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Abstract

The fixed-bed, hydrodynamic and water gquality model ONE-D has been suc-
cessfully applied to virtually every major river system in Canada. In 1954 one of the
supporting agencies. Environment Canada. expressed the desire to extend ONE-D
for the simmlation of sediment transport processes and river-bed dynamics. Af-
ter performing a literature review it was found that currently available mobile-bed
river models did not have the features that the basic ONE-D model had. particularly
those required to model channel networks. Because of these numnerical modelling
Lmitations it was decided to proceed with this rescarch effort. Sediment transport
and bed dynamic routines were written in modular form and the resulting model

(ONE-D-SED) became the mobile-bed version of ONE-D.

ONE-D-SED was initially validated for hypothetical test cases. This initial ap-
plication showed that the model reproduced analytical solutions for the ‘linear” eases
examined. In addition. these simulations provided documentation of the numerical
properties of ONE-D-SED’s finite difference schemes. Following these preliminary

. tests correction coefficients were generated for analytical solutions of bed transients

 of finite he:ght.

. The subsequent application of ONE-D-SED to the Lower Fraser River was
partly in responseto the need expressed by Public Works Canada for accurate sedi-
ment budgets for certain reaches of this major river system. More importantly. part
of this system is tidal. multi-channel network and hence is ideally suited for model
validation purposes. Finally. superior sediment data were available for the study
rcach identified in this research. "After analysis of Lower Fraser River sediment data.
and calibration of the Ackers-White (A-W) sediment transport equation, ONE- D-
SED was applied to the study reach at a “screening-level”. Since the results of this
application were encouraging. ONE-D-SED was then applied at a detailed level and
simulated changes in bed elevation were compared to those observed.

In addition to the work directly related to model development, application and
validation work was also undertaken to address the issue of representing suspended
sediment ‘fractions’ consisting of a range of grain sizes. This work was motivated
by the findings of analyses of the suspended sediment load in the Lower Fraser
River and by the necessity of characterizing the representative grain size for nat-
ural rivers where there is a large gradation in the bed material composition. This
study revealed that the representative grain size of a fraction depends on certain
local hydraulic conditions. In addition. correction factors for modelling suspended
sediment concentrations werce obtained when the geometric grain size of the fraction
15 used in lieu of the mathematically accurate representative size.
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Chapter 1

Introduction

1.1 Motivation for the Study

This research was initiated following a meeting in September, 1984 between the
'writer, his supervisor, a representative of the Sediment Sectjon of Water Survey
7of Canada (WSC) and the head of the Systems Section of the Water Planning
and Management (WPM) Branch of Environment Canada. At this meeting, a
feview of existing morphological models showed that no tested public domain one-
dimensional (1-D) mobile-bed model could simulate sediment processes in multi-
channel networks under unsteady flow conditions. It was decided:, therefore, that
a research effort be initiated to extend a ﬁxed-bed model known 2s "ONE-D” to
include “morphological” simulations. Furthermore, it was agreed that a 45 km-
long reach of the Lower Fraser River in British Columbia would be a test case for
validating the new model

From a model vali;iatiqn viewpoint, due to the multi-channel nature of the

!
\\‘



study area and the ficld character of the flow regime, the Lower Fraser provided an
ideal model validation test case. In addition, there were specific reasons for choosing .
the Lower Fraser River as the first major case study. In 1964, Public Works Canada
(PWC), the responsible agency for development and maintenance of navigation on
the Lower Fraser, because of planning needs relating to a variety of hydraulic works
and activities on the river, expressed the need for reliable hydrometric and sediment
data. This data would be used in connection with maintenance and improvement
of the navigational channel, (i.e., the data could assist in determining whether the
problem could best be resolved by dredging, river training works or a combination.
thereof). The following is an excerpt from a letter written in 1964 by PWC to WSC:
... it is emphasized that for this MMmt the primary

object is to determine the total sediment. discharge at Port

Mann, and also the ratio of bed load to suspended load and

the particle size distribution at that point. It is understood

that sampling stations between Hope and Port Mann are nec-

essary to determine the situation at the latter place, and while

valuable information will undoubtedly be obtained on the con-

ditions above Port Mann, it is the river below as influenced

by conditions at Port Mann which is the main concern of the
Department at this time.”

To answer this need, WSC set up survey stations along the Fraser River and
its tributaries: To obtain the sediment discharge at Port Mann, ONE-D was used
to model the hydraulics of tile Mission to Port Mann reach (Sydor-1980). The
computed discharge at Porf Mann was used in conjunction with sediment samples
obtained there to produce a sediment discharge for the site (Morasse 1985 and
Zyrmiak 1987). Sediment data analyzed in this research came from WSC.

The motivations for applying ONE-D-SED to the same reach were tlireefold.



First, sediment measurements at Port Mann had been discontiu_ucd due to problems
associated with the tidal nature of the station, hence an alternate means of obtaining
the sediment load at Port Mann became ;ecessary. ONE-D-SED offered a means of
routing sediment measured at the Mission site through to Port Mann. Second, sinee
there were some morphological concerns expressed about the river upstreun of Port
Mann (Kellerhals 1984), the application of ONE-D-SED to the study reach would
provide insights into bed changes within the reach itself. Finally, if the application
of ONE-D-SED to the Mission-Port Mann study reach was successful, it would lead

the way to morphological modelling of the river downstream of the study reach.
1.2 Study Objectives

The primary objective of this research was to extend the capabilities of the fixed-
bed, one-dimensional, in-channel mathematical model: “ONE-D” (Gunaratnam and
Perkins 1970} such that the new mo'bile-be;i version “ONE-D-SED” could, in ad-
d.it_iqn to modelling unsteady ﬂl_ﬁd flows, model sediment tﬁnsmrt processes in
multi-channel river networks.

The study had the following secondary objectives:

(1) to use ONE-D-SED to define the limits for which analytical solutions for

bypothetical tests cases were valid;

(if) to define the representative fall velocity for modelling the transport of mixed
suspended sediments; and,

A



(iii) to apply ONE-D-SED to examine sediment transport processes and channel
bed dynamics in a 45 km-long study reach of the Lower Fraser River in British

Columbia.

1.3 Develoément of the Research Project

- In chapter 2 the place of mathematical modelling in the solution to river engi-
neering problems is discussed. Chapter 3 presents a literature review of existing
morphological river models and discusses important considerations with regards to
the mathematical modelling of river processes. In chapter 4 river-bed transients are

presented from a theoretical.point of view. -In chapter 5 ONE-D-SED is described
| and the model is applied to hypothetical test cases of bed transient motion. After
confirming that simulated results correspond to analytical solutions for Linear cases,
 coefficients are developed for bed transients of finite height.

In chaptér 6 sediment dynamics particular to the Lower Fraser River are pre-

sented and the Ackers-White (1973) sediment transport equation is calibrated. In

-

chapter 7 the application of standard vertical sediment dispersion-diffusion models .

