+1)-elevation(sta-1 tt+1))/dx(sta-1) ‘

lslope(1 tt+1) = slope(1, ) ‘

tt = tt+1 (increment the
time index per file)

If ndf-ndi =
maxday

Write output file

from time = It to tt Write output

every maxday E

A,

elevation(;,1) = elevation(;,tt+1)
slope(:,1) = slope(:,tt+1)
tt=1 —>
It=1
ndi = ndf
v
If t = stime Yes  [Write output file Write the last output,
& time > maxday > |from time = It to tt- 1 when the total number of!

days in not multiple of
maxday

Yes - - Write one output
——s|Viecutputfle when the total number
rom tim of days is less than maxday
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G.2 Code of the Numerical Model for Constant Discharge

%Script file: steady.m

T

%Purpose:

%This program computes backwater profiles in a sequence of channel
hreaches under steady flow conditions. Then the aggradation

hand degradation of the channel bed is calculated using

%Julien’s sediment transport equation. The resistance equation

%is Manning and the energy equation is solved using Henderson’s method
T

%Define variables

%Input data:

h

%time = total time in days

%dt = delta time in days

hdisc = flow discharge in m3/s

Jnstation = number of stations along the channel

hstation = station number

%length = channel length in m

%slope = channel slope

%width

channel width in m

%n = friction factor

%ds = sediment diameter in m

%vis = Kinematic viscosity in m2/s
%ipo = sediment porosity

%z = side slope

YA

%0ther variables
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Jntime = number of time steps

%h = known flow depth in m at a station along the channel
Jhstart = guessed flow depth in m at a station along the channel
harea = cross section area in m2 (rectangular section)

hperimeter = wetted perimeter in m (rectangular section)

%hyradius = hydraulic radius in m (rectangular section)

%velocity = mean flow velocity in m/s

%velhead = velocity head in m

henergyt = total energy in m
%slopef = friction slope

%fr2 = Froude number squared
%taubed = bed shear stress in N/m2

Jmeansf = average of friction slope between two adjacent stations

hetstart = total energy start in m
hdenergy = delta energy in m
%dhstart = flow depth increment in m
homega = fall velocity in m/s

%ndi = initial day of output file

%ndf = last day of output file

%1t = last time step an output file was written

%tt = time step per output file

%t = total time

%hn = normal depth m

%hc = critical depth m

%hmin = minimum initial bound input into the bisection method

yA to compute the normal depth and critical depth in the case of
yA non-rectangular sections

%hmax = maximum initial bound input into the bisection method
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yA to compute the normal depth and critical depth in the case of
h non-rectangular sections
%qbv = unit sediment discharge in m2/s

hqst = sediment discharge in m3/day

hdgst = change in sediment discharge between two adjacent

YA stations in m3/day

%maxday = number of days per output file

%iteration = is the iteration number where the minimum error happens

%hsmin = is the flow depth in m that produces the minimum error

Jminerror = is the minimum error of specific energy in m

%senergy = specific energy in m

hcenergy = critical energy in m
b

clear all
%Get input data
h

time = 3;

dt = 0.01;

n = 0.023;
disc = 2;

ds = 0.0003;
vis=0.000001;

po = 0.43;
z = 0;
maxday = 3;
h

%0pening the input file

disp(’Enter the name of the input file that contains the);
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disp(’channel characteristics. The input file must);
disp(’contain five columns with the following data:);
disp(’Column 1 = Station #, Column 2 = length,);
disp(’Column 3 = Slope, Column 4 =’);

disp(’Elevation and Column 5 = Width. The first row);
disp(’must contain the column headings: °’> );
filename = input(’ ’,’s’);
YA
%Calling function to read input data

[nstation, station,length,slope,elevation,width,...
dx] = openfilel(filename) ;
YA
if time < maxday

%Enter name of output file

disp(’Enter the name of the output file: )
ofilename = input(’ ’,’s’);

end

b

t0 = clock;

%#Creating slope and elevation matrixes. The first index (x)
%hcorresponds to the station along the channel. The second index
%hcorresponds to time. Time = 1 is the first day

x = 1:1:nstation;

slope(x,1) = slope(x); elevation(x,1) = elevation(x);

h

%Calculate the number of time steps. Time=1

%corresponds to the initial conditions (time = 0):

%initial slope, discharge, d/s flow depth, etc. Time = 2 will be
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%0 + dt, time = 3 will be 0 + 2*dt and so on...tn = t0 + (n-1)*dt
ntime = 1+ time/dt;

b

%Call function to calculate the fall velocity of ds

omega = fallv(vis,ds);

b

%Calculate the backwater

ndi = 0; %initial number of days

1t =1; Jlast time an output file was written
tt = 1; %index from 1 to 365 days
t = 1; %initilize time
YA
while t <= ntime
ndf = (t-1)*dt; %number of days
numday(tt) = ndf;
disp([’day # :’ num2str(ndf)]);
%Compute the normal depth at station 1 and assume
%d/s depth (sta 1) = normal depth
if slope(1,tt)< 0;

error (’slope < 0, normal depth does not exist’);

else
hmin = 0; %hmin and hmax are the min and max

%initial bounds for the bisection method iterations
hmax = 30;

flag = 1; %flag = 1 indicates the bisection function
/ito compute the normal depth
hn(1,tt)] =bisection(disc,slope(1l,1),n,width(1),z,hmin,hmax,flag);

h(1,tt) = hn(1l,tt);
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end
%Calculate the critical depth at station 1
if z ==
%hc for rectangular section
hc(1,tt) = ((disc~2)/(9.81xwidth(1)~2))~(1/3); else
hmin = 0; %hmin and hmax are the min and max initial

Y%bounds for the bisection method iterations

hmax = 2%((disc~2)/(9.81xwidth(1)~2))~(1/3);
flag = 2; Yflag = 2 indicates the bisection function

%to compute the critical depth
[hc(1,tt)]=bisection(disc,slope(1l,tt),n,width(1),z...
,hmin,hmax,flag) ;
end
%Calling function geometry to compute the area, perimeter,
Jhydraulic radius, velocity, velocity head,total energy and
%friction slope at station 1 (downstream end of the channel),
%based on the flow depth at sta 1, flow discharge, width,
%elevation and friction factor (f)
[area(1l,tt) ,perimeter(1,tt) ,hyradius(l,tt),velocity(1,tt)...
,velhead(1,tt) ,energyt(1l,tt),slopef(l,tt),fr2(1,tt)] =...

geometrym(width(1) ,h(1,tt) ,disc,elevation(l,tt), n,z);

%Calculate the bed shear stress in N/m2 at station 1

taubed(1,tt) = 9810*hyradius(1l,tt)*slopef(1l,tt);

%Initializing the counter ’sta’ to start computing
%#the backwater profile

sta = 2;
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%hAssuming the u/s depth (sta = 2) equal to the
%d/s depth (sta = 1)

hstart(sta,tt) = h(sta-1,tt);

%number of iterations

ni =1; nii(sta,t) = 1;

while sta <= nstation

%Calling function geometry

[area(sta,tt) ,perimeter(sta,tt) ,hyradius(sta,tt)...
,velocity(sta,tt) ,velhead(sta,tt) ,energyt(sta,tt)...

,slopef(sta,tt),fr2(sta,tt)] =...

geometrym(width(sta) ,hstart(sta,tt),disc,elevation(sta,tt), n,z);

if z ==
%hc for rectangular section

hc(sta,tt) = ((disc~2)/(9.81xwidth(sta)~2))~(1/3);

else

hmin = 0; %hmin and hmax are the min and max initial
%bounds for the bisection method iterations

hmax = 1.1%((disc~2)/(9.81*width(sta)"~2))~(1/3);

flag = 2; Yflag = 2 indicates the bisection function
%to compute the critical depth

[hc(sta,tt)]=bisection(disc,slope(sta,tt),n...

,width(sta),z,hmin,hmax,flag);

end

%Compute the average friction slope between stations

%sta and sta-1

meansf (sta,tt) = (slopef(sta-1,tt)+slopef(sta,tt))*0.5;

9
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%Compute the total energy at the u/s station (sta)
%as the total energy d/s plus
%the head lost between both stations = meansf * dx

etstart(sta,tt) = energyt(sta-1,tt) + meansf(sta,tt)*dx(sta-1);

%Compute the difference in total energy in station sta by
hsubtracting the
htotal energy start (etstart)and the total energy computed with the
%function geometry energyt
denergy(sta,tt) = energyt(sta,tt)-etstart(sta,tt);
error (ni,tt)=abs(denergy(sta,tt)); if ni ==
minerror=error(ni,tt); iteration=ni; hsmin(sta,ni)=hstart(sta,tt);
elseif error(ni,tt)< minerror
minerror=error(ni,tt);
iteration=ni;
hsmin(sta,ni)=hstart(sta,tt);
end
%Check if denergy is less than an especified error. If so,
%the assumed elevation at the u/s station is rigth and
%we proceed to the next u/s station. If not, a new
%value will be assumed. dhstart is added to the previous assummed
%depth to compute the new assummed depth. dhstart equation
%comes from Henderson (1966) book pp.143
if abs(denergy(sta,tt)) <=0.001
h(sta,tt) = hstart(sta,tt);
%If h(sta,t) is in the wrong side of hc, h is set to hc

if h(sta,tt) < hc(sta,tt)
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h(sta,tt)=hc(sta,tt);

disp(’Msg 1:h is set to hc’);
disp(t);
disp(sta);
end
if width(sta) > width(sta-1)Jthere is a contraction
hcheck if the specific energy is less than the critical
henergy at the constriction
%Specific energy at sta
senergy(sta,tt) = velhead(sta,tt)+h(sta,tt);
heritical energy at the next downstream station
cenergy(sta-1,tt) = 3*hc(sta-1,tt)/2;
%1If energy < critical energy, the water has to backup
suntil it gets sufficient energy to pass
if senergy(sta,tt) < cenergy(sta-1,tt)
hmin = hc(sta,tt);
hmax=1.5%h(sta,tt);
h(sta,tt)=bisectionme (hmin,hmax,discharge(tt)...
,cenergy(sta-1,tt) ,width(sta),z);
disp(’Msg2: h corresponds to critical energy downstream’);
disp(sta);
disp(t);
end
end
%Calling function geometrym
[area(sta,tt) ,perimeter(sta,tt) ,hyradius(sta,tt),velocity(sta,tt)...

,velhead(sta,tt) ,energyt(sta,tt),slopef(sta,tt),fr2(sta,tt)] =...
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geometrym (width(sta),h(sta,tt),disc,elevation(sta,tt), n,z);

%Compute the Courant-Friedrich-Levy number and check stability
courant(sta,tt) = dt*b*velocity(sta,tt)/(3*dx(sta-1));
if courant(sta,tt)>1
disp(’the model is unstable’);

end

%Increase the counter to compute the flow depth in
%the next upstream station

sta = sta + 1;

%Initialized the number of iterations to 1 in the next station

nii(sta,t) = 1;

%Assume a new hstart(sta) value equal to the
%d/s depth just calculated at ’sta’

hstart(sta,tt) = h(sta-1,tt);

else
%Calculate the flow increment (dhstart)
dhstart(sta,tt)=denergy(sta,tt)/(1-fr2(sta,tt)...

+(3*slopef (sta,tt)*dx(sta-1))/(2*hyradius (sta,tt)));

%Add the flow increment to the assumed flow depth hstart

hstart(sta,tt) = hstart(sta,tt)- dhstart(sta,tt);
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%Increase the number of iterations
ni =ni + 1;
nii(sta,t) = nii(sta,t) +1;
if hstart(sta,tt) < 0 |
nii(sta,t) >= 50
%If hstart is negative, the solution will be the minimum error wse
h(sta,tt) = hsmin(sta,iteration);
disp(’Msg 3:No solution for the energy equation was found.
h is set to the minimum error h’);
disp(sta);
disp(t);

if width(sta) > width(sta-1) Ythere is a contraction
%check if the specific energy is less than the critical
henergy at the constriction

%Specific energy at sta

senergy(sta,tt) = velhead(sta,tt)+h(sta,tt);

heritical energy at the next downstream station
cenergy(sta-1,tt) = 3xhc(sta-1,tt)/2;

%If energy < critical energy, the water has to backup
%until it gets sufficient energy to pass

if senergy(sta,tt) < cenergy(sta-1,tt)

hmin = hc(sta,tt);

hmax = 3;

h(sta,tt) = bisectionme (hmin,hmax,disc...
,cenergy(sta-1,tt) ,width(sta),z);

disp(’Msg 4:h corresponds to critical energy downstream’);

disp(sta);
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disp(t);

end

else
%if the minimum error wse < critical depth, h is set to critical
if h(sta,tt) < hc(sta,tt)

h(sta,tt) = hc(sta,tt);

disp(’Msg 5:h is set to hc’);

disp(sta);

disp(t);

end

end
%Compute the channel characteristics with the new depth
[area(sta,tt) ,perimeter(sta,tt) ,hyradius(sta,tt),velocity(sta,tt)...
,velhead(sta,tt) ,energyt(sta,tt),slopef(sta,tt),fr2(sta,tt)] =...
geometrym (width(sta),h(sta,tt),disc,elevation(sta,tt), n,z);
%Compute the Courant-Friedrich-Levy number and check stability
courant(sta,tt) = dt*bxvelocity(sta,tt)/(3xdx(sta-1));

if courant(sta,tt)>1

disp(’the model is unstable’);

end
%Increse the number of stations

sta = sta+i;
%Set number of iterations to 1

ni=1;

nii(sta,t) = 1;
%New assumed depth equal to previous depth

hstart(sta,tt) = h(sta-1,tt);
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end

end
end
%Compute the bed shear stress in N/m2 based on the friction
%slope at each node

i = 1l:nstation;

taubed(i,tt) = 9810*hyradius(i,tt).*slopef(i,tt);
Whhhhhhh% - SEDIMENT TRANSPORT - AGGRADATION/DEGRADATION - %%%%%
%Calculate the sediment discharge at each station
%using Julien’s equation
for sta = nstation:-1:1