" to Lower Fraser River field data is explored. In chapter 8 the representative fall
velocity of sediment classes of mixed grain sizes is characterized. The application
of ONE-D-SED at a screen level to the Lower Fraser River study reach is preseated
in Chapter 9 and its apphca.t:on at a detailed level in chapter 10. Fmally, raults,

conclusions and recommendations of the research are summarized in cha.pter 11



Chapter 2

Mathematical Models in the
Context of River Engineering

River engineering works include the construction of dmus. bridges. ports, dykes,
diversions. control structures. river training works, and dredging of navigationad
channels. Rivers are very effective instruments in the hydrological. sedimentologi-
cal and geomorphic cyeles. They adjust their deptli, width. resistance, bed material
size, planform geometry and slope in order to earry the imposed water and sedi-
ment Joad. As land use and climaric conditions change. there are often significant,
variations in both quantity and quality of runoff and sediment yicld from a river
basin. Because a river will adjust to engineering works and changes in runoff char-
acteristics, the main task facing the river engineer is to quautify the river’s response

to imposed chz,__ngcs{

Since there are more parameters involved in the varions river processes than
there are equations which inter-relate them, this is a difficult task. The basic river

engineering problem is indeterminate. As a result, researchers have scarched for a



supplemental cquation to relate the river’s width to various independent parameters.
Erpirieal relationships and regime equations have been quantified. More recently.
theoretically-based underlying principles (using extremal hypotheses) have heen
proposed (Shigiang et al. 1956). No\'crt.h'clms. deterministic solutions for predicting

- the river's width and planfornn geometry remain clusive.

To compowd the difficulty of the task, it is often difficult to distinguish betw&.n
dol;ondcnt‘. and independent parameters. For e.ﬁample. over the long term sediment
load is an independent paramecter in that the river will adjust itself in order to
transport whatever sediment load is imposed. On the other hand, the sediment
load transported will dclmnél- on local h}-‘dtmﬂic conditions. Also. in the short term,
the bed slope of a river is fixed when the river's bed consists of bedrock whereas in
an alluvial river. the river is free to adjust the composition and slopb of its bed in
response to imposed constraints. Morcover, the river’s most dependent parameter
(water depth or surface clevation) is in some :-;»ituations an independent paramecter,

as 1s the case at the junction of the river and a lake or occan.

The indeterminacy of river systems has meant that the discipline of river en-
gincering remains partly science and partly art. With respect to the latter, the
findings of the Workshop on “Downstream River Channel Changes Resulting from
Diversions or Reservoir Construction™ (Schumm 1980 and Theurer ]/.9"80) are re-
vealing. The purpose of the workshops was to assemble the world’s experts in river
engineering to see how they practiced the subject. Experts were asked to give their

opinion regarding two hypothetical case studiesSnvolving river works. Predictions
‘ \:“‘:1‘-\__ B
. . . T -
of the rivers’ responses to upstream regulation varied substantially~from one ex-



pert to anotlier. Whereas some predicted fnerenses in bed material grain stze, wed
slope. channel width, and hank stability, others predicted deereases, The workshop
coucluded that the application of models would have helped the experts in forming

their predictions but also. that river enginecring remains a diffieult discipline,

In lis keynote address at the Third International Symposim on River Sedi-
mentation (1936). Kennedy coined the phrase: “rivers, God's gift to wankind™, In
this talk. designed to address the frustration of the engineer in the face of his task.
Kennedy expounded on two laws he introduced more formally in 1983, The first
is that “every beneficent feature of a physical system inereases the complexity of
its mathematical modelling in direct proportion to the value of the attendant ben-
cfits”. Commenting on this Elilcmmm Kennedy put forward his second law: “that
for anguish and jow. the agony of the river rescarchier/engincer over the statis of
his subject is offset by the cestasy of knowing how much remains to be elncidated

and reliably formmlated™.

Reflecting on _ri\"cf research, he went on to state that though the “river prob-
lem” will never be “solved”, “.. the tripod on which the progress likely will rest
will comprise of first, the generally adequate understanding of river-flow processes
.--» second, modern computers (which) now make it possible... for numerical sinm-
lation..., and ﬁnall} modern electronic and optical instrumentation for experiments

of unsteady flow conditions...” (Kennedy 1983).

Kennedy is not alone in his judgment that progress will depend, in part, on com-

puter models. An almost unanimous recommendation coming ont of the Workshop
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on Downstream Clhanges was that, in order to obtain more definitive predictions of
a river's responses to hivpothetical changes, mathematical modelling of the affected
reaches would be required. These conelusions represent the hope that is placed in

mathematically-modelled wmorphological computations -despite all their limitations.

In the following literature review, recent advauces in research into river trans-
© port processes and related mumerical models are presented. The objectives, charae-
teristics and lovels of sophistication of mathematical models ave addressed in light

of the complexity of river dynamics.
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Chapter 3

Literature Review

Many concepts which form the body of knowledge concerning river processes ave
included in morphological models. It is s-;lf-c\'idénr. that o model is only as good
as the relationships on which it is based. Thercfore a literature veview should
incorporate a brief review of the proércés made In understanding these speeifie

Processes as well as a review of existing mashematical models.

3.1 River Processes

3.1.1 Flow Resistance

The key parameter with respect to movement of water is the resistance to flow
(characterized by f). In the context of morphological modelling, because of the
changing bed forms, bed material size, unsteady and non-uniform flow cffects, the
difficulty in prcdicting f has been a significant obstacle to model validation. I{r:};

~ contributions in this area have been made by Einstein (1950), Engelund and Hansen



(1967). White. Panis and Bettess (1980). and Karim (1981). While the first three
contributions have related f to grain size and hydraulic parameters. RKarin's main
contribution is that sediment load is made an implicit parameter in the evaluation
of f. This is the first time that How resistance and sediment transport have been
treated i:i an inter-dependent way. Bray (1987) has quantified resistance to fow in
gravel-bed vivers. However. since certain processes involved in gravel-bed rivers are
somewhat different to those in sand bed rivers, the present discussions ave confined

to the latter category.

In the case of unsteady flows, the common practice is to assume that _the
flow is “quasi-steady™ an hence the friction slope calculation is simply a ﬁmcﬁion
of the local velocity (Biswas and Chakrabarti. 1974). From the point of view of
motphological si:mﬂations; two additional problems arisc in the cvaluation of f.
When ‘thc channel bed is degrading, the grain resistance f* is increasing dne to an
increase in mean bcd material size, while at the same time changes in bedform may
-~ cause the formn resistance £* to decrease. The net result may be a chaﬁge infin .t.he

order of 30% (Newton 1951: Soni and Sarda 1982: and Torres and Subhash 1984).

de Vries (1982) presented a sensitivity analysis of morphological modelling with
respect to estimated parameters. He notes that resistance to flow does significantly

affect predictions. He further states that since field measurements of £ are fairly

casily obtained and ave vastly superior to those estimated using uncalibrated equa-

—

t.ions,rthey should always be obtained prior to mbrphologicpl simulations. Though
his argument is definitive, nevertheless it is still recognized that the charzing value

of f during the simulation of morphological transients remains problematic.
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3.1.2 Bed Load

Van Rijn (1936) anxd de Vrdes (1982) have shown that, more than any other paraue
cter, the characterization of transients relies on a good estimation of the sediment
discharge. In addition to classical bed load equations, more recent contribatis s by
Karin (1981) mnd vaur Rijn (1984a) reprosent significant progress. Also, recent re-
scarch on measured sediment loads uc&xi‘riug; during crosion and during deposition
has demonstrated that the equilibrivun load during the latter process is typieally

50% higher than during the former.
3.1.3 Suspended Load

The suspended load is often computed by estimating the bed load and then using o
dispersion-diffusion equation to obtain the sediment concentration in the remainder
of the water column. Relationships differ depending on the assumed distribution of
the water’s eddy viscosity. Rouse (1937) assumed a parabolic diffusion coefficient:
Kerssens et al. (1979). a parabolic-constant cocfficient: Graf, (1971) l)l‘c‘:-:trllt("(l
a constant coeﬂ'icicht; and Laursen (1980) an exponential-type coctficient. The
models of Rouse, Graf and Laursen arce cxzunh:?rd in some detail in cliapters 7 and
8. In addition to the eddy viscosity, the value of von Karman’s coefficient K ( Yalin,
1986) and the relationslhip between the diffusion-dispersion of water znd that of
sediment (van Rijn. 1984b) have been the subject of recent debate. These issues

are also discussed more fully in chapters T and 8.

. For suspended load under unsteady flow conditions, Iseya (1984) has reported
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that “barsts” of sediment have been noted during the formation of dunes and that
during this time, the suspended load ean be well above that measured onee dune

conditions are established and stabilized.
3.1.4 Total Load

The total load can be obtained by adding bed load and suspended load. Some

munerical models use this fornnuation beeause it allows the bed load to be computed

based on local hydraulic conditions, while the suspended load may be obtained by

using the convective-diffusive equation. The advantage of this approach is that

the sediment transport rate is a function of time and distauce as well as 1ocal
.11}-'(11'.:1.111;C conditions. However, there are cliésadwmtagcs. First. from a physical
point of view, the distinction between “bed™ and “suspended”™ load is somewhat
ill-cleﬁx;ecl. Assuming that bed load consists of the sediment rolling along the river
floor. then Einstein’s definition (1950) is normally used. In this casc, thc. bed load
would be defined as that moving within 2 grain diameters of the hed. However, in
sand-bed rivers this load is insignificant. Furthénnore, when the reference level is
chosen so close to the bed, substantial numerical problems arise (van Rijn 1984b
and see chapter' §). Second, when using this formulation, the complexity of the
numerical modelling increases dramatically since an additional boundary is required
at the interface of the bed aﬁ(‘l mspe:ndcd loads. Due to tlis computational difﬁaﬁty,

-
N - '™ - N (\ - - - - -
some models have, in the final analysis, gone fulkcircle in so far as no real distinction

between the two modes of transport is made (Holly and Rahuel 1989).

An alternate way of obtaining the total load is to use a “total load transport”

12
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expression direetly. Due to the inereased availabiliny of data sets and computer
statistical packuges. recent formulae are superior to more traditional ones, Hansen
and Engeland’s (1967) fornmlae for low resistanee and sediment transport represent
a significant coutribution. Using an extended laboratory data set. Ackers and White
{A-W) developed o dimensionless fornmla hased on the coneept of sediment mobility.
Karim's (1981) equation implicitly incorporates hed forms and resistanee to flow
into the ealenlations. Yang and Molinas (1982) (1:*\'0]01)&[ a very snecesstud transport
equation based on an extremal hypothesis. However. due to the complexities of the
river processes, adl of these fommlng_ (which represent the best available) normally

only estimate the actual sediment load within o factor of two.

When total load formulae are apphicd to sediiment mixtures rather than to
a unique grain size. some cocfficients in the equations need modifichtion.  Day
(1930) applied the A-W equation to sediment mixtures and noted that larger prains
provided protection for smaller grains. This meant that the smaller ones were less
mobile. On the otlier hand. the smaller grains forced the larger ones to be more

exposed to the flow and hence the latter’s mobility was increased.

Before leaving the subject of sediment transport, it should be empliasized that
the above-referenced relationships have been developed for the “bed material load”
(bml). However, this may be only a fraction of the full sediment load. In addition
to the load that is in equilibrinm with bed and hydraulic pnr:mmr.«:r:-*- (bml). an
additional load referred to as the “wash load” (wl) is comprised of finer grains . The
distinction between the two sediment load categories is normally based on grain size

propertics or alternatively on sediment availability. ~When the former criterion is
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used, grains less than 0.04 or 0.062 nuu in diameter are normally categorized as wl
(Richardson and Jalien, 198G: Clarch et al.. 1987). When the latter criterion is

used, 1t 1s pormally asswmed that grains less than o form the wl

It should be noted that these statements apply only on a reach-by-reach basis
becimse what may be wl at one titne or in one place may. in turn. become bml at
another time and place. A fuller discussion of this matter in regards to data obtained

L
on the Lower Fraser is I)rcscnr.cci in chapter 6. However, it should be added that
though the \y'l_ is independent of hydraulic conditions, since it is supply dominated,
it is dependent on h}-'droiog,icnl and river basin condii:ious. Also, although the
wl does not appear in the bed transient equation for the study reach simulated.,
it nevertheless may be very important with respect to river morphovlogy further
downstream and. since toxics arc predominantly adsorbed to finer sediments, it is

_ always impértzmt from a water quality viewpoint.
3.1.5 Geomorphological Processes

In some model applications total load formulae are applied to a specific class of
grain sizes. In these cases total load formulae may need modifications of: the type
proposed by Day (1980) before being applied. When models incorporate this fea-
ture, it enables them to simulate hydranlic sort;ing. This is an important modelling
capability when it is known that the character of river bed material i:;;““undcrgoing

change. For example, in the simulation of a reservoir delta formation, it is well

A <y s . . ¥ .
lcqun/that finer material is deposited on coarser material. Therefore there is a -

-

sif;niﬁcant change in bed composition as a function of time and place.

AT
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In conjunction with hydraulic sorting, bed armouring often governs the rate
and extent of bed degradation. Since the introduction of mobile-hed modelling,
the necessiry of incorporating this feature in many stimulation processes Lias hecome
ovident. As a result. basie rescarch iuto the bed armouring mud grain sorting pro-
cesses has increased in recent years, Although these processes are well understooml
conceptually. the functional rolnAr.ionslﬁps that are incorporated in munerteal models
to represent them are still being developed. The work by I{:-n'im and Holly (1936)
is a notable example of the cffort being made. They not only review recent research
initiatives but also describe how they may be incorporated into s sub-model used in
morphological 1119dclling. In their work an nntcx;.xl)n is made to quantify the cHeets
of the stochastic nature of sediment nr;uxsi)ort in the near-bed zone ind the effects

of hedforms on the depth of the active mixing layer.