%Unit sediment discharge in m2/sec

gbv(sta,tt) = julien(ds,taubed(sta,tt));

%#Sediment discharge in m3/day

gst(sta,tt) = gbv(sta,tt)*width(sta)*86400;

end
for sta = nstation:-1:2
%Change in sediment discharge between 2 adjacent stations
dgst(sta-1,tt+1) = gst(sta-1,tt) - gst(sta,tt);
%Trap efficiency at time t+1 based on h and velocity
%computed at time = t

te(sta-1,tt+1) = 1l-exp(-dx(sta-1)*omega/(h(sta-1,tt)...
xvelocity(sta-1,tt)));
%Change in bed elevation at time t+1

dz(sta-1,tt+1) = -te(sta-1,tt+1)*dqgst(sta-1,tt+1)...
*dt/ ((1-po) *dx(sta-1)*width(sta-1));
%New bed elevation at time t+1

elevation(sta-1,tt+1) = elevation(sta-1,tt)+dz(sta-1,tt+1);
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end
%Fix elevation at the u/s stations
elevation(nstation,tt+1) = elevation(nstation,tt);
for sta = nstation:-1:2
%Calculate the new bed channel slope
slope(sta,tt+l) = (elevation(sta,tt+l)...
-elevation(sta-1,tt+1))/dx(sta-1);
end
%Slope at first downstream node equal to the slope
at the node upstream from it
slope(1,tt+1) = slope(2,tt+1);
tt = tt+1; %increment the time index tt
%Printing out the results every maxdays days
if ndf - ndi == maxday
tt = tt-1;
numfile = int2str(ndf);
fileout=strcat (numfile,’.out’);
fid = fopen(fileout,’wt’);
fprintf(fid,’%-156s %-11s %-12s %-12s %-156s %-12s %-12s...
h-12s %-12s %-12s %-16s %-12s\n’,’day’,’Station’,’Length’...
,’Slope’,’Elevation’,’Width’,’Q’,’h’,’Sf’>,’Fr2’, ’hc’,’qst’);
for k = 1t:tt
ddiff = numday(k) - round(numday(k));
if ddiff ==
for s = l:nstation
fprintf(fid, %6.1f\t %11d\t %11.2f\t %10.6e\t %11.6e\t
h11.2f\t %11.2f\t %6.4f\t %10.2e\t %10.4e\t %6.4f\t %6.4f\n’,...

numday(k), station(s), length(s),slope(s,k),elevation(s,k),
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width(s), disc,h(s,k),slopef(s,k),fr2(s,k),hc(s,k),qst(s,k));
end
end

end

fclose(fid);

elevation(:,1) = elevation(:,tt+1);

slope(:,1) = slope(:,tt+1);

tt = 1;

1t = 1;

ndi = ndf;

elseif t == ntime & time > maxday %printing out the results

numfile = int2str(ndf);
fileout=strcat (numfile,’.out’);
fid = fopen(fileout,’wt’);
fprintf(fid,’%-156s %-11s %-12s %-12s %-156s %-12s %-12s...
h-12s %-12s %-12s %-15s %-12s\n’,’day’,’Station’,’Length’...
,’Slope’,’Elevation’, ’Width’,’Q’,’h’,’Sf’,’Fr2’,’hc’,’qst’);
for k = 1t:tt-1
ddiff = numday(k) - round(numday(k));
if ddiff ==
for s = l:nstation
fprintf (fid, %6.1f\t %11d\t %11.2f\t %10.6e\t %1l1l.6e\t..
%11.2f\t %11.2f\t %6.4f\t %10.2e\t %10.4e\t %6.4f\t %6.4f\n’,...
numday(k), station(s), length(s),slope(s,k),elevation(s,k),...
width(s) ,disc,h(s,k),slopef(s,k),fr2(s,k),hc(s,k),qst(s,k));
end
end

end
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fclose(fid);
end
t =t +1; Y%increment the total time index
end
Tl tototolohoteth — WRITING QUTPUT - %%ttt lototstotototststotolotststotootststolotersto oot oo tolotsts
%Printing out the results if the total time is less than maxday
if time < maxday fid = fopen(ofilename,’wt’);
fprintf(fid,’%-156s %-11s %-12s %-12s %-156s %-12s %-12s...
%-12s8 %-12s %-12s %-15s %-12s\n’,
’day’,’Station’,’Length’, ’Slope’,’Elevation’, ’Width’,’Q’...

’)h)’7Sf’,7Fr2), )hc)’)QS));

for k = 1:tt
ddiff = numday(k) - round(numday(k));
if ddiff ==

for s = l:nstation
fprintf(fid, %6.1f\t %11d\t %11.2f\t %10.6e\t %11.6f\t...
h11.2f\t %11.2f\t %6.4f\t %10.2e\t %10.4e\t %6.4f\t...
%11.2f\n’ ,numday(k), station(s), length(s),slope(s,k),
elevation(s,k),width(s),disc, h(s,k),slopef(s,k),...
fr2(s,k) ,hc(s,k),qst(s,k));
end
end
end

fclose(fid); end elapsedtime = etime(clock,t0);

YA

%Counts the total running time

YA

fprintf (’The elapsed time in seconds is = %6.3f\n’,elapsedtime);
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G.3 Flow Chart of Numerical Model for Variable Discharge with no
Control of Degradation along the Channel

Read Input data:
Width(i), Length(i), de,n, Sinia()) At, Total time (t).
Ax, number of stations (nstat)
maxday = humber of days per output
discharge = Q(t). temperature = temp(t), upstream
elevation = uselev(t)

Compute
- number of time steps (ntime)

Call Function convertion to compute
kinematic viscosity = f (temp(t))

v
[Ca\l Function fallv to compute fall

velocity = omega = f (vis(t),ds)

v

Create matrixes for slope and elevaton}

along the channe for time 1
x =1 to nstat

slope(x, 1) = slope(x)
elevation(x,1) = elevation(x)

v

Linearly interpolate the:
-daily flow discharge data (discharge)

-daily fall velocity (omegai)
-daily upstream elevation (uselevi)
for each time step

'

Initilize

hdi = 0 (initial number of days to write output)
It =1 (last number of days to write output)

tt =1 (time index per output file)

t=1 (total time index)

ndf = (t-1)*dt +1 (humber of days )
nhumday (tt) = ndf

discharge (it) = discharge(t)
omegai(tt) = omegai(t)

if t < stime uselevi(tt+1) = uselevi(t)

¥

sta = 1to nstat

he(nstat tt) = 0, area(statt) = 0,
perimeter(sta,tt) = 0, hyradius(sta,tt) =
velocity(sta,tt) = 0, velhead(sta tt) = J

If
discharge(tt)
=0

0,energyt(sta,tt) = 0, slopef(sta,tt) = 0,
fr2(sta tt) = Oh(sta tt) =

Critical depth downstream (h.(1.1t))

}

{Cal\ Function bisection and compute: }

Call Function bisection and compute:
Normal depth downstream (h,(1.tt))
using initial slope at node 1 (slope(1,1))

!

Assume h(1,tt)

=18

Call Function geometrym and compute:
area (1.1t), perimeter(1,tt), hyradius(1,tt),
velocity(1,tt), velhead(1 tt) slopef(1,tt),
fr2(1,t),energyt (1.1

¥

Initialize

sta =2 (index of # stations)

ni=1 (humber of iterations)
nii(sta,t) =1 (number of iterations)

© ©
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[Assume hstart(sta,tt) = h (sta-1 tt)
P ————— - - - —l— = = = = = = — —whilesta <~ nstation

Call Function geometrym and compute:
area (sta,tt), perimeter(sta, tt),hyradius(sta, tt),
velocity(sta tt), velhead(sta,t) slopef(sta,tt),
fr2(sta,tt),energyt(sta, tt)

Critical depth downstream (h,(sta,tt))

v

l meansf(sta,tt) = (slopef(sta-1,tt)+slopef(sta,time))*0.5 l

¢ =0.1 (contraction
coefficient)

Call Function bisection and compute: }

if velocity(sta-
1 tt)>velocity(sta, tt)

if velocity(sta- c=

3 (expansion
1,tt)<velocity(sta, tt)

coefficient)

No

etstart(sta, tt) = energyt(sta-1,tt) + meansf(sta,tt)*dx(sta-1)+c*abs((velocity(sta-1,tt)A2-
velocity(sta, tt)A2)))/(2*9.81)

|

l denergy(sta,tt) = energyt(stat,tt) etstart(sta,tt) l

l error(ni,tt) = abs(denergy(sta.tt)) l

Yes minerror = error(ni,t)
———|iteration = ni

hsmin(sta. ni) = hstart(sta,tt)

minerror = error(ni, tt)
iteration = ni
hsmin(sta,ni) = hstart(sta,tt)

If error(ni,tt)
<minerror

Yes
—

If error(ni,tt)
<0.0001

h(sta,tt) = hstart(sta, tt)

h(sta,tt) = he(sta, tt)

If width(sta)
> width(sta-1)

[senergy(sta‘tt) = velhead(sta, tt)+h(sta,tt)

l

lcenergy(sta-1 ) = 3*hc(sta-1,tt)/2

l

If senergy(sta,tt)<
cenergy(sta,tt)

Call Function bisectionme and compute
h(sta,tt) that corresponds to cenergy(sta-

1,1)

206
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Call Function geometrym and compute:

area (sta,tt), perimeter(sta, tt), hyradius(sta. tt),
velocity(sta,t), velhead(sta.tt) slopef(sta, tt)
fr2(sta tt),energyt(sta,tt)

ﬂ

sta = sta +1

ni=1

nii(sta,t) = 1
hstart(sta,tt) = h(sta-1,tt)

number

Compute the Courant-Frederich-Levy
C = 5*velocity(sta,tt)* (dt/dx(sta-1))/3

No

Warning: the model
might be unstable

ldhstart(sta tt) = denergy(sta, tt)/(1-fr2(sta,tt)*(1-0.5%c)+(3*slopef(sta, tt) *dx(sta-1))/(2*hyradius(sta, it))) ‘

lhstart(stat tt) = hstart(sta,tt)-dhstart(sta, tt)

if hstart(sta tt)< 0 Ye
or nii(sta,t)>=50

If h(sta,tt)
< hc(sta,tt)

If width(sta) Yes

> width(sta-1)

No

= he(sta,tt)

> [senergy(sta,tt) = velhead(sta tt)+h(sta,tt)

lcenergy(s‘ta-ﬂ L) = 3*he(sta-1,tt)/2 l

If senergy(sta,tt)<
cenergy(sta,tt)

l«———— [ h(sta, tt) that

Call Function bisectionme and compute

corresponds to cenergy(sta-1,tt) ‘

Call Function geometrym and compute:
area (sta,tt), perimeter(sta,tt), hyradius(sta,tt),
velocity(sta. tt), velhead(sta, t) slopef(sta,tt),
fr2(sta,t), energyt(sta, tt)

Compute the Courant-Frederich-Levy
number
C = 5*velocity(sta,tt)* (dt/dx(sta-1))/3

sta = sta +1

hi=1

nii(sta,t) = 1

hstart(sta tt) = h(sta-1,tt)

Warning: the model might be
unstable
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sta = 1 to nstat
elevation(sta,tt+1) = elevation(sta,tt)

slope(sta,tt+1) = slope(sta,tt)
gst(sta,tt) =0

discharge(tt)
=0

sta = 1 to nstation

l taubed(sta,time) = 9810*hyradius(sta. tt)*slopef(sta tt) l

I
[Call Function julien to compute total sediment }

discharge gst(sta,tt) in mzlday

]
lte(sta,t‘t+1) =1 - exp(-dx(sta- 1) *omega)/(h(sta, tt) *velocity(sta,tt)) ‘

sta = nstation to 2

ldqst(sta-1 tt+1) = gst(sta-1, t)-qst(sta.tt) l

’dz(sta-1,t‘t+1) = -te(sta-1,tt+1)*dgst(sta-1 tt+1)dt/((1-po)*dx(sta-1)*width(sta-1)) ‘

’e\evation(sta-1,tt+1) = e\evat‘lon(sta-1,tt)+dz(sta-1 tt+1) ‘

—

elevation(nstation, tt+1) = uselevai(tt+1) ‘

elevation(nstation,tt+1) = uselevai(tt) ‘

sta = nstation to 2

slope(sta tt+1) = (elevation(sta,tt+1)-elevation(sta-1,tt+1))/dx(sta-1)

’slope(1 tt+1) = slope(1 tt) ‘

tt = tt+1 (increment the
time index per file)

If ndf-ndi =
maxday

Write output file

A Write output
from time = It to tt

every maxday

elevation(:,1) = elevation(: tt+1)
slope(:;,1) = slope(;,tt+1)

tt=1 —_—
It=1
ndi = ndf

Write the |ast output, \
when the total number of;
days in not multiple of
maxday

If t = stime
& time > maxday

Write one output
when the total number
of days is less than maxday

Write output file

time < d: .
iMe = maxcay from time = 1 to tt
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G.4 Code of the Numerical Model for Variable Discharge with no

Control of Degradation along the Channel

%Script file: unsteady.m

h

%Purpose:

%This program computes the aggradation/degradation in

%a sequence of channel reaches under unsteady flow conditions.
%The energy equation is solved with Henderson’s equation

%The model works with trapezoidal cross sections

%The model uses Manning resistance equation

%The normal depth is computed with the bisection method.

%The critical depth is computed with the bisection method.
%If the cross section is rectangular, the critical depth is
%hcomputed without any iteration.

%When the energy equation does not converge, the flow depth
%is set to the minimum error elevation. If the minimum error
helevation is in the wrong side of the critical depth, the
helevation is set to critical.

%When there is a contraction, the programs checks if the flow
%is chocked. If so, the program computes the flow depth that
%will produce an energy equal to the minimum energy o
heritical energy downstream at the constriction

h

%Define variables

%Input data:

h

%time = total time in days

%dt = delta time in days
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hdisc = flow discharge in m3/s from input file
hdischarge = interpolated flow discharge in m3/s
Jnstation = number of stations along the channel
%station = station number

%length = channel length in m

%slope = channel slope

%width

channel width in m

%n = friction factor

%ds = sediment diameter in m

%vis = Kinematic viscosity in m2/s

%po = sediment porosity

%z = side slope

h

%0ther variables

Jntime = number of time steps

%h = known flow depth in m at a station along the channel
Jhstart = guessed flow depth in m at a station along the channel
harea = cross section area in m2 (rectangular section)

hperimeter = wetted perimeter in m (rectangular section)

Jhyradius = hydraulic radius in m (rectangular section)

%velocity = mean flow velocity in m/s

%velhead = velocity head in m

henergyt = total energy in m
%slopef = friction slope
%fr2 = Froude number squared

%taubed

bed shear stress in N/m2

Jmeansf = average of friction slope between two adjacent stations

hetstart = total energy start in m



Appendiz G. Flow Charts and Computer Codes 211

hdenergy = delta energy in m

%dhstart = flow depth increment in m

homega = fall velocity in m/s

%ndi = initial day of output file

%ndf = last day of output file

%1t = last time step an output file was written
%tt = time step per output file

%t = total time

%hn = normal depth m

%hc = critical depth m

%hmin = minimum initial bound input into the bisection method
h to compute the normal depth and

b critical depth in the case of non-rectangular sections

%hmax = maximum initial bound input into the bisection method

yA to compute the normal depth and
yA critical depth in the case of non-rectangular sections
%qbv = unit sediment discharge in m2/s

hqst = sediment discharge in m3/day

hdgst = change in sediment discharge between two adjacent

b stations in m3/day

%maxday = number of days per output file

hiteration = is the iteration number where the minimum error
YA happens

%hsmin = is the flow depth that produces the minimum error

Jminerror = is the minimum error of specific energy in m

hsenergy = specific energy in m

hcenergy = critical energy in m

h
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clear all

hhetohte Get input data %hheleleletshslotstslolstsloletstslodstsoststotetsloles o oo s oo s
n = 0.023; YManning friction factor

z = 0; J%cross section side slope

ds = 0.0003;

vis = 0.000001;

po = 0.43;

maxday = 50;
%0pening the input file that contains the channel
%characteristics

disp(’Enter the name of the input file that contains the);
disp(’channel characteristics. The input file must);

disp(’contain five columns with the following data:);

disp(’Column 1 = Station #, Column 2 = length,);

disp(’Column 3 = Slope, Column 4 =’);
disp(’Elevation and Column 5 = Width. The first row);
disp(’must contain the column headings: °’> );

filename = input(’ ’,’s’);

%Calling function to read input data and compute nstation and dx
[nstation, station,length,slope,elevation,width,dx] = openfilel

(filename) ;

%0pening the input file that contains the flow discharge data
disp(’Enter the name of the input file that contains’);
disp(’the flow discharge data, temperature data,’);
disp(’bed elevation in the upstream node for the’);

disp(’whole record. This input file must contain’);
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disp(’four columns. The first column has the time’);
disp(’in days, the second column has the flow discharge);
disp(’in m3/s, the third column contains the temperature,’);
disp(’and the fourth columns has the bed elevation in the’);
disp(’most upstream node. The first row must contain the’);
disp(’column headings: )5
filename2 = input(’ > 78%);
%Calling function to read input data and determine
%total time (time)
[time,day,disc,temp,uselev] = openfile2 (filename2);
if time < maxday
%Enter name of output file
disp(’Enter the name of the output file: )5
ofilename = input(’ ’787);
end
%Print the total time obtained from filename2

fprintf (’Total time is: %f\n’,time);

%Get dt

dt = input (’Enter delta t = ’);

%Initializing time

t0 = clock;

%Compute the kinematic viscosity for each water temperature

vis = conversion(temp);

%Call function to calculate the fall velocity of ds
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omega = fallv(vis,ds);

%Creating slope and elevation matrixes for the first day.
%The first index (x) corresponds to the stations along
%the channel. The second index corresponds to time.
%Time = 1 is the first day

x = 1:1:nstation; slope(x,1) = slope(x); elevation(x,1) =
elevation(x) ;

%Calculate the total time the model will run. Time=1
hcorresponds to the initial conditions (time = day 1):
%initial slope, discharge, d/s flow depth, etc.

%Time = 2 will be 1day + dt, time = 3 will be 1day

%+ 2%dt and so on...tn = 1dat + (n-1)*dt

if time == 1

stime = 1;

fprintf (’Total time is 1 day. The model will run
for %f\t day’, time);

else
counter = 0;
cumtime = 0;

while cumtime <= time

cumtime 1+counter*dt;

counter = counter + 1;

end
fprintf(’The model will run for %f\t days’,cumtime - dt);
stime = counter -1;

end
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%Create a matrix with all the time step - discharge pairs
% by interpolating the discharge data. The interpolation
%will be linear

timestep = 1:dt:time;

discharge = interpl(day, disc,timestep);

%Compute the fall velocity for each time step with a
%linear interpolation
timestep = 1l:dt:time;

omegai = interpl(day, omega,timestep);

%Compute the upstream bed elevation for each time step using

%linear interpolation
timestep = 1:dt:time;

uselevi = interpl(day, uselev,timestep);

Totototo fo ol Calculate the backwater %hkt%
%Calculate the critical depth along the channel
ndi = 0; %initial number of days

1t =1; %last time an output file was written

tt = 1; %index from 1 to 365 days

t = 1; %initilize time

while t <= stime
ndf = (t-1)*dt+1; number of days
numday (tt) = ndf;

discharge(tt) = discharge(t);
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disp([’day # :’ num2str(ndf)]);
omegai(tt) = omegai(t);
if t < stime

uselevi(tt+1l) = uselevi(t+1);

end

o

%Checking for zero discharge. If Q = 0, everything else is
if discharge(tt) ==

sta = 1:nstation;

hn(sta,tt) 0;

hc(sta,tt) 0;

Il
o

area (sta,tt) = 0; perimeter(sta,tt) = 0; hyradius(sta,tt)

velocity(sta,tt) = 0; velhead(sta,tt) = 0; energyt(sta,tt)

Il
o

slopef(sta,tt) = 0; fr2(sta,tt) = 0;

else

%Compute the normal depth at station 1 and assume
%d/s depth (sta 1) = normal depth

if slope(1,tt)< 0

error(’Slope < 0, normal depth does not exist’);

else
hmin = 0; %hmin and hmax are the min and max
%initial bounds for the bisection method iterations
hmax = 10;
flag = 1; %flag = 1 indicates the bisection function

%to compute the normal depth
[hn(1,tt)] = bisection(discharge(tt),slope(l,tt)...
,n,width(1) ,z,hmin,hmax,flag);
h(1,tt) = hn(1,tt);

end
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%Calculate the critical depth at station 1
if z ==
%shc for rectangular section

hc(1,tt) = ((discharge(tt)~2)/(9.81xwidth(1)°2))~(1/3);

else

hmin = 0; %hmin and hmax are the min and max initial
%bounds for the bisection method iterations

hmax = 1.1x((discharge(tt)~2)/(9.81*width(1)~2))~(1/3);

flag = 2; Yflag = 2 indicates the bisection function
»to compute the critical depth

[hc(1,tt)] = bisection(discharge(tt),slope(l,tt),n...
,width(1) ,z,hmin,hmax,flag);

end
%Calling function geometrym to compute the area,
%perimeter,hydraulic radius, velocity, velocity head,
%htotal energy and friction slope at station 1
%(downstream end of the channel), based on the flow
hdepth specified, flow discharge, width, elevation

%and friction factor (f)

[area(1l,tt) ,perimeter(1,tt) ,hyradius(l,tt),velocity(l,tt)...

,velhead(1,tt) ,energyt(1l,tt),slopef(1l,tt)...
,fr2(1,tt)]=geometrym(width(1) ,h(1,tt) ,discharge(tt)...

,elevation(1l,tt),n,z);

%Calculate the bed shear stress in N/m2 at station 1

taubed(1,tt) = 9810*hyradius(1l,tt)*slopef(1l,tt);
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%Initializing the counter ’sta’ to start computing the
%backwater profile

sta = 2;

%Assuming the u/s depth (sta = 2) equal to the d/s depth (sta = 1)

hstart(sta,tt) = h(sta-1,tt);

Ynumber of iterations
ni =1;

nii(sta,t) = 1;

while sta <= nstation

%Calling function geometrym

[area(sta,tt) ,perimeter(sta,tt) ,hyradius(sta,tt),velocity(sta,tt)...
,velhead(sta,tt) ,energyt(sta,tt),slopef(sta,tt),fr2(sta,tt)]=...
geometrym(width(sta) ,hstart(sta,tt) ,discharge(tt),...

elevation(sta,tt),n,z);

%Calculate the critical depth along the channel

if z ==

%khc for rectangular section

hc(sta,tt) = ((discharge(tt)~2)/(9.81xwidth(sta)~2))~(1/3);
else

%hmin and hmax are the min and max initial bounds for the

Y%bisection method iterations

hmin 0;

hmax = 1.1x((discharge(tt)~2)/(9.81xwidth(sta)~2))~(1/3);

flag = 2; Yflag = 2 indicates the bisection function to
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hcompute the critical depth
[hc(sta,tt)] = bisection(discharge(tt),slope(sta,tt),n...
,width(sta),z,hmin, hmax,flag);

end

%Compute the average friction slope between stations
%sta and sta-1

meansf (sta,tt) = (slopef(sta-1,tt)+slopef(sta,tt))*0.5;

if velocity(sta-1,tt) > velocity(sta,tt)

%if the downstream velocity is greater than the upstream
%hvelocity an contraction occurs.

’Minor losses are summed to the total energy loss

¢ = 0.1; %From Hec-Ras manual. Chapter 3

elseif velocity(sta-1,tt) < velocity (sta,tt)

%if the downstream velocity is less than the upstream
hvelocity an expansion occurs.

sMinor losses are summed to the total energy loss

¢ = 0.3; %From Hec-Ras manual. Chapter 3

else

c =0;

end
%Compute the total energy at the u/s station (sta)
%as the total energy d/s plus

%the head lost between both stations = meansf * dx plus
Jminor losses

etstart(sta,tt) = energyt(sta-1,tt) + ...

meansf (sta,tt)*dx(sta-1) + cxabs((velocity(sta-1,tt)~(2)...
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-velocity(sta,tt)~(2)))/(2%9.81);

%Compute the difference in total energy in station
%sta by sustracting the
htotal energy start (etstart)and the total energy computed
%with the function geometry energyt
denergy(sta,tt) = energyt(sta,tt)-etstart(sta,tt);
error(ni,tt) = abs(denergy(sta,tt));
if ni ==
minerror = error(ni,tt);
iteration = ni;
hsmin(sta,ni) = hstart(sta,tt);
elseif error(ni,tt)< minerror
minerror = error(ni,tt);
iteration = ni;
hsmin(sta,ni) = hstart(sta,tt);
end
%Check if denergy is less than an specified error. If so,
%the assumed elevation at the u/s station is right and we
%hproceed to the next u/s station. If not, a new
%value will be assumed. dhstart is added to the previous
%assumed depth to compute the new assumed depth.
%dhstart equation comes from Henderson (1966) book pp.143
if abs(denergy(sta,tt)) <=0.001
h(sta,tt) = hstart(sta,tt);
%If h(sta,t) is in the wrong side of hc, h is set to hc
if h(sta,tt) < hc(sta,tt)

h(sta,tt) = hc(sta,tt);
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disp(’Msg 1: h is set to hc’);

disp(sta);

disp(t);

end

if width(sta) > width(sta-1) Ythere is a contraction
%check if the specific energy is less than the
%hcritical energy at the constriction
hSpecific energy at sta

senergy(sta,tt) = velhead(sta,tt)+h(sta,tt);
%Critical energy at the next downstream station
cenergy(sta-1,tt) = 3xhc(sta-1,tt)/2;

»If energy < critical energy, the water has to backup
huntil it gets sufficient energy to pass

if senergy(sta,tt) < cenergy(sta-1,tt)

hmin = hc(sta,tt);

hmax = 1.5%h(sta,tt);

h(sta,tt) = bisectionme(hmin,hmax,discharge(tt)...
,cenergy(sta-1,tt) ,width(sta),z);

disp(’Msg2: h corresponds to critical energy downstream’);
disp(sta);

disp(t);

end

end
%Calling function geometrym

[area(sta,tt) ,perimeter(sta,tt) ,hyradius(sta,tt)...
,velocity(sta,tt),velhead(sta,tt),energyt(sta,tt)...
,slopef(sta,tt) ,fr2(sta,tt)]=geometrym(width(sta) ...