When modelling changes in bed elevation. it is often necessary to estimnate the
active chamnel bed width. Somectimes severe aggradation or depradation is ocenrring
(;)\'er only a small 1:;ortion of the channel bed. If the model were to cutput only the
corresponding average risc or fall in bed clevation. this would serionsly limit the

model’s usefulness as a managerial tool.

Earlier it was noted that processes in gravel bed rivers often differ from: those
ih sand bed rivers. The same could also be said of estuaries. When modelling
&stuarics; processes governing cohiesive sediment transport are important, Some of
these include flocculation, hindered settlement, and consolidation. These processes
are very mucltl reiatcd to water salinity and the Richardson Number. An examnple

of a model which attempts to simulate this ecnvironment is that of Nicholson and



LY

O Connor (198G).

Finally. bauk stability, bar formation. chamnel wideh and planform geometry”

are also important aspects of river enginecering.  For the most part. present day
mathematicad models are not sophisticated enough to stmlate the dynamies of
these river features. Accordingly, when addressing these particular aspeets of river

nuxlolling. engineers must rely heavily on case histories.
3.2 Considerations in Mathematical Modelling .

In the previous sections, import:mﬁt research coﬁtributions regarding cousiderations
arising from the complexity of a river’s behaviour have been outlined and some
mathematical models have been mentioned. Ideally, a morphological river model
wortld use the best available relationships and would attempt to simulate all impor-
tant river processes. Bcfc;rc identifying which models incorporate which processes

or which relationships, pertinent considerations regarding river modelling in general

are presented.

Since hard data are not always av#ila.ble in sufficient quantity, an important
first step in any mathematical modelling study is to get acquainted with the river’s
geomorphology and its unique character. Normally, mathcmatiéa.l river models are
favoured when the reach to be modelled is long, e.g. a degrading reach downstream
of a dam. On the other hand, a physical model is usually necessé.n_' when the
problem is localized and highly complex, such as scouring in the vicinity of an intake

structure. In other situations it may be most economical to combine the strengths
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of physical and mathematical models in a so-called “hybrid™ system (MeAnally of.

al. 1986).

Whatever modelling approach is seleeted. when the concern is the viver's re-
spouse to engineering works and/or changes in watershed characteristies, the goals
arc abways the smue (Bray 1984): 1) to establish if there will be a significant change
i the river's regime and to determine t.lu" nature of that change (i.c. :ug;\u;rmlm.inﬁ or
degradation). 2) to predict the new equilibrium state of the river, and 3) to quantify

the predictcci change as a function of time.
3.2.1 Scope of Models

Engincers must be able to identify the niodel(s) that will meet the objeetives of their
particular application. Typical questions which need to be addressed, vis o vis the
choice of mocicl arc: What start-up time is required? How well is it dociumented?
Does it have agency support? Will its usc be acceptable to the client? Has it
been successful in previous szﬁlications? . What are the input requirements? Docs
it simulate the important processes governing this particular application? If it is

a numerical model, is its nwmerical scheme consistent? How mmneh human and

computer resources are required? Is it “user-friendly” and/or “engincer-friendly™?

The engincer-friendly concept (Cunge and Holly 1986) is an important consid-
eration in that river processes cannot be viewed as being purely deterministic; in
fact they arc often deseribed as stochastic processes. Hence it is important that the

model provides not only an estimate of the river’s response, but also a “range” of
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potential responses. cach. ideally, with an associated confidence level. At o less than
ideal level, i engineer-friendly model might, for exammple. offer the user a cholce in

the transport functions ad for numerical schemes to be used.

In general. the more sophisticated amode] is. the more data is required for its
calibration and validation. Since large-seale data acquisition is expeusive, this is a
particularly important consideration when modelling sediment transport processes.
In fact. more than any other item, advances in the modelling of mobile-boundary
systems depend on the ereation of river databases. The present scarcity of adequate
databascs is largely due to the fact that useful field data is nornally collected over
an extended 1)§riod. Morcover. it is necessary that all pertinent parameters be
measured, since the omission of any one parameter in the sampling process may

meatithata particular model cannot be adequately calibrated and/or validated.

Assuming an ‘in-channel” simulation model is selected. the next step is vo decide
on the level of sophistication required. At the very simplest level is the “rulé of

thhanb™ approach similar to that proposed by Lane (1955}, namely:

QSa [» 4 Sd:;o ’ (3-1)

From this relationship it is clear that a change in a river's characteristic discharge
Q@ or sediment load § will result in a rc-:_-adjustment of its bed slope S, and/or its
characteristic bed grain size dyy. At a second level, regime relationships (Blench
1971) may be used to provide a more quantitative and comprehensive description
of the channel’s responsc-to a éivcn change in sediment load or discharge. While the

form of these relationships is well established, care is needed in assigning values to

empirical coefficients since they are dependent on river location. At a third level, a

.
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“sereening” model may be appropriate. Such models vequire o minhmal amonnt of
data while the functional relationships are fairly simplistie, At this level, the outpnt
Is a semi-quantitative estimate of the river’s response to various input scenarios,
Sereening-level analyses provide an initial insight into bed transient development
should a more complete study of the river’s response he wivranted. Models at the
screening level are are. although analytical solutions presented in chapter 4 provide
an icdead basis for their construction. Examples of sercening-level applieations are

given by Torres and Sublinsh (1984). Lopez-Gareia (1977) and by de Veies (1981).

At the fourth level are the well-known “deterministic™ models. This eategory
of model simulates the in-chamnel water and sedinient processes using” the prinei-
ples of conservation of mass and momentum as well as auxiliary relationships for
resistance to flow and sediment transport. In the case of fixed-boundary models.
they simulate the water discharge aud clevations along a reach or. in the case of
mobile-boundary models. temporal changes in the river's planform geometry, width
and bed clevation. Both types of model are widely available and they will be dis-
cussed at some length later on. Their strength lies in the fact that they simnlate as
accurately as possible the actual behaviour of a river. Hmvcvv;. it st he added
that the solution generated is usually a singular one rather than a domain one aud,

in this sense. they arc not engineer-friendly.

The next level of model sophistication includes “statistical”™ models. Althonglh
it is common practice to analyze data using statistical methods, very little develop-
ment work has been undertaken in the arca of statisticnl modelling, as applied 1o

alluvial rivers.
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Recent research on the nature of mrbulenee has led to a modelling approach
quite distinet from the more traditional deterministie. statistical. or cmpirical ap-
proaches.  In such eases phenomena, elassically considered to have a statistical
and deterministie component. have now heen effeetively deseribed by applying the
emerging theory of “chaos™. While this relatively new theory has been successfully
applied in such diverse areas as cardiology and economies, to the writer's knowledge

this theory has not yet been applied to river enginecring problems.

Duc to the variety of river types, the complexity of the processes involved and
the number of types of riv_c{ enginecring problems encountered, the ultimate river
© engincering management tool would be an “expert systcm"; Drawing on extended
<I.ﬂtn bases, hydraulic a.uél sediment relationships. statistics and optinization rou-
tines, it would allow the user to systefnatica.lly apply models of different sfopc to
address the three questions outlined above. Expert systems (often called “artificial
intelligence™ or Al) have been dcvcbpéd in some arcas of science with success but
are still at the ‘infanc_v"-stage of development -in most disciplines. Substantially
more cffort, experience and databases would be required before this tool would be

available to the river engincer.
3.2.2 Types of Deterministic Models

For many years steady-state one-dimensional fixed-bed river models. such as HEC-

2 (U.S. Corps of Engincers 1973), have been successfully applied to case studies.
S =~

In the last twenty.years, experience with similar unsteady models e.g. ONE-D

(Gunaratnaun and Perkins 1970)', has meant that they also enjoy fairly wide ac-
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ceptance among the engineering connnunity, This is due largely to the fact that
the iuput dara needs are well known, techiiques for the collection of data ave well
documented. and the governing relationships are well understood and are not too
sensitive to errors in channel geometry and initial conditions. Moreover, the rules
for the application of muerical schemes to solve the equations of motion are well
known. The oue major concern in applying these types of models is with regard to

modelling overbank flow duriug Hoods.

Some interesting theoretical developments and applications have oceurred in
recent years regarding clcpr.l).-ixltogra.t(‘a. 2-D models (Abbott et. al. (1985) sl
Falconer ¢t. al. (1986)). Also. in the ease of depth- or width-integrated, 2-D
models, recent reseavch cdnh-ibutions on the structure of turbulence has led to an
improved cstimate for the cocfficients used in the inereasingly popnlar k-¢ model
(Rodi 1986). While some 3-D models are avnilable. it is more diffienlt to assess their

performance because of their limited application. For more information concerning

fixed-bed models, the reader is referred to Hinwood and Wallis (1975).

It should be noted that the foregoing models ire often nsed in conjnunction with
water quality routines to simulate the transport of pollutaints and other coustituents.
There have been many successful applications in this arca though, in some instances,
the results could not be fully validated hecause of « lack of field data, The reader
is referred to Ditmars et. al. (1987) for more information regavding this arvea of

modelling. B

The second major category of deterministic river models consist of “mobile-
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boundary™ models, Sinee they include water trausport sinmlation. the previous
discussion also applies here, However, their primary purpose is to prediet changes

in bed clevation, channel width, and river planform geometry,

The ideal mobile-boundary model would sinutlate all of these changes. An ex-
sunple of a mobile-boundary model under development is TABS-3 (McAnally ot. al.
1986). Such models are complex and require extensive ficld data for ealibration and
lidation purposes. Therefore, other approaches have been used to model changes
in planform geometry. Chang's nrodel (1986). for example, indicates whether there
will be a significant change iﬁ regime and hence planform geometry. The effects of
changes in water and sediment input to a channel reach are anal_vzod' in the con-
text of rcg;hﬁc threshold values. This is an important contribution in that :it meets
the first goal of river m_cxlclﬁnj;. namely: estimating if there will be a significant
channel response. then determining the nature of the responsc and the new state of

cquilibriwn.

Regarding changes in channel width, some models simulate the physical pro-
cesses of bank erosion (Hagerty et. al., 1986). However, the detail required to
simulate the local bank stability and crosion processes is difficult to achieve and
so these models are still at the developmental stage. Some models that attempt
this excrcise are not based on simulation of the physical processes: rather they
predict changes in bed elevation and combine extremal hypotheses and regime re-
lationships to estimate corresponding changes in channel width, e.g. FLUVIAL-11

(Chang 1984). o .
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The more conumon approach tsed in sinulating alluvial transport processes
ix to assume that the banks av fixed. This type of mobile-boundare model is
called a “mobile-bed” model. In some applications, where suspended load is the
dominant sransport. process, mobile-bed models may be based ou a 2-D formmlation
of water movement, ¢.g. PROFILE (van Riji 1986). However, most madels of the
mobile-bed type use a 1.D formmlation as is the ease for HEC-6 (U.S. Corps of
Engineers 1977). IALLUVIAL (Karim and Kennedy 1982), MOBED {Krishuappan
1981} :u¥d Holly and R;wlmcl (1988). Whereas HEC-6 and JALLUVIAL awe based
on steady-state flow simulation. MOBED, FLUVIAL-11 and Holly and Rahuel are

unsteady-fow models,

Much experience has been gained in the area of 1-D mobile bed modelling,
cspecially with rcspcc;. to data needs and the numerical schemes to he nsed. While it
is not suggested here that all such models have equally effective munerieal schemes,
these particular models have received wider use, Krishmappan (1987). Lt and Shen
(1986) and the Committee on Hydrodynamic Computer Models (1983) also review

some of the bettor known fived and mobile-bed models.
3.2.3 Model Components

In essence a mathematical model consists of relationships that transform input data
into an output statcment. Previously it was stated that input data requireinents
for mobile-boundary odels are usually ¢uite extensive. It shoukl be added that
boundary condi‘t'ions are also frequently problematic (Lyn 1987). Moreover, becinse

bed movement is slow compared to fluid transport, initial conditions in a mobile-

-
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bed model ean often dominate the bvd-r.r:msit.‘nt' solution for an inordinate mmnount
of time; (note that the morphologieal time-seales of rivers can typically range from
50 to 500 years {de Vries 1981)). This problem does not exist for fixed-bed models.,
i thar initial conditions are normnally overtaken by the boundary conditions after

a few simulation time steps.

Since the functional rclnt.i.onslﬁps incorporated in mobile-bed models are hm-
precise, the difference between the sediment inflow to a study reach and that leaving
the reach can be compounded by the in:pmcision of fhe sediment transport func-
tion itself. As well, transport equations are very sensitive to the estimate in mean
velocity. For example, a 5% error in velocity can éasily translate into 2 30% error in
the related estimate of the sediment load. Also, if such flow resistance relationships

arc not properly calibrated. they are typically in error by 20% to 30%.

Regarding the equations of motion, whereas numerical schemes for fixed-hed
madels are well established, the same cannot be said for mobile-bed models. The
difficulty arises from the fact that the characteristic bed velocity is proportional
to the local sediment transport rate and hence is highly variable. The three most
common methods used to solve the equations of sed.im_ent and water motion are (i}
the method of characteristics (MC), (ii) the method of finite elements (FE), and (3ii)
the method of finite differences (FD). Since the MC provides an excellent insight
into the gm'cmlling proccsscs,,;ir. is usually euployed on a screening level. However,

this approach is usually restricted due to comnutational difficulties. =

FE scherlies are becoming more popular as the power of computers increases.
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The appeal of this method is that it is normally precise and versatile, However.,
models using this procedure require that the user be well acquainted with the FE
method. FE models usually require a substantial effort in the preparition of the

computational grid.