,h(sta,tt) ,discharge(tt) ,elevation(sta,tt),n,z);
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%Compute the Courant-Friedrich-Levy number and check stability
courant(sta,tt) = dt*b*velocity(sta,tt)/(3*dx(sta-1));
if courant(sta,tt)>1
disp(’the model is unstable’);

end

%increase the counter to compute the flow depth in the next
%upstream station

sta = sta + 1;

%Initialized the number of iterations to 1 in the next station
ni=1;

nii(sta,t) = 1;

%Assume a new hstart(sta) value equal to the d/s depth just
%calculated at ’sta’

hstart(sta,tt) = h(sta-1,tt);

else
%Calculate the flow increment (dhstart)
dhstart(sta,tt) = denergy(sta,tt)/(1-fr2(sta,tt)*(1-0.5%c)+...

(3xslopef (sta,tt)*dx(sta-1))/(2+«hyradius(sta,tt)));

%Add the flow increment to the assumed flow depth hstart

hstart(sta,tt) = hstart(sta,tt)- dhstart(sta,tt);

%Increase the number of iterations
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ni =ni + 1;

nii(sta,t) = nii(sta,t) +1;

if hstart(sta,tt) < 0 | nii(sta,t) >= 50
%If hstart is negative, the solution will be the minimum
herror wse
h(sta,tt) = hsmin(sta,iteration);
disp(’Msg 3:No solution for the energy equation was found.);
disp(’h is set to the minimum error h’);
disp(sta)
disp(t)
if width(sta) > width(sta-1) Jthere is a contraction
hcheck if the specific energy is less than the critical
henergy at the constriction
hSpecific energy at sta
senergy(sta,tt) = velhead(sta,tt)+h(sta,tt);
%Critical energy at the next downstream station
cenergy(sta-1,tt) = 3xhc(sta-1,tt)/2;
»If energy < critical energy, the water has to backup
huntil it gets sufficient energy to pass

if senergy(sta,tt) < cenergy(sta-1,tt)

hmin = hc(sta,tt);

hmax 3;

h(sta,tt) = bisectionme(hmin,hmax,discharge(tt)...
,cenergy(sta-1,tt) ,width(sta),z);

disp(’Msg 4:h corresponds to critical energy downstream’);

disp(sta);
disp(t);
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end

else

%if the minimum error wse < critical depth, h is set to critical
if h(sta,tt) < hc(sta,tt)

h(sta,tt) = hc(sta,tt);

disp(’Msg 5:h is set to hc’);

disp(sta);

disp(t);

end

end
%Compute the channel characteristics with the new depth
[area(sta,tt) ,perimeter(sta,tt) ,hyradius(sta,tt)...
,velocity(sta,tt) ,velhead(sta,tt) ,energyt(sta,tt)...
,slopef (sta,tt) ,fr2(sta,tt)]=geometrym(width(sta) ...

,h(sta,tt) ,discharge(tt) ,elevation(sta,tt),n,z);

%Compute the Courant-Friedrich-Levy number and check stability
courant(sta,tt) = dtxbxvelocity(sta,tt)/(3*dx(sta-1));
if courant(sta,tt)>1
disp(’the model is unstable’);

end

%Increase the number of stations
sta = stati;
%Set number of iterations to 1
ni =1;

nii(sta,t) = 1;

%New assumed depth equal to previous depth
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hstart(sta,tt) = h(sta-1,tt);

end

end

end

end
%Compute the bed shear stress in N/m2 based on the
%friction slope at each node

i = 1l:nstation;

taubed(i,tt) = 9810*hyradius(i,tt).*slopef(i,tt);
wselevation(i,tt) = elevation(i,tt)+h(i,tt);
%hh%%hd% - SEDIMENT TRANSPORT - AGGRADATION/DEGRADATION - %%%%kkhihh
%Calculate the sediment discharge at each
%station using Julien’s equation
%If discharge is zero, then the bed elevation and
%slope do not change

if discharge(t) ==

sta = 1l:nstation;

elevation(sta,tt+1l) = elevation(sta,tt);
slope(sta,tt+l) = slope(sta,tt);

else

for sta = nstation:-1:1

%»Unit sediment discharge

gbv(sta,tt) = julien(ds,taubed(sta,tt));
%Sediment discharge in m3/day

gst(sta,tt) = gbv(sta,tt)*width(sta)*86400;

end

%Computing from upstream to downstream. mnstation is upstream

for sta = nstation:-1:2
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#Change in sediment discharge between 2 adjacent stations
%backward difference approximation

dgst(sta-1,tt+1) = gst(sta-1,tt)-gst(sta,tt);

hTrap efficiency at time t+1 based on h and velocity
%computed at time = t

te(sta-1,tt+1) = l-exp(-dx(sta-1)*omegai(tt)...
/(h(sta-1,tt)*velocity(sta-1,tt)));

#Change in bed elevation at time t+1

dz(sta-1,tt+1) = -te(sta-1,tt+1)*dqst(sta-1,tt+1)*dt...
/ ((1-po) *dx(sta-1)*width(sta-1));

%New bed elevation at time t+1

Jbackward difference approximation in space and forward
hdifference in time

elevation(sta-1,tt+1) = elevation(sta-1,tt)...

+ dz(sta-1,tt+1);

end

if t < stime
%Elevation upstream is given as a boundary condition
elevation(nstation,tt+1) = uselevi(tt+1);

else

%The computations end at t = stime. The elevation

hat t = stime was computed in the previous time step
elevation(nstation,tt+1l) = elevation(nstation,tt);

end
%Fix elevation at the d/s stations

elevation(l,tt+1) = elevation(l,tt);

for sta = nstation:-1:2

%Calculate the new bed channel slope
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slope(sta,tt+l) = (elevation(sta,tt+l)...
-elevation(sta-1,tt+1))/dx(sta-1);

end

slope(1l,tt+1) = slope(l,tt);

end

tt = tt+1l; %increment the time index tt
%Printing out the results every maxday days

if ndf - ndi == maxday

tt = tt-1;

numfile = int2str(ndf);

fileout=strcat (numfile,’.out’);

fid = fopen(fileout,’wt’);

fprintf(fid,’%-15s %-11s %-12s %-12s %-15s...
%-12s %-12s %-12s %-12s %-12s %-15s %-12s\n’, ...
’days’,’Station’,’Length’, ’Slope’,’Elevation’...
,’Width’,°Q’,’h’,’Sf?,’Fr2’,’hc’,’qst’);

for k = 1t:tt
ddiff = numday(k) - round(numday(k));
if ddiff ==

for s = l:nstation

fprintf (fid,’%6.1f\t %11d\t %11.2f\t %10.6e\t %11.6e\t...
K11.2f\t %11.2f\t %6.4f\t %10.2e\t %10.4e\t %6.4f\t %6.4f\n’,...
numday (k) , station(s), length(s),slope(s,k),elevation(s,k),...
width(s) ,discharge(k),h(s,k),slopef(s,k),fr2(s,k) ,hc(s,k),...
gst(s,k));

end

end

end
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fclose(fid);
elevation(:,1) = elevation(:,tt+1);

slope(:,1) = slope(:,tt+1);

tt = 1;

1t = 1;

ndi = ndf;

elseif t == stime & time > maxday

numfile = int2str(ndf);

fileout=strcat(numfile,’.out’);

fid = fopen(fileout,’wt’);

fprintf (fid,’%-15s %-11s %-12s %-12s %-15s %-12s...

%-12s %-12s %-12s %-12s %-15s %-12s\n’, ...
’Station’,’Length’, ’Slope’,’Elevation’,...
’Width’,’Q’,’h’,’Sf’,’Fr2’,’hc’,’qst’);

for k = 1t:tt-1
ddiff = numday(k) - round(numday(k));
if ddiff ==

for s = l:nstation

fprintf(fid,’%6.1f\t %11d\t %11.2f\t %10.6e\t...
%11.6e\t %11.2f\t %11.2f\t %6.4f\t %10.2e\t...
%10.4e\t %6.4f\t %6.4f\n’, numday(k), ...
station(s), length(s),slope(s,k),elevation(s,k),...
width(s), discharge(k),h(s,k),slopef(s,k),...
fr2(s,k) ,hc(s,k),qst(s,k));

end

end

end

fclose(fid);
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end

t =t +1; %increment the total time index
end
Whhhhhhhhh Writing the results into a file %%hh%Ahh%%
%Printing out the results if the total time is less
%than maxday days
if time < maxday fid = fopen(ofilename,’wt’);
fprintf(fid, ’%-156s %-11s %-12s %-12s %-16s %-12s...
%-12s %-12s %-12s %-12s %-15s %-12s\n’, ...
’Slope’,’Elevation’, ’Width’,’Q’,’h’,’Sf’,’°Fr2’,...

’he?,’qst?);

for k = 1:tt;
ddiff = numday(k) - round(numday(k));
if ddiff ==

for s = l:nstation

fprintf(fid,’%6.1f\t %11d\t %11.2f\t %10.6e\t...
%11.6e\t %11.2f\t %11.2f\t %6.4f\t %10.2e\t...
%10.4e\t %6.4f\t %6.4f\n’, numday(k),...
station(s), length(s),slope(s,k),elevation(s,k),...
width(s), discharge(k),h(s,k), slopef(s,k),...
fr2(s,k) ,hc(s,k),qst(s,k));

end

end

end

fclose(fid);

end

elapsedtime = etime(clock,t0);

fprintf (’The elapsed time in seconds is = %6.3f\n’,elapsedtime);
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G.5 Flow Chart of Numerical Model for Variable Discharge with
Control of Degradation along the Channel

Read Input data:
Width(), Length(i), ds,n, Siniiai() At, Totaltime (1), Ax,
number of stations (nstat)
maxday = number of days per output
discharge = Q(t), temperature = temp(t). upstream
elevation = uselev(t),
minimum elevation along the channel = minelev(sta,1)

|
Compute
- number of time steps (ntime)
I
Call Function convertion to compute
kinematic viscosity = f (temp(t))
T

Call Function fallv to compute fall velocity
omega = f (vie(t),ds)

]
]

[
Create matrixes for slope ,elevation &
minelev along the channe for time 1
x =1 to nstat
slope(x,1) = slope(x)
elevation(x,1) = elevation(x)
minelev(x, 1) = minelev(x)

[
Linearly interpolate the:
-daily flow dit data (di
-daily fall velocity (omegai) ‘
-daily upstream elevation (uselevi)
for each time step

_J

Compute the intial available sediment volume comprise between the intial profile and the
‘ minimum elevation profile: i = netation:-1:1
‘ lume (i, 1) =(1-po)*0.5*((elevation(i, 1)-minelev(i, 1)) Helevation(i+1, 1)-
| minelev(i+1,1)))*dx*0 S(width( i )+width(i+1))

Initilize

ndi = 0 (initial number of days to write output)
It = 1 (last number of days to write output)
tt=1 (time index per output file)

t = 1 (total time index)

-while t <= ntime

ndf = ¢-1)*ct +1 (number of days )
numday (tt) = ndf

discharge (tt) = discharge(t)
omegai(tt) = omegai(t)

if t « stime uselevi(tt+1) = uselevi(t)

sta = 1 to nstat
Yes he(nstattt) = 0, area(sta,tf) = 0,
i ta,tt) = 0, hyradi t)=0,
velocity(sta tt) = 0, velhead(sta,tt) =
0,energyt(sta,tt) = 0, slopef(statt) = 0,
fr2(sta tt) = 0,h(sta,tt) = 0
Call Functlon blsectlon and compute:
Critical depth downstream (h.(1,t))

[

Call Function bisection and compute:
Normal depth downstream (hn(1,1t)) using
initial slope at node 1 {slope(1,1))

Assume h(1,t

Call Function geometrym and compute:
area (1,tt), perimeter(1.tt), hyradius(1,t),
velocity(1,tt), velhead(1,tt) slopef(i tf),
fr2(1,tt),energyt (1,t)

Initialize

sta =2 (index of # stations)

ni=1 (number of iterations)
nii(sta,t) =1 (number of iterations)

® &
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©

[Assume hstart(sta tt) = h (sta-1,t) ]

-

Call Function geometrym and compute:
area (sta tt), perimeter(sta,tt), hyradius(sta,tt),
locity(sta, t), velhead(sta t) slopef(sta ),
fr2(sta, tt), energyt(sta,tt)

Call Function bisection and compute:
Critical depth downstream (h.(sta,tt))

‘ meansf(sta,tt) = (slopef(sta-1,tt)+slopef(sta,time))*0.5 ‘

Yes

if velocity(sta- c=0.1

1,t)>velocity(sta,tt)

i
coefficient)

if velocity(sta-
1,t)<velocity(sta,t)

(expansion
ient)

‘ etstart(sta tt) = energyt(sta-1,t) + meansf(sta tt)*dx(sta-1)+c *abs((velocity(sta-1,t#)*2-

velocity(stat)'2)))/(2'9 81)

denergy(sta,tt) = energyt(sta1,tt) etstart(sta tt) ‘

[

‘ error(ni,tf) = abs(denergy(sta,tt)) ‘

Yes minetror = error(ni,tt)
—|iteration = ni
hsmin(sta,ni) = hstart(sta, tt)

minerror = error(ni,tt)
iteration = ni
hsmin(sta,ni) = hstart(sta,tt)

If error(ni,tt)
<minerror

If error(ni,tt)
<0.0001

If width(sta)
> width(sta-1)

No

No

Cr
e

‘senergy(sta,tt) = velhead(sta,tt)+h(sta tt)

‘ cenergy(sta-1,tt) = 3*hc(sta-1,tt)/2

If senergy(sta,tt)<
cenergy(sta, tt)

Call Function bisectionme and compute
h(sta, tt) that corresponds to cenergy(sta-

1.4)

231
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© T ¥

i Call Function geometrym and compute:

]

Qo

‘ Compute the Courant-Frederich-Levy

Hi area (stait), perir i), hyradius(sta, tt),
velocity(sta tt), velhead(sta tt) slopef(sta,it),
fr2(sta tt), energyt(sta )

i sta = sta +1

Hi ni=1

i nii(sta,t) = 1

: hstart(sta ) = h(ste-1,tf)

Yes @ No

number
C = 5*'velocity(sta, tt)*(dt/dx(sta-1))/3

Waming: the model
might be unstable.