FD schemes can be of the “coupled™ or "uncoupled™ variety, and “explicit” or
“implicit” in format. Most models use an uncoupled approach. 1In this ease the
cquations of water movement are solved first. and the equations for the sediment
transport processes are then evaluated. Lyn (1987) demonstrates that this approach
cannot be used when bed development processes are rapid sinee the resulting soln-
tion is mathematically problematic. However models are often formulated in this

«
way, the principle rensons being: the case of programmming, the saving in computer
time. and the fact that the water-transport time step required to gomﬁ'u.t.c i con-
sistent solution is wsually orders of magnitude smaller than that required to meet
the Courant criterion for bed II)I‘O_CC'SSCS. MOBED. among others. uses this format.,
A variation of the uncoupled format is to use an “jterative”™ solution. In this case.

the solutions of water and sediment dynamices are solved separately but the model

iterates until a convergence criterion is met. ONE-D-SED falls into this category.,

In the case of the coupled approach, backwater cffects are often ignored. As a
result, the “known-discharge™ model is normally used nnd solutions are often ol-
tained using the “four-point™ implicit munerieal scheme. whicls s fully doenmnented

by Ponce et al. (1979D).

When an author documents the type of scheme(s) used in his model, rquali-



fieations are normally required. For example. an implicit scheme may be used to
sipmilate water movemwent while an explicit scheme is employed to simulate bed
movewent (e, ONE-D-SED). Alternatively an implicit schemie may be used for
both water and bed motion separately (e.g.. MOBED) but. taken as & whole, the
solution of the governing equations of motion can be said o be implicit only by anal-
oy since not all variables are solved shinultancously, An interesting example is the
madel of Nicholson and O’Connor (1986). which uses the method of characteristies

and Dboth dmplicit and cxplicit formulations of the finite difference method.

Many explicit schemes have been developed over the wzu\. ONE-D-SED of-
fers the user a choice between de Vries 'j):zmclo-viécosit}.' modified-Lax”™ scheme
{1981) and Fromm's "zéro—:wcragc—phm&onnr” scheme (1968). Both schemies are

presented in chapter 4. -

The main consideration when choosing a model is not the format or type of
scheme used so much as the scheme’s numerical properties and the provided docu-

mentation thereof.

3.2.4 Order of Computational Scheme

When sclecting a model, it is important to rccognize the “orcier” of the computa-
tional scheme used in the model’s formulation. As was the case for the “type™ of
scheme used. the “order”™ of 2 scheme may refer to a portion of the solution or to
the solution éf all governing equations taken as a whole. An example of the former

is Fromm's scheme for the solution of the bed transient. which is said to be sccond
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order (a funetion of the terms ineluded n the diseretization of the hed continuity
equation). On the other hand. the overall solution of the water-sediment problem
is said to be zero-order when nniform How ad transport based on equilibrivm con-
dirions are assiuned (Kouritas 1986). For applications involving bed load transport
only, or for simulations using large time steps, zero-ovder schemes are used, Many

1-D mobile-bed river models use a zero-order formulation.

A higher order representation of the transport processes s roquired in the case

of more sophisticated models. A Hrst-order model is one in which uniform conditions

arc assumed for water transport and non-equilibrium conditions are assumed for -

the simulation of the sediment transport. This means that only the concentration
near the bed is assumed to depend on the local hydraulies, while the sediment in
suspension is calculated based on a partial differential equation using the referenee
concentration as a boundary condition. The key to success in such applications is an
accurate value of the reference concentration. An alternate first-order fornmlation
would be to cvaluate sediment transport based on equilibriun conditions while
using unsteady flow equations for the solution of water wotion. Finally, second-
order schemes are employed when non-cquilibrinm conditions are asswuned for hoth

water and sediment dynamics.
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3.3 Review of Mobile-Bed River Models

3.3.1 Analytical Models

The development of analytical morphological river models is presented in the next
chapter. However, it is noted here that perturbation analyses have shown that the
governing equations represeat a third-order hyperbolic system. Moreover, depend-
ing on the assumptions made. the system can be simiﬁliﬁecl and the resulting bed |
transient process can be modelled by a ;‘»imple wave or parabolic equation (de Vries

1981).

Culling (1960} proposed a -degrada‘ti.'in model based on the parabolic formu-
lation of the morphological process. Although he presented a number of solutions
based on different. initial and boundary conditions, he failed to relate the diffusion
coefficient to any hydraulic parameters. de Vries (1959. 1965. 1969 and 1931)) was
the first to indicate the nature of the governing equations through perturbation
analyses and to rclate the coefficients obtained to meaningful hydraulic parameters.
However with regard to his earlier efforts, re: applying the parabolic model to the
casc of degradation below a dam, his boundary conditions were erroneous (Torres
and Subhash 1984). He also contributed a numerical model based on the method

of charactenstics,

Others. nicluding Ashida and Michiue (1971) and Soni et al. (1980). have
contributed to the developmeﬁt of the parabolic model. Soni et al. applied the

model to Indian rivers subject to landslides, however, they made an error in the
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boundary conditions as did Gill (1980). Similar errors were also made by Vittal and
Mittal (1980) in connection with a study of degradation below a dam, and Bejin et
al. (1980, 1981) for a study of degradation due to a lowering of the water level at

the downstream end of a channel.

The most authoritative work on _the parabolic model is that of To.rres and
Subhash (1934), who introduced # second formulationlof the parabolic model based
.on sediment flux rather than on bed elevation. As such, they were able to indicate
clearly the appropriate boundary conditions that should be used in various contexts.
They also used the method of moments in an FE scheme to compare a.naly.?tica.l
results to non-linear ones. However, the FE' method adopted did not lead to unique
solutions and was thereforc of limited usefulness. On the other hand, they 'did
~ compare their model’s results with the experimental flume data of Newton (195i )
Soni et al. (1981), and Garde et al. (1981). Lopez-Garcia (1977) analysed the
‘known discharge’ model and by comparing results to analytical solutions, developed
correction coefficients to be applied to transients of finite height. However, due to

inconsistencies in his parametric analysis, he was not successful (see chapter 5).

Lyn’s (1987) main contribution was to study the effect of perturbations on the
governing differential equations. This led to a more comprehensive analysis of the

charscteristic celerities and of boundary conditions.

-7
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3.3.2 Numerical Models

Regarding nmunerical models, Tinney (1962) and the U.S. Ay Corps of Engineers
{1976) developed models which first solved_tho backwater equation and then t.h__e sed-
lent continity cquation using an uhcouplcd scheme. Lyn (1987) points out that.
from a theoretienl viewpoint. this approach is inconsistent. To avoid this incon-
sistency, ouc approach is to iterate when using a model of the uncoupled format.
However. on a practical level, the experience gained from applying IALLUVIAL
(Holly ct al. 19S84) inglicatcs that there is no need to iterate unless bed armouring

is simulated.