-I ‘dhstart(stu,tt)=denergy(stu,tt)/(1-fr2(sta,tt)'(1-0.5'c)+(3 lopef(sta,tt)*dx(sta-1))/(2*hyradi

tB))

il ~
Hi
i ‘ hstart(stat, tf) = hstart(sta tt)-dhstart(sta tt) ‘

" if hstart(sta,tt)< 0 Yes
H or nii(sta,ty>=50 ‘h(sta,tt) = hemin(sta,iteration) ‘
i
i
H
i IF hista.th hista.t) = he(sta.t)
I < he(sta,tt)
H
"
H
"
Hl If width(sta) Yes
i > width(sta=1) ‘senergy(stu,ﬂ) = velhead(sta,tt)+h(sta,tt) ‘
H
"
H
E: No ‘cenergy(sta—1 ) = 3the(sta-1,t)/2
"
l
"
l
"
i
"
1l
"
i
i
" If senergy(sta,tty<
Hl cenargy(statt)
H
H
H
H
H
" ‘ Call Function bisectionme and compute h(sta,tt)
H ‘ that corresponds to cenergy(sta-1,tt)
H
H
H -
" Call Function geometrym and compute: Compute the Courant-Frederich-Levy
H area (statt), perimeter(sta,tt), hyradius(sta,tt), number
i velocity(sta,tf), velhead(sta tt) slopef(statt), C = Brvelocity(sta,t)*(dtidx(sta-1))/3
' : fr2(sta, tt), energyt(sta, tt)
H
" sta = sta +1 Yes If Ge=1
il ni=1
! nii(sta,t) = 1 No
@ hstart(sta,tt) = h(sta-1,tty Warning: the model might be
unstable.

232



Appendixz G. Flow Charts and Computer Codes

233

sta=1 to nstat
elevation(sta,tt+1) = ele

slope(sta,tt+1) = slope(sta,tt)
qst(statt) =0

sta = 1 to nstation

‘ taubed(statime) = 9810*hyradius(sta tf)*slopef(sta,tt) ‘
|
Call Function julien to compute total sediment discharge
qst(statt) in m iday

[
‘te(stu,ﬁﬂ) =1 - exp(-dx*ome ga)/(h(sta, tt)*velocity(sta,tt}) ‘
I

|
!

sta = nstation to 2

‘dqst(sta—1 Jt+1) = gst(sta-1,tt)-q stista tt) ‘

dz(sta-1,tt+1) = -te(sta-1, tt+1)* dgst(sta-1,tt+1)dt/((1-po)*dx(sta-1) width(sta- 1))

Compute sediment balance: volume out- volume in
balance(sta-1,tt+1) = dgst(sta-1,tt+1)*dt

balanc e(sta-
1,tt+1)>=avolu
me(sta-1.t)

dgst(sta-
1,t+1)>0

1ty = ta-1,t)-
balance(sta-1,tt+1)

elevation(sta-1 tt+1) =
—|minelev(sta-1, 1)
qst(sta-1,tt) = gst(sta,tt) +
avolume(sta-1,tt)/dt

elevation(sta-1,tt+1) = minelev(sta-1,1)+avolume(sta-
1,t+1)/((1-po)*dx(sta-1)*0.5* (widht(ste-1)+width(sta)))

[

elevation(sta-1,tt+1) = elevation(sta-1 tt)+dz(sta- 1 tt+1)

‘a\/olume(sta-ttﬂ-!) = avolume(sta-1,t)-balance(sta-1,tt+1) ‘

—‘ elevation(nstation,tt+1) = uselevai(tt+1)

Tevati jon #+1) = uselevai(t) ‘

[
|

sta = nstation to 2

"r ta, t+1) = (elevat tt+1)- elevat -1, tt#1))ex ‘

I
slope(d, tt+1) = slope(1,t) ‘

tt =tt+1 (increment the
time index per file)
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Write output file
from titne = It to t every maxday

} Write output @

If ndf-ndi =

elevation(:,1) = elevation(:,tt+1)
maxday

slope(:,1) = slope(:tt+1) |
=1 i
It !
ndi = ndf 3
} Write the last output, 3

Ift= stime
& time > maxday

Write output file
from time = ltto tt- 1

when the total number of
days in not multiple of
maxday

Write one output

| write output file when the total number
fromtime =1tott

of days is less than maxday




Appendiz G. Flow Charts and Computer Codes 235

G.6 Code of the Numerical Model for Variable Discharge with Control

of Degradation along the Channel

%Script file: unsteady_2.m

h

%Purpose:

%This program computes the aggradation/degradation in a sequence
%of channel reaches under unsteady flow conditions. The energy
%equation is solved with Henderson’s equation. The model works
Jwith trapezoidal cross sections. The model uses Manning
%resistance equation. The normal depth is computed with the
%bisection method. The critical depth is computed with the
%bisection method. If the cross section is rectangular, the
%hcritical depth is computed without any iteration. When the
henergy equation does not converge, the flow depth is set to
%sthe minimum error elevation. If the minimum error elevation
%is in the wrong side of the critical depth, the elevation is
%hset to critical. When there is a contraction, the programs checks
%if the flow is chocked. If so, the program computes

%the flow depth that will produce an energy equal to the minimum
%henergy o critical energy downstream at the constriction

h

%Define variables

%Input data:

h

%time = total time in days

%dt = delta time in days

hdisc = flow discharge in m3/s from input file

hdischarge = interpolated flow discharge in m3/s
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Jnstation = number of stations along the channel
Jstation = station number

%length = channel length in m

%slope = channel slope

%width

channel width in m

%n = friction factor

%ds = sediment diameter in m

%vis = Kinematic viscosity in m2/s

%ipo = sediment porosity

%z = side slope

h

%0ther variables

Jntime = number of time steps

%h = known flow depth in m at a station along the channel
Jhstart = guessed flow depth in m at a station along the channel
harea = cross section area in m2 (rectangular section)

%perimeter = wetted perimeter in m (rectangular section)

Jhyradius = hydraulic radius in m (rectangular section)

%velocity = mean flow velocity in m/s

%velhead = velocity head in m

henergyt = total energy in m

%slopef = friction slope

%fr2 = Froude number squared

%taubed = bed shear stress in N/m2

Jmeansf = average of friction slope between two adjacent stations

hetstart = total energy start in m

%denergy = delta energy in m

%dhstart = flow depth increment in m
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homega = fall velocity in m/s
%ndi = initial day of output file
%ndf = last day of output file

%1t

last time step an output file was written

%tt = time step per output file

%t = total time

%hn = normal depth m

%hc = critical depth m

%hmin = minimum initial bound input into the bisection method
YA to compute the normal depth and

YA critical depth in the case of non-rectangular sections
%hmax = maximum initial bound input into the bisection method
b to compute the normal depth and

b critical depth in the case of non-rectangular sections
%gbv = unit sediment discharge in m2/s

hqst = sediment discharge in m3/day

%dqst = change in sediment discharge between two adjacent

yA stations in m3/day

%maxday = number of days per output file

%hiteration = is the iteration number where the minimum error
YA happens

%hsmin = is the flow depth that produces the minimum error

Jminerror = is the minimum error of specific energy in m

%senergy = specific energy in m

hcenergy = critical energy in m
h
clear all

TR I I hhhhhhhhhhth Get input data %hhhhhhhhhbhhhhhhhhhhhhhh
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n = 0.023; Manning friction factor
z = 0; %cross section side slope

ds = 0.0003;

vis = 0.000001;

po = 0.43;

maxday = 50;

%0pening the input file that contains the channel characteristics

238

disp(’Enter the name of the input file that contains the channel’);

disp(’characteristics. The input file must contain five columns’)
disp(’with the following data: Column 1 = Station number,’);
disp(’Column 2 = length, Column 3 = Slope, Column 4 =Elevation’);
disp(’and Column 5 = Width, Column 6 = minimum elevation.’);
disp(’The first row must contain the column headings: > );

filename =input(’ ’,’s’);

%Calling function to read input data and compute nstation and dx
[nstation, station,length,slope,elevation,width,...

dx,minelev] = openfile3(filename);

%0pening the input file that contains the flow discharge data
disp(’Enter the name of the input file that contains the flow’);
disp(’discharge data, temperature data,bed elevation in the’);
disp(’upstream node for the whole record. This input file must’);
disp(’contain four columns. The first column has the time in’);
disp(’days, the second column has the flow discharge in m3/s,’);
disp(’the third column contains the temperature,and the fourth’);
disp(’columns has the bed elevation in the most upstream node’);

disp(’The first row must contain the column headings: )

3
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filename2 = input(’ 2,78%);

%Calling function to read input data and determine
htotal time (time)

[time,day,disc,temp,uselev] = openfile2 (filename2);

if time < maxday
%Enter name of output file
disp(’Enter the name of the output file: )
ofilename = input(’ ’.787%);

end

%Print the total time obtained from filename?2

fprintf (’Total time is: %f\n’,time);

%Get dt

dt = input (’Enter delta t = ’);

%Initializing time

t0 = clock;

%Compute the kinematic viscosity for each water temperature

vis = conversion(temp);

%Call function to calculate the fall velocity of ds

omega = fallv(vis,ds);

%Creating slope and elevation matrixes for the first day.
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%The first index (x) corresponds to the stations along

%the channel. The second index corresponds
%to time. Time = 1 is the first day

x = 1:1:nstation;

slope(x,1) = slope(x);

elevation(x,1) = elevation(x);

minelev(x,1)=minelev(x);

%Calculate the total time the model will run.
%hcorresponds to the initial conditions (time =

%initial slope, discharge, d/s flow depth, etc.

Time=1
day 1):

Time

240

= 2

%will be 1day + dt, time = 3 will be 1lday + 2*dt and so on...

%tn = 1dat + (n-1)x*dt
if time == 1

stime = 1;

fprintf(’Total time is 1 day. The model will run

for %f\t day’, time);

else

counter 0;

cumtime 0;

while cumtime <= time

cumtime 1+counter*dt;

counter = counter + 1;

end

fprintf (°The model will run for %f\t days’,cumtime - dt);

stime = counter -1;

end

%Create a matrix with all the time step - discharge pairs
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by interpolating the discharge data
%The interpolation will be linear

timestep = 1:dt:time; discharge = interpl(day, disc,timestep);

%Compute the fall velocity for each time step with a
%linear interpolation

timestep = 1:dt:time; omegai = interpl(day, omega,timestep);

%Compute the upstream bed elevation for each time step using
%linear interpolation

timestep = 1:dt:time; uselevi = interpl(day, uselev,timestep);

%Initialize the accumulated volume of sediment in the channel
%at time 1

for i = nstation-1:-1:1; avolume (i,1) =
(1-po)*0.5%((elevation(i,1) -
minelev(i,1))+(elevation(i+1,1)-minelev(i+1,1)))...