~de Vries ( 1965; 1969) solved the equations of motion for low Froude Numbers
by the MC and then developed a modified-Lax (pseudo-viscosity) FD scheme for
shock-fitting 1m:rpo§c5 (see chapter 4). In'sul;sequent publications. hie addressed
mternal boundé.ry conditions (1981). Chang (1969) and Chang and Richards (1971)
also used the MC. They assumed a quasi-steady flow and neglected the change in
bed slope in a short time interval. Gessler (1971 )r.;—)roposcd a simple explicit model
for aggradation in which (due to the numerical scheme employed) special care was
required with respect to the selection of the time interval. Komura and Simons
(1967) and Komura (1971) dev;elopccl models for river bed degradation below dams,
which included the effect of the bed armowring process. Hwang (1975) developed a
similar model (and the Corps of Engineers (1977) later introduced t"./his feature in

HEC-6) based on the work of Gessler (1971). Sediment sorting was also introduced

“in a recent (1988) version of MOBED by Krishnappan. _ S
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Miloradov and Muskatirovie (1971) aucd Miloradov and Radojkovie (1975) built
a conceptually realistic model that simmlared unsteady and von-uniform Hows in
complex channel cross-  ctions. However, the assumption of a Lorizoutal water
level. among others, was the reason for disagreement between model vesults nucd

ficld data (Torres and Subbash 1984).

- Cunge and Pedrean (1973) built a known-discharge, implicit model for agsra-
dation studies. This was a major step forward, primarily becanse of tln;\ use of the
Preissman four-point implicit scheme, Chen et al. (1975). Mahmood (1973) sl
Mahmood and Ponce {(1976) developed similar models that accounted separately
for the bed load and the stispcﬁded load. Cunge and Simous (15:3) also developed

e
a model based on the Preissman scheme. which accounted for \':\‘1'}5:}113.-; roughness
using the Engelund-Hansen (1967) approach. Bouvard et al. (1977) extended this

model by incorporating Einstein's (1950) estimate for f.

Brown and Li (1979) proposed a “known discharge™ uncoupled niodel which
“accounted for lateral sediment inpﬁt. dué to tributaries. Puls et al. (1977) foud
the bo.ttom‘shcar stress based on a 2-D hydrodynamic formulation, which was then
used to estimate the local sediment transport rate and hence the bed deformations.
Chang and Hill (1976) and Cﬁang (1982) developed the FLUVIAL series of maod-
els. FLUVIAL started as a 1-D.model and then incorporated changes in channel
width based on whether the channel was aggrading or degrading (FLUV TAL-3 and
"DELTA). The concept of minimum streamn power was incorporated in FLUVIAL-
14. The model was further modiﬁ(;;d (Chang 1984) to include the sinmlation of

lateral migration. Kennedy (1983) also reported cfforts at modelling bank erosion
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processes and the resulting inode] was presented by Hagerty et al. in 1986.

Ponce. Garela and Stmons (1979) developed a model similar to that of Cunge
and Pedreau (1973). but vn:"l'vctvd the ervor made by the l:_Ltr.vr with respect to the
hinearization of the up.;;t.rc'nm boundary condition. Ponce. Indlekofer and Stmous
(1979) added to this effort by performing an analysis on the numerieal parameters
of the four-puint Pretssman scheme. Tsad and Yen (1982) introduced the itera-
tive approach in a quasi-steady formulation. while Vreugdeuhil (1981) reported his
munerical analysis on the modified-Lax (pscudo-viscosity} scheme. Simons et al.
(1984) reported on how their HEC2SR model could be used to estimate scour at

bridges and Gee (1984) claborated on the role of calibration in numerical models.

=

>~

~

A 2-D model was introduced by Ariathural (1974 to sinmmlate the transport

of fine material. Simons et al. (1980) incorporated a watcrshed. sediment-yicld
. e R

sub-mode] to generate the wash load for an in-channieFmorphological model. The
major contributions in the arca of modelling fine sediment transport have been by
Markofsky (1984 and 1985) and particularly by Nicholson and O'Connor (1986).
Finally Krishnappan (1980) and Brownlic (1981) developed morphological models
which incorporate varving friction factors and retain all the time derivatives in the

governing equations.

Important contributions in. model development have also originated in the
Netherlands. Since 1975 a 1-D. all-purposc model (first called ZANTRI and then
modified to RIVMOR) has been in use. It has been validated by flume experiments

and has had fickl applications (Klaassen 1982). RIVMOR was e.\'tcnglcd to a 1.57D -
. ) . [ F_\ = \J
- - B ] S~
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model {Rerssens ot al. 1979) for tidal applications in which the suspended load
dominates. When the study reach is short, the adjnstment of the suspended sedi-
ment profile to its equilibrium profile as a funetion of time is iportant. Van Rijn
(1986) developed o vertical 2-D model (SUTRENCH). which was first based ou a
logarithmic veloeiry profile and a FD scheme for the convective-diffusive suspendid
sediment transport equation.  This appronch was later moditiod (I‘R()FILE) for

non-uniform flow applications.

Work in the area of morphological modlelling continues to progress. Models

reveal to the engineer parameters which must be characterized in order to sinmlate

the morphological processes and hencee there is important feedback between research

i

and model application.
3.3.3 Summary

(a) The governing equations of river-bed transient motion form a third-order non-linear

hyperbolic system.

(b) After lincarizing the coefficicnts an analytical solution of the equations exist and
depending 611 asswmptions made. & simple wave, para!-.-_:)_lic, or hyperbolic model re-
sults. Based on Lyn's (1987) :mlal_\fsis it is clear that muncx_'ic:d models simul:uliu;_-; the
non-linear version of the equations (i.c. no simplifying assumptions marle) are theo-
retically inconsistent if an uncoupled approach is used, However, at the applieation
level. good results neverthicless are achicvcd in most circmmstances, Alternatively,

the problem caun be overcome by using an iterative method. Also, numerical effects
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Lave heen gquantified for the (explicit) modified-Lax (pseudo-viscosity) formulation,

Omitting backwater effects results in a solution of the parabolic type. This as-
stunption is often made and has been presented in some detail by numerous authors,
However, 1t is only recently that all the appropriate bonndary conditions have been
identificd. Many non-lintear numerical models of this type have been written., They
usually incorporate the Preissman four-point implicit scheme, the numerical effects

of which are well documented.

(¢) The hydmaulic sorting and bed armouring processes have been incorporated
in some models. For certain applications this is a necessary step if meaningful

simulations are to be achieved.

(d) Models simulating the transport processes of cohesive sediments in an estuarial

context have been developed, however they have not been extensively validated.