*dx (1) .*0.5% (width(i)+width(i+1));

end

Toto oo oo o Calculate the backwater  %%hhhblslsllollololstsletslotalels
%Calculate the critical depth along the channel

ndi = 0; %initial number of days

1t =1; Jlast time an output file was written

tt = 1; %index from 1 to 365 days

t = 1; %initilize time

while t <= stime

ndf = (t-1)*dt+1; %number of days

241
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numday (tt) = ndf;
discharge(tt) = discharge(t);
disp([’day # :’ num2str(ndf)]);
omegai(tt) = omegai(t);
if t < stime
uselevi(tt+1l) = uselevi(t+1);
end
%Checking for zero discharge. If Q = 0, everything else is 0
if discharge(tt) ==

sta = 1:nstation;

hn(sta,tt) = 0;
hc(sta,tt) = 0;
area (sta,tt) = 0; perimeter(sta,tt) = 0; hyradius(sta,tt) = 0;
velocity(sta,tt) = 0; velhead(sta,tt) = 0; energyt(sta,tt) = 0;

slopef(sta,tt) = 0; fr2(sta,tt) = 0;

else
%Compute the normal depth at station 1 and assume d/s depth
%(sta 1) = normal depth

if slope(1,tt)<0

error (’Slope < 0, there is not normal depth’);

else

hmin = 0; %hmin and hmax are the min and max initial bounds
%for the bisection method iterations

hmax = 10;

flag = 1; %flag = 1 indicates the bisection function to compute
%the normal depth
[hn(1,tt)] = bisection(discharge(tt),slope(1l,1),n,width(1),...

z,hmin,hmax,flag);
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h(1,tt) = hn(l,tt);

end

%Calculate the critical depth at station 1

if z ==

%hc for rectangular section

hc(1,tt) = ((discharge(tt)~2)/(9.81xwidth(1)°2))~(1/3);

else
%hmin and hmax are the min and max initial bounds for the bisection

Ymethod iterations

hmin = 0;
hmax = 1.1x((discharge(tt)~2)/(9.81xwidth(1)°2))~(1/3);
flag = 2; Yflag = 2 indicates the bisection function to compute

%the critical depth
[hc(1,tt)] = bisection(discharge(tt),slope(l,tt),n,width(1),...
z,hmin,hmax,flag) ;
end
%Calling function geometrym to compute the area, perimeter,hydraulic
hradius, velocity, velocity head,total energy and friction slope at
%station 1 (downstream end of the channel), based on the flow depth

%specified, flow discharge, width, elevation and friction factor (f)

[area(l,tt) ,perimeter(1,tt) ,hyradius(1l,tt),velocity(l,tt),...
velhead(1,tt) ,energyt(1,tt),slopef(l,tt),...
fr2(1,tt)] = geometrym(width(1),h(1,tt) ,discharge(tt),...

elevation(1l,tt), n,z);

%Calculate the bed shear stress in N/m2 at station 1

taubed(1,tt) = 9810*hyradius(1l,tt)*slopef(1l,tt);
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%Initializing the counter ’sta’ to start computing the backwater
%profile

sta = 2;

%Assuming the u/s depth (sta = 2) equal to the d/s depth (sta = 1)

hstart(sta,tt) = h(sta-1,tt);

Ynumber of iterations
ni =1;
nii(sta,t) = 1;

while sta <= nstation

%Calling function geometrym

[area(sta,tt) ,perimeter(sta,tt),hyradius(sta,tt),...
velocity(sta,tt),velhead(sta,tt),energyt(sta,tt),slopef(sta,tt),...
fr2(sta,tt)]=geometrym(width(sta) ,hstart(sta,tt),discharge(tt),...

elevation(sta,tt),n,z);

%Calculate the critical depth along the channel
if z ==
%hc for rectangular section
hc(sta,tt) = ((discharge(tt)~2)/(9.81xwidth(sta)~2))~(1/3);
else
Jhmin and hmax are the min and max initial bounds for the
%bisection method iterations

hmin = 0;

hmax = 1.1%((discharge(tt)~2)/(9.81xwidth(sta)~2))~(1/3);
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»flag = 2 indicates the bisection function to compute
/ithe critical depth

flag = 2;

[hc(sta,tt)] = bisection(discharge(tt),slope(sta,tt),n,width(sta),...

z,hmin,hmax,flag) ;

end

%Compute the average friction slope between stations sta and sta-1

meansf (sta,tt) = (slopef(sta-1,tt)+slopef(sta,tt))*0.5;

if velocity(sta-1,tt) > velocity(sta,tt)
%if the downstream velocity is greater than the upstream velocity
%an contraction occurs. Minor losses are summed to the total energy
%loss

c = 0.1; %From Hec-Ras manual. Chapter 3

elseif velocity(sta-1,tt) < velocity (sta,tt)
%if the downstream velocity is less than the upstream velocity
%an expansion occurs.
ZMinor losses are summed to the total energy loss

¢ = 0.3; %From Hec-Ras manual. Chapter 3

else

c =0;

end
%Compute the total energy at the u/s station (sta) as the
htotal energy d/s plus the head lost between both stations plus
Jminor losses

etstart(sta,tt) = energyt(sta-1,tt) + meansf(sta,tt)*dx(sta-1)+...

cxabs((velocity(sta-1,tt) ~(2)-velocity(sta,tt)~(2)))/(2%9.81);
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%Compute the difference in total energy in station sta by
hsubtracting the total energy start (etstart)and the total
henergy computed with the function geometry energyt
denergy(sta,tt) = energyt(sta,tt)-etstart(sta,tt);
error(ni,tt) = abs(denergy(sta,tt));
if ni ==
minerror = error(ni,tt);
iteration = ni;
hsmin(sta,ni) = hstart(sta,tt);
elseif error(ni,tt)< minerror
minerror = error(ni,tt);
iteration = ni;
hsmin(sta,ni) = hstart(sta,tt);
end
%Check if denergy is less than an specified error. If so,
%the assumed elevation at the u/s station is right and we proceed
%to the next u/s station. If not, a new value will be assumed.
%dhstart is added to the previous assumed depth to compute the
%new assumed depth. dhstart equation comes from Henderson (1966)
%book pp.143
if abs(denergy(sta,tt)) <=0.001
h(sta,tt) = hstart(sta,tt);
%If h(sta,t) is in the wrong side of hc, h is set to hc
if h(sta,tt) < hc(sta,tt)
h(sta,tt) = hc(sta,tt);
disp(’Msg 1: h is set to hc’);
disp(sta);
disp(t);
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end

if width(sta) > width(sta-1) Ythere is a contraction
hcheck if the specific energy is less than the critical
henergy at the constriction

%Specific energy at sta

senergy(sta,tt) = velhead(sta,tt)+h(sta,tt);

hcritical energy at the next downstream station
cenergy(sta-1,tt) = 3xhc(sta-1,tt)/2;

%If energy < critical energy, the water has to backup
suntil it gets sufficient energy to pass

if senergy(sta,tt) < cenergy(sta-1,tt)

hmin = hc(sta,tt);

hmax = 1.5%h(sta,tt);

h(sta,tt) = bisectionme(hmin,hmax,discharge(tt),...
cenergy(sta-1,tt) ,width(sta),z);

disp(’Msg2: h corresponds to critical energy downstream’);
disp(sta);

disp(t);

end

end

%Calling function geometrym

[area(sta,tt) ,perimeter(sta,tt) ,hyradius(sta,tt),...
velocity(sta,tt),velhead(sta,tt),energyt(sta,tt),...
slopef (sta,tt) ,fr2(sta,tt)] =geometrym (width(sta),...

h(sta,tt) ,discharge(tt) ,elevation(sta,tt), n,z);

%Compute the Courant-Friedrich-Levy number and check stability

courant(sta,tt) = dt*5*velocity(sta,tt)/(3*dx(sta-1));
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if courant(sta,tt)>1
disp(’the model is unstable’);

end

%increase the counter to compute the flow depth in the next
%upstream station

sta = sta + 1;

%Initialized the number of iterations to 1 in the next station
ni=1;

nii(sta,t) = 1;

%#Assume a new hstart(sta) value equal to the d/s depth just
%calculated at ’sta’

hstart(sta,tt) = h(sta-1,tt);

else

%Calculate the flow increment (dhstart)

dhstart(sta,tt) = denergy(sta,tt)/(1-fr2(sta,tt)*(1-0.5%c)+...

(3xslopef (sta,tt)*dx(sta-1))/(2*«hyradius(sta,tt)));

%Add the flow increment to the assumed flow depth hstart

hstart(sta,tt) = hstart(sta,tt)- dhstart(sta,tt);
%Increase the number of iterations
ni =ni + 1;

nii(sta,t) = nii(sta,t) +1;

%If hstart is negative, the solution will be
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%the minimum error wse

if hstart(sta,tt) < 0 | nii(sta,t) >= 50

h(sta,tt) = hsmin(sta,iteration);

disp(’Msg 3:No solution for the energy equation was found.);
disp(’h is set to the minimum error h’);

disp(sta);

disp(t);

if width(sta) > width(sta-1) Ythere is a contraction

hcheck if the specific energy is less than the critical energy
%at the constriction

%Specific energy at sta

senergy(sta,tt) = velhead(sta,tt)+h(sta,tt);

%Critical energy at the next downstream station
cenergy(sta-1,tt) = 3*hc(sta-1,tt)/2;

»If energy < critical energy, the water has to backup
suntil it gets sufficient energy to pass

if senergy(sta,tt) < cenergy(sta-1,tt)

hmin = hc(sta,tt);

hmax = 3;

h(sta,tt) = bisectionme(hmin,hmax,discharge(tt),...
cenergy(sta-1,tt) ,width(sta),z);

disp(’Msg 4:h corresponds to critical energy downstream’);
disp(sta);

disp(t);

end

else

%if the minimum error wse < critical depth, h is set to critical

if h(sta,tt) < hc(sta,tt)
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h(sta,tt) = hc(sta,tt);

disp(’Msg 5:h is set to hc’);

disp(sta);

disp(t);

end

end

%Compute the channel characteristics with the new depth
[area(sta,tt) ,perimeter(sta,tt), hyradius(sta,tt),...
velocity(sta,tt),velhead(sta,tt),energyt(sta,tt),...
slopef (sta,tt) ,fr2(sta,tt)] =geometrym (width(sta),...

h(sta,tt),discharge(tt) ,elevation(sta,tt), n,z);

#Compute the Courant-Friedrich-Levy number and check stability
courant(sta,tt) = dt*b*velocity(sta,tt)/(3*dx(sta-1));
if courant(sta,tt)>1
disp(’the model is unstable’);

end

%Increase the number of stations

sta = statil;
%Set number of iterations to 1

ni =1;

nii(sta,t) = 1;
%New assumed depth equal to previous depth
hstart(sta,tt) = h(sta-1,tt);

end

end

end
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end
%Compute the bed shear stress in N/m2 based on the friction
%slope at each node

i = 1l:nstation;

taubed(i,tt) = 9810*hyradius(i,tt).*slopef(i,tt);
wselevation(i,tt) = elevation(i,tt)+h(i,tt);
Whhhhhhh% - SEDIMENT TRANSPORT - AGGRADATION/DEGRADATION - %%A%%%%%
%Calculate the sediment discharge at each station using Julien’s
%hequation
%1f discharge is zero, then the bed elevation and slope do not change
if discharge(t) ==

sta = 1:nstation;

elevation(sta,tt+1) = elevation(sta,tt);

slope(sta,tt+l) = slope(sta,tt);

gst(sta,tt) = 0;

else

for sta = nstation:-1:1

%Unit sediment discharge

gbv(sta,tt) = julien(ds,taubed(sta,tt));

%Sediment discharge in m3/day

gst(sta,tt) = gbv(sta,tt)*width(sta)*86400;

end

for sta = nstation:-1:2

%Change in sediment discharge between 2 adjacent stations
dgst(sta-1,tt+1) = gst(sta-1,tt)-gst(sta,tt); %0ut - in

%Trap efficiency at time t+1 based on h and velocity computed at
Jtime = t

te(sta-1,tt+1) = 1-exp(-dx(sta-1)*omegai(tt)/(h(sta-1,tt)...
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xvelocity(sta-1,tt)));
#Change in bed elevation at time t+1
dz(sta-1,tt+1) = -te(sta-1,tt+1)*dgst(sta-1,tt+1)*dt/((1-po)...
*dx (sta-1)*0.5%(width(sta-1)+width(sta)));
%Volume out - volume in = sediment balance
balance(sta-1,tt+1l) = dgst(sta-1,tt+1)*dt;
if dgst(sta-1,tt+1)>0 %there is degradation
%hif the balance is >= available volume, everything will
%move downstream
if balance(sta-1,tt+1)>=avolume(sta-1,tt)
%the new elevation is equal to the minimum elevation
elevation(sta-1,tt+1) = minelev(sta-1,1);
%Amount of sediment that goes into the next node = what comes
%in in the previous one + the available volume
ehgst(sta-1,tt) = gst(sta,tt)+ avolume(sta-1,tt)/dt;
%sthe new available volume is zero, because everything was
%moved out downstream
avolume(sta-1,tt+1) = 0;
else
%if available volume is >balance, then only a part of the
%available sediment is moved downstream
avolume(sta-1,tt+1) = avolume(sta-1,tt)-balance(sta-1,tt+1);
hcompute new elevation at sta node due to the volume remaining
elevation(sta-1,tt+1)=minelev(sta-1,1) + avolume(sta-1,tt+1)...
/((1-po) *dx(sta-1)*(0.5*width(sta-1)+width(sta)));
end
else Ythere is aggradation

elevation(sta-1,tt+1) = elevation(sta-1,tt) + dz(sta-1,tt+1);



Appendiz G. Flow Charts and Computer Codes 253

tt

%Compute the available volume

%balance is <0,when aggradation

avolume(sta-1,tt+1) = avolume(sta-1,tt) - balance(sta-1,tt+1);

end

end

if t < stime
%Elevation upstream is given as a boundary condition
elevation(nstation,tt+1) = uselevi(tt+1);

else
%The computations end at t = stime. The elevation at t = stime
%was computed in the previous time step
elevation(nstation,tt+1l) = elevation(nstation,tt);

end

for sta = nstation:-1:2
%#Calculate the new bed channel slope
slope(sta,tt+l) = (elevation(sta,tt+l)...
-elevation(sta-1,tt+1))/dx(sta-1);

end

slope(1l,tt+1) = slope(l,tt);

end

= tt+1; %increment the time index tt

#Printing out the results every maxday days

if ndf - ndi == maxday

tt

= tt-1;

numfile = int2str(ndf);

fileout=strcat(numfile,’.out’);

fid = fopen(fileout,’wt’);

fprintf (fid,’%-156s %-11s %-12s %-12s %-15s...
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%-12s %-12s %-12s %-12s %-12s %-15s %-12s\n’, ...
’days’,’Station’,’Length’, ’Slope’,’Elevation’...
,’Width’,°Q’,’h’,’Sf’,’Fr2’,’hc’,’qst’);

for k

1t:tt

ddiff = numday(k) - round(numday(k));

if ddiff ==

for s = l:nstation

fprintf(fid,’%6.1f\t %11d\t %11.2f\t %10.6e\t %11.6e\t...
K11.2f\t %11.2f\t %6.4f\t %10.2e\t %10.4e\t %6.4f\t %6.4f\n’,...
numday(k), station(s), length(s),slope(s,k),elevation(s,k),...
width(s) ,discharge(k),h(s,k),slopef(s,k),fr2(s,k) ,hc(s,k),...
gst(s,k));

end

end

end

fclose(fid);

elevation(:,1) = elevation(:,tt+1);

slope(:,1) = slope(:,tt+1);

tt = 1;

1t = 1;

ndi = ndf;

elseif t == stime & time > maxday

numfile = int2str(ndf);
fileout=strcat(numfile,’.out’);

fid = fopen(fileout,’wt’);

fprintf(fid, ’%-156s %-11s %-12s %-12s %-16s %-12s...
%-12s %-12s %-12s %-12s %-15s %-12s\n’, ...

>Station’,’Length’, ’Slope’,’Elevation’,...
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’Width’,’Q’,’h’,’Sf’,’Fr2’,’hc’,’qst?);

for k = 1t:tt-1
ddiff = numday(k) - round(numday(k));
if ddiff ==

for s = l:nstation

fprintf (fid,’%6.1f\t %11d\t %11.2f\t ’%10.6e\t...
h11.6e\t %11.2f\t %11.2f\t %6.4f\t %10.2e\t...
%10.4e\t %6.4f\t %6.4f\n’, numday(k),...
station(s), length(s),slope(s,k),elevation(s,k),...
width(s), discharge(k),h(s,k),slopef(s,k),...
fr2(s,k) ,hc(s,k),qst(s,k));

end

end

end

fclose(fid);

end

t =t +1; %increment the total time index
end
hhlhtohhtohts Writing the results into a file %hhhhthhl
%Printing out the results if the total time is less
%than maxday days
if time < maxday fid = fopen(ofilename,’wt’);
fprintf(fid, ’%-16s %-11s %-12s %-12s %-156s %-12s...
%-12s %-12s %-12s %-12s %-15s %-12s\n’, ...
>Slope’,’Elevation’, ’Width’,’Q’,’h’,’Sf’,’Fr2’,...
’he’,’qst?);

for k

1:tt;

ddiff = numday(k) - round(numday(k));

ot
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if ddiff ==

for s = l:nstation

fprintf(fid,’%6.1f\t %11d\t %11.2f\t ’%10.6e\t...
%11.6e\t %11.2f\t %11.2f\t %6.4f\t %10.2e\t...
%10.4e\t %6.4f\t %6.4f\n’, numday(k),...
station(s), length(s),slope(s,k),elevation(s,k),...
width(s), discharge(k),h(s,k), slopef(s,k),...
fr2(s,k),hc(s,k),qst(s,k));

end

end

end

fclose(fid);

end

elapsedtime = etime(clock,t0);

fprintf(’The elapsed time in seconds is = %6.3f\n’,elapsedtime);

G.7 Code of Subroutines

G.7.1 Function: openfilel

function[nstation,station,length,slopei,elevationi,width,dx] =
openfilel(filedata)

h

%Purpose:

%This function opens the input file that contains the channel
%hcharacteristic data. The input variable is the

%filename and the output variables are number of stations,
%station number, length, initial slope, initial elevation,
%width and dx

h
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if nargin < 1, error(’Not input file name provided’), end
%hReading the data
b

fid = fopen(filedata,’rt’);
%skip the first line;

line = fgetl(fid);
%Assign the data to array T. The input file must have 5
hcolumns (station, length, slope,elevation and width

[T] = fscanf(fid,’%f’,[5,infl);
4T contains 5 rows. Row 1 = station, Row 2 = length and so
%on...T has to be transposed to obtain the same format as

%sthe input file. Column 1 = station, Column 2 = length, etc.

T = T?; fclose(fid);

%N = the size of the array T. The number of columns is known
%(5) but not the number of stations. The number of stations
%is the number of rows in matrix T

N = size(T);

%The number of stations is the first index of array N

nstation = N(1);

station = T(:,1);

length = T(:,2);

slopei = T(:,3);
elevationi = T(:,4);

width = T(:,5);

%Calculate delta x as the difference between the length of

%two adjacent stations
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i = 1:nstation-1; dx(i) = T(i+1,2) - T(i,2);

G.7.2 Function: openfile2

function [time,day, disc, temp,uselev] = openfile2(filedata)
h

%Purpose:

%This function opens the input file for the main script that
%hcontains the flow discharge data in m3/s ,the temperature in
%degrees Celsius, and the upstream elevation in m.

%The input variable is the filename and the output variables
%hare time, discharge, temperature and elevation

h

if nargin < 1, error(’Not input file name provided’), end
hhReading the data

h

fid = fopen(filedata,’rt’);

%skip the first line;

line = fgetl(fid);

%Assign the data to array T. The input file must have 3
%columns (time, disc, temp)

h

[T] = fscanf(fid,’%f’,[4,inf]);

4T contains 4 rows. Row 1 = time, Row 2 = discharge, Row 3 = temp,
%Row 4 = elev. T has to be transposed to obtain the same format
%as the input file. Column 1 = time, Column 2 = discharge,

%Column 3 = temp,Column 4 = uselev

T
WN

T>; fclose(fid);

the size of the array T. The number of columns is known (3)
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%but not the number of days. The number of days is the number
%of rows in matrix T

N = size(T);

%The number of days is the first index of array N

time = N(1);

%The number of days is in the first column

day = T(:,1);

%The discharge is in the second column

disc = T(:,2);

%The temperature is in the third column

temp = T(:,3);

%The upstream elevation is in the fourth column

uselev = T(:,4);

G.7.3 Function: openfile3

function[nstation,station,length,slopei,elevationi,width,dx,minelev]
= openfile3(filedata)

b

%Purpose:

%This function opens the input file for the unsteady_2.m script.
%The input variable is the filename and the output variables

%hare number of stations, station number, length, initial

%slope, initial elevation, width, minelev.

/.
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if nargin < 1, error(’Not input file name provided’), end
%hReading the data

b

%filedata = ’input.dat’;

fid = fopen(filedata,’rt’);

%skip the first line;

line = fgetl(fid);

%hAssign the data to array T. The input file must have 5 columns
%(station, length, slope,elevation and width)

[T] = fscanf(fid,’%f’,[6,inf]);

4T contains 5 rows. Row 1 = station, Row 2 = length and so on...
%T has to be transposed to obtain the same format as the input
%file. Column 1 = station, Column 2 = length, etc.

T = T?; fclose(fid);

%N = the size of the array T. The number of columns is known
%(5) but not the number of stations. The number of stations

%is the number of rows in matrix T

N = size(T);

%The number of stations is the first index of array N

nstation = N(1);

station = T(:,1);

length = T(:,2);

slopei = T(:,3);
elevationi = T(:,4);
width = T(:,5);
minelev=T(:,6);

%Calculate delta x as the difference between the length of

%two adjacent stations
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i = 1l:nstation-1;

dx(i) = T(i+1,2) - T(i,2);

G.7.4 Function: bisection

function[hmean]=bisection(disc,slope,n,b,z,hmin,hmax,flag)
%Solving the f(x) = O using the bisection method. This
%function computes the normal and the critical depth for a
%trapezoidal cross section

h

%Input data

%disch = flow discharge in m3/s

%slope = slope

n

b

Manning friction factor

Channel bottom width
%z = Channel side slope

b

%0ther variables

%hmin = minimum depth for the initial iteration

%hmax = maximum depth for the initial iteration

%hmean = average depth between hmin and hmax

%krange = error

Jnormal = function to compute the normal depth using
%Manning eq
range = 1.eb;
while range > 1.e-5
hmean = 0.5%(hmin+hmax) ;

if flag == 1;

261
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if normal(disc,slope,n,b,z,hmin)*normal(disc,slope,n,b,z,hmean)<0
hmax = hmean;
range = abs(hmean - hmin);
else
hmin = hmean;
range = abs(hmean-hmax) ;
end
else flag == 2;
if critical(disc,n,b,z,hmin)*critical(disc,n,b,z,hmean)<0
hmax = hmean;
range = abs(hmean - hmin);
else
hmin = hmean;
range = abs(hmean-hmax) ;
end
end

end

G.7.5 Function: normal

function [fhn] = normal(disc,slope,n,b,z,h)

YA

%This function contains the equation to compute the normal
/idepth using Manning Eq.

%Input data

%disch: discharge

%slope: slope

Jn: Manning n

%b: Channel bottom width
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%hz: Side slope

%h: Flow depth

%g = gravitational acceleration in m/s2
YA

g = 9.81;

%Compute area of trapezoidal section

area = ((b+zxh)*h);

%Compute perimeter of a trapezoidal section

per = b+2xhxsqrt(1+z~2);

%compute constant ci

cl = ((disc#*n)~(3/2))/slope~(3/4);

%Compute function of hn (normal depth)

fhn = ((area.~(5/2))./per)-ci;

G.7.6 Function: critical

function [fhc] = critical(disc,n,b,z,h)

h

%This function contains the equation to compute
%the normal depth using Manning Eq.

%Input data

%disch: discharge

%slope: slope

%n: Manning n

%b: Channel bottom width
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%hz: Side slope
%h: Flow depth
%g = gravitational acceleration in m/s2

h

g = 9.81;

%Compute area of trapezoidal section

area = ((b+zxh)*h);

%Compute top width of a trapezoidal section

t = b+2%zxh;

%Compute constant ci

cl = disc/sqrt(g);

%Compute function of hn (normal depth)
fhc = area.~(3/2) ./t~ (1/2)-c1;

G.7.7 Function: conversion

function vis = conversion (t);

% convertion computes the kinematic viscosity of water as

% a function of temperature

% The input variable is

% t -- water temperature in degrees Celsius

% The output variables is

% vis -- kinematic viscosity in m§/s

264
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% Calculate the kinematic viscosity. This equation was
hgenerated from temperature-viscosity data from

% Fluid Mechanics book by Kundu (1990). This equation is
%valid for 0<= temp <= 50 Celsius

vis = 4.496729E-10%t."2 - 4.6205E-8 * t + 1.762786E-6;

G.7.8 Function: fallv

function omega = fallv (vis, d)

%fallv computes the fall velocity of sediment particles
%in m/s using Rubey’s equation (from Julien 1995)

%The input variables are:

hvis -- Kinematic viscosity in m2/s

%d -- Sediment particle diameter in m

#Specific gravity G = 2.65 and gravity g = 9.81 m/sS§

%The output and other variables are:

homega -- fall velocity in m/s

%Calculate a = (G-1)*gxd~3
%a = 1.65%9.81%d"3;
a = 1.65%9.81%d."3;

%Calculate b = (G-s)*gxd
b = 1.65%9.81xd;

%Calculate fall velocity
omega = (((2/3) + (36xvis.~2)./a).~(0.5)...
-((36%xvis."2)./a).~0.5) .*%(b.~0.5);

9
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G.8 Function:geometrym

function [area,perimeter,
hyradius,velocity,velhead,energyt,slopef,fr2]...

= geometrym (width,h,disc,elevation, n,z);
%geometry computes the area, perimeter, hydraulic radius,
hvelocity, velocity head, total energy and friction slope
hat a rectangular cross section.

%The input variables are:

how -- Channel width in m

%h -- Flow depth in m

hdischarge  -- Flow discharge in m3/s
hz -- Channel elevation in m

Wt -- Friction factor

%Calculate the area in m2

area = (width+z+*h)*h;

%Calculate the), wetted perimeter in m
perimeter = width + 2xh*sqrt(1+z~2);
%Calculate the hydraulic radius in m
hyradius = area./perimeter;
%#Calculate the mean flow velocity m/s
velocity = disc./area;

%Calculate the velocity head in m
velhead = (velocity.~2)./(2%9.81);
%Calculate the total energy in m;
energyt = elevation + h + velhead;
%Calculate the friction slope in m/m, using D-W friction

%equation;
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slopef = (disc.~2)*(n~2)./((area."2).*x(hyradius.~(4/3)));
%Calculate the Froude number squared

fr2 = (velocity."2)./(9.81%h); %rectangular section

G.9 Function: bisectionm

function [hmean] = bisectionme(hmin,hmax,discharge,cenergy,b,z)
%Solving the f(x) = O using the bisection method. This
%sfunction solves the energy equation and outputs the flow
%depth

h

%Input data

henergyt = total energy at a previous station

hdisc = flow discharge

%elevation = channel elevation at a downstream station

hn

b

Manning friction factor

Channel bottom width

%z = Channel side slope

%h
%

%0ther variables

known downstream depth

%hmin = minimum depth for the initial iteration

%hmax = maximum depth for the initial iteration

%hmean = average depth between hmin and hmax

%range = error
Jminenergy = function to compute the energy equation
%in = number of iterations

range = 1.eb;

in = 1;
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while range > 1.e-10

hmean = 0.5%(hmin+hmax) ;

if minenergy(b,z,hmin,discharge,cenergy)*minenergy(b, ...

z,hmean,discharge, cenergy)<0

hmax = hmean;

range = abs(hmean - hmin);
else

hmin = hmean;

range = abs(hmean-hmax) ;
end
in = in +1;

end

G.9.1 Function: minenergy

function [fh] = minenergy(b,z,h,discharge,cenergy)
h
%This function contains the energy equation

%Input data

%hcenergy = critical energy at the next downstream station

hdischarge = flow discharge

%b = Channel bottom width

%z = Channel side slope

%h = unknown flow depth
hg = gravitational acceleration in m/s2
g = 9.81;

%Compute area
area = (b+zxh)*h;

%Compute the specific energy equation

268
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fh = h - cenergy + (discharge~2)/(2xgxarea~2);

G.9.2 Function: julien

function gqbv = julien (d, taubed)

%julien computes the unit sediment discharge by volume in
%ms/s using Julien’s (2001) sediment transport equation
%The input variables are:

hd -- Sediment particle diameter in m

%taubed -- Bed shear stress in N/m§

%Specific gravity G = 2.65 and gravity = 9.81 m/s§

%The output and other variables are:
%taustart  -- Shields parameter

%hqbv -- unit sediment discharge by volume in m§/s

%Calculation of Shields parameter

taustart = (taubed/9810)./(1.65%d);

%Calculate the unit sediment discharge by volume

gqbv = 18%sqrt(9.81)*(d.~(3/2)) .*taustart."2;

G.9.3 Function: yangs

function cmgl = yangs (vis, ds, taubed, v, sf, omega)
%yangs computes the concentration of sand in mg/1

husing Yang’s (1973) sediment transport equation for sand
%particles.

%The input variables are:

hvis -- Kinematic viscosity in m$/s

269
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%ds -- Sediment particle diameter in m

%taubed -- Bed shear stress in N/m$

hv -- Mean flow velocity in m/s

hst -- Energy slope in m/m

homega -- Fall velocity in m/s of sediment particle of
b diameter d

%0utput and other variables:

hemgl -- Concentration in mg/l - output variable
hustart -- Shear velocity in m/s

hrestart  -- Grain shear Reynolds number

hvew -- Dimensionless critical velocity

ha -- ratio of shear velocity to fall velocity
b -- Fall velocity times diameter divided by

h kinematic viscosity

%logcppm  -- Logarithm base 10 of concentration in ppm
YA according to Yang’s equation

hcppm -- concentration in ppm

JWater density = 1000 kg/m3
%Specific weight of sediment = 2.65
% Calculate shear velocity

ustart = (taubed./1000).70.5;

% Calculate Grain shear Reynolds number

restart = ds.*ustart./vis;

% Calculate dimensionless critical velocity

if restart > 0 & restart < 70
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vew = (2.5/(loglO(restart)-0.06))+0.66;
elseif restart >= 70
vew = 2.05;
end
% Calculate the ratio of shear velocity to fall velocity
a = ustart./omega;
%Calculate the product of fall velocity times diameter,
%and divide it by viscosity
b = omega.*ds./vis;
% Calculate the product of vcw and sf
%c = vcwxsf;
¢ = vcw.x*xsf;
% Calculate the product of v and sf and divide it by omega;

d = v.*sf./omega;

% Compare ¢ and d. If ¢ > d, the sediment does not move
if ¢ >=d
cmgl = 0;
elseif ¢ < d
%Calculate the logarithm (base 10)of the sediment concentration
%in ppm according to Yang’s equation
logcppm = 5.435 -0.286%1ogl0(b) - 0.457xloglO(a) +...
(1.799-0.409%10g10(b)-0.314*1og10(a))*Llogl0((d)-vcw.*sf) ;

%Convert the concentration in ppm to concentration in mg/1l

cppm = 10~ logcppm;

cmgl

2.65%cppm./(2.65 +(1-2.65)*0.000001*cppm) ;

end
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G.9.4 Function: yangg

function cmgl = yangg (vis, d, taubed, v, sf, omega)

%hyangg computes the concentration of gravel in mg/l

husing Yang’s (1973) sediment transport equation for gravel

%particles.

%The input
%vis --
hd --
%taubed --
hv --
hst --
homega --

h

variables are:

Kinematic viscosity in m$/s

Sediment particle diameter in m

Bed shear stress in N/m$

Mean flow velocity in m/s

Energy slope in m/m

Fall velocity in m/s of sediment particle of

diameter d

%0utput and other variables:

hemgl
hustart
hrestart
hvew

%ha

b

b
hlogcppm
YA

YA

hcppm

-- Concentration in mg/l - output variable

-- Shear velocity in m/s

-- Grain shear Reynolds number

-- Dimensionless critical velocity

-- ratio of shear velocity to fall velocity

-- Fall velocity times diameter divided by
kinematic viscosity

-- Logarithm base 10 of concentration in ppm
according to
Yang’s equation

-- concentration in ppm

JZWater density = 1000 kg/m3

%Specific weight of sediment = 2.65

% Calculate shear velocity
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ustart = (taubed./1000).°0.5;
% Calculate Grain shear Reynolds number
restart = ustart.*d./vis;
% Calculate dimensionless critical velocity
if restart > 0 & restart < 70
vew = (2.5/(logl0(restart)-0.06))+0.66;
elseif restart >= 70
vew = 2.05;
end
%Calculate the ratio of shear velocity to fall velocity
a = ustart./omega;
%Calculate the product of fall velocity times diameter,
%hand divide it by viscosity
b = omega.*d./vis;
% Calculate the product of vcw and sf
¢ = vcw.x*xsf;

% Calculate the product of v and sf and divide it by omega;

Q.

= v.*sf./omega;

% Compare ¢ and d. If ¢ > d, the sediment does not move
if ¢ >=d

cmgl = 0;
elseif ¢ < d
%Calculate the logarithm (base 10)of the sediment
hconcentration in ppm according to Yang’s equation
logcppm = 6.681 -0.633%1ogl0(b) - 4.816xloglO(a) +...
2.784-0.305%10g10(b)-0.282%1logl0(a))*. ..

log10((v.*sf./omega)-vcw.*sf) ;
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%Convert the concentration in ppm to concentration in mg/1l

cppm = 10~ logcppm;
cmgl = 2.65%cppm./(2.65 +(1-2.65)*0.000001*cppm) ;
end

G.10 Typical Input File

The input file consists of a text file (space delimited) with five columns. The first
column contains the station number along the channel, the second column contains
the accumulated channel length at each station, the third column lists the initial
channel slope at each station, the fourth column contains the initial bed elevation
at each station and the fifth column includes the channel width at each station. The
input file is free format, which means that the widths of each column do not need to
be specified. Also, the first row of the input file must contain the headings of each
column. The second row of the file represents the first downstream station. All the

units are metric. A typical input file follows.

Station Length Slope Elevation Width

500 0 0.00143 0 90
400 100 0.00143 0.143 90
300 200 0.00143 0.286 90
200 300 0.00143 0.429 90
100 400 0.00143 0.572 90
0 500 0.00143 0.715 90

G.11 Output File

The user of the program has to specify the number of days (maxday) that will be
written out in each output file. The program will create a matrix that storages the

variables that will be output for each day for the number of days specified by the



user. Each time the data are output and written to a file, the content of the matrix
is replaced by the values that will be output in the next output file. Therefore, if
the channel in consideration has many stations and the time step is very small, it
is recommended to choose a small value for the variable maxday. In that way, the
matrix will be small and the program will run faster. However, it will generate more
output files. The output files are text files, which take small memory space. Also,
they are named as <number>.out, where <number> is the last day printed on the
file. For example, the file 20.out contains the output for the days 1 to 20.

The output file consists of 11 columns that contain the following: day num-
ber, station, length in m, slope in m/m, elevation in m, width in m, discharge in
m3 /s, flow depth in m, energy slope in m/m, Froude number squared and sediment,

discharge in m?3/d.
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Simulations with Different Sediment Sizes

This appendix presents the results of the simulations performed in the study reach
of the Middle Rio Grande (described in Chapter 6) using three different bed material
sizes to compute the sediment transport. The first simulation consists of computing
the sediment transport with the median bed material size (ds = 0.26 mm) (see
Figure 6.10 in Chapter 6). The second simulation consists of computing the sediment
transport based on an equivalent diameter (Molinas and Wu, 1998), in order to
compensate for size gradation. The third simulation consists of computing the
sediment transport by size fractions without changing the gradation of the bed at
each time step.

The equivalent diameter is equal to (Molinas and Wu, 1998):

b 1.8Dx
c 1+ 0.8(%/0&50)0'1(09 - 1)22

where, D, is the equivalent diameter, D5 is the particle size for which 50 percent of
bed material are finer by dry weight, Vi, is the shear velocity, ws is the fall velocity
of a sediment particle size D5, and o is the standard deviation of the bed material
defined by: o, = \/m. Dgy and Dy are the particle sizes for which 84 and
16 percent of bed material are finer by dry weight respectively.

Figure H.1 shows the comparison of the model results for the three cases. The
bed degradation was controlled only in the last two downstream sections.

There are only some slight differences on the profiles in Figure H.1, which indi-
cates that the bed material is almost uniform. The results obtained with dso and

D, are almost the same for the upper and middle reaches. The results obtained
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Figure H.1: Bed elevation profiles obtained by computing the sediment transport

with a single diameter (dsy and D,.) and by size fraction.

by calculating the sediment transport by size fractions are similar to the results of
the computations with the dso in the downstream reach. Sediment transport esti-
mations by size fractions are greater than the computations with a single diameter.
The use of a single diameter such as dso does not seem to introduce large errors in
the simulations, given the close agreement between the simulations with dsy, D, and
size fraction.

Usually, erosion produces coarsening of the bed material. Therefore, the ero-
sion obtained by size fractions without changing the gradation of the bed each time
(as simulated in here) will be greater than the erosion obtained when changing
the gradation of the bed. Rivera-Trejo and Soto-Cortés (2002) demonstrated that
aggradation/degradation simulations calculated by size fractions and changing the
gradation of the bed each time, produce an intermediate solution between the sim-
ulations performed with a single diameter and by size fractions without changing
the gradation of the bed. The results presented in this appendix do not consider
coarsening of the bed. However, the error of not considering such condition do not
seem to be very large, given the good agreement between the three cases (dso,D.

and size fraction).
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Appendix I

Intermediate Results of Model Validation

This appendix contains the comparison of the model results (see Chapter 6), with the
field measurements in the middle Rio Grande in 1993, 1997 and 1998. In addition the
field data collected in 1999 is compared to three different results from the numerical
model: 1) using the unsteady flows from 1992 to 1999; 2) using the steady state
flows equal to the mean annual flow during that period (Q = 39 m?3/s); and 3) using

the dominant discharge equal to Q = 139 m?/s.

I.1 Comparison of Model Simulations with 1993, 1997 and 1998 Field

Measurements

Figures 1.1, 1.2 and 1.3 show the plot of the measured bed elevation against distance
for 1993, 1997 and 1998 respectively. The slopes of each subreach was estimated by
fitting a regression line to the data and are indicated in the plots.

The slope of the wide reach is steeper than the slopes of the two narrow reaches
for all the surveys. The surveys were performed in different months and therefore,
in different points of the flow regime.

Figures 1.4 (a) and (b), 1.5 (a) and (b), and 1.6 (a) and (b), presents the com-
parison of the model results with the field data. Model results are closer to the
measurements, when the maximum degradation of the bed is controlled along the
entire channel. However, in both cases (a and b), the model predicts the same trends.

The wide reach develops steeper slopes than the slopes of the narrow reaches.
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Figure 1.1: Measured bed elevation against downstream distance for September

1993.
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Figure 1.2: Measured bed elevation against downstream distance for July 1997.
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Figure 1.3: Measured bed elevation against downstream distance for May-June

1998.
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Figure I.4: Comparison of the resulting channel profile from the sediment transport
model with the field data collected in 1993. (a) Channel degradation is controlled in
the last two downstream nodes of the reach. (b) Channel degradation is controlled

along the entire channel.
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Figure 1.5: Comparison of the resulting channel profile from the sediment transport

model with the field data collected in 1997. (a) Channel degradation is controlled in

the last two downstream nodes of the reach. (b) Channel degradation is controlled

along the entire channel.
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Figure 1.6: Comparison of the resulting channel profile from the sediment transport

model with the field data collected in 1998. (a) Channel degradation is controlled in

the last two downstream nodes of the reach. (b) Channel degradation is controlled

along the entire channel.