(¢} Models simulating the two-dimensional process: of suspended sediment load
transport have heen proposed. These particular models are appropriate when the
system being modelled contains strong nonr-uniformities, such as trench migration.

They are also appropriate where flows are tidal and the arca of interest is small.

(f) Although most existing models are of the mobile-bed type; some progress has =

been reported in regards to modelling changes in channel width and lateral migra-

tion.

(g) Currently available mobile-bed models have not been formulated to take channel

nctworking into account.
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Chapter 4

Theoretical Background

4.1 Governing Equations

Each deterministic river model uses o slightly different representation of the equa-
tions of motion. For onc-dimensional models. the most complete vepresentation of
propagation of long water waves in open chanuel is deseribea by the St Venant
equations. For the propagation of long river-bed waves, a form of the Exner equa-
tion is used in conjunction with a sediment transport relationship. The St. Venat
cquations represent the conservation of mass (4.1) and momentum (4.2} of thad
the channel while the Exner cquation (4.3) represents the conservition of mass of

sediment. The following formulations of these equations are nsed in ONE-D-SED:

. o 9Q ' '
. Ba-{-—aJ —q =10 (4.1}
aQ 07 oh  F20A, .
(2 '>u-»’)/~u+ 1-FYz- - % —,»’* “s, =0 (4.2) ~



95 +(1 - )a_z + ACH)
or P o ot

- xp = 0 (4.3}

where:

A = chianunel cross-sectiona] area (1% ): A4y, = channel cross-sectional avea (m®) eval-
nated at i constant as a function of x: B = channel t.op-l\\-‘idt.h {m): C = sediment
concentration (-) = $/Q: F = Froude Number (-} where F? = Q*B/(A%): g = ac-
eeleration due to gravity (m/s*): b = water surface elevation from a fixed horizontal
datum (m); p = sediment porosity (-); ¢ = water discharge per unit channel length
entering laterally due to overland flow (m>/s/m); 5; = volumetric sediment trans-
port rate pev unit channel length entering laterally due to overland flow (m>/s/m). |
note nlso‘t;hat. with modification to account,. for sediment porosity. s; (< 0) could
be ﬁscd to represent dredging per unit length of channel; Sy = friction slope {-): t
= time (s): u = water velocity = Q/A (m/s): x = coordinate axis along the length
of a river (m); and. Z = change from reference conditions of cross-sectional avea of
the river's mobile-bed perimeter (m?), for example, if the active river bed wideh is

T, (m). then z, the vertical change in river bed elevation (m), = Z/T,.

Due to the uncoupled nature of the numerical solution nethod, the term 9z /0t
has not been included in 4.1, though theoretically it should have been. However,
since 92 /0t is orders of magnitude smaller than 9h /31, very little error is introduced

in the solution through this omission.

With respect to the mohmntum cquation, an additional rclatiohs_hip (normally

called an equation of state) is required to determine the friction slope in equation

36
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4.2. In ONE-D-SED.
_ulu|

= TR (4.4)

where, C), is the Chezy coefficient (m'/?/s) and R is the hydraulic radius (m). Note

St

that the Chezy coefficient is used to express resistance to flow. In fact. the cocfficient
inputted to ONE-D-SED is Manning'’s n.. The value of 1 is prcscribcd Initially as
a function of depth, which can be modified as a function of Q in a ONE-D-SED

subroutine before being converted inside the model to an equivalent value of Cj.

With regard to the Exner equation, since ONE-D-SED is a ounc-dimensional
formulation, change in river bed area Z is used instead of the more common pa-
rameter z which describes change in river bed elevations. The implication is that
ONE-D-SED is incapable of determining the distribution of aggradation or degrada-
tion across the channel bed. It is up to the user to specify the active channel width
I., then ONE-D-SED indicates only the average change in bed elevation z over the

entire width W. Also, since 3(C A)/8t normally is orders of magnitude less than

other terms, the user is given the option of excluding this term from calculations. .

performed in ONE-D-SED.

In ONE-D, equation 4.3 is omitted, leaving only the St. Venant equations to
describe the propagation of long water waves in a fixed-bed natural channel. The
origin and role of each term in the St. Venant equations are discussed at some
length in the ONE-D computer manual (Environment Canada 1988) and will not
be repeated here. However, it is useful to state the fundamental assumptions made

in deriving these equations (ONE-D manual, page 3):

s
-
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“1} The flow is assumed to be one dimensional, i.e. the flow in the channel can be
well approximated with uniform velocity over each cross-section and the free surface
is taken to be a horizontal line across the section. This implies that centrifugal effect

duc to channe] curvature and Coriolis effect are negligible.

2) The pressure is assumed to be hydrostatic, i.e. the vertical acceleration is ne-

glected and the density of the fluid is assumed to be homogeneous.

3) The effects of boundary friction and turbulence can be accounted for through the
introduction of a resistance force which is described by the empirical “Manning” or

“Darcy Weisbach” Friction Factor Equations.”

The characteristic velocities of water surface transients in fixed-bed applications
are: u + v/3¥ and u - /7Y, where Y’ is the river depth (m). Lyn (1987) has pointed
out that for the mobﬂe bed case, the value of \/gY is multiplied by tﬁerm 1-v)
in which v is of the order of C (typically -3) for low Froude Numbers. Of particular
interest to this study is the characteristic velocity of bed trensients. Studies of
t;he latter have been performed by many (de Vries 1981; Vreugdenhil 1982; and

- Lyn 1989). The following is a summary of some of their findings. For analytical
fmrpos& equations 4.1, 4.2 and 4.3 should be resi:a.ted for wide prismatic channels

having no lateral flow contributions. The continuity equation becomes:

oh + o(Yu) _

it e =0 (4.5)

In most mobile-bed analyses, the Oh/0t term of equation 4.5 is assumed to be
ﬂegligible. However, Lyn (1989), through an ’order of magnitude’ analysis, has

shown that it would be more precise to say the coefficient of 82/dt is asymptotic

—.__\_,-
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to zero for certain morphological ealenlations, In any case, assuning that the unit
discharge (et /s/m) varies ouly in ¢ and not i xoL5 can be further simplitied as

follows:

Y )
290 (-1.6)
or
Substituting equations 4. and -LG6 in 4.2 and assuming that the local aceel-
cration term du /Ot may be neglected (for the smne reasons as those presented for

Oh/at). then the momentun eguation simplifices to:

o% +a) g luf
dx crYy

t

=0 (4.7)

Finally, for wide rectangular channels. equation 4.3 reduces to:

Os 7 .
a-i-(l—p)a:O (4.8)

where s is the unit sediment transport vate (n®/s/m). In addition to the equa-
tions provided thus far. an equation of state is normally provided for the sediment

transport rate. such as,

s = ba™ » (-1.9)

where b and m are constants.

Eqns. 4.7 through 4.9 can be combined to give two characteristic velocities for

water waves and a third for the bed wave, namely:

ds
el

T YA-FH-p)

(4.10)

In lincarized form, equations 4.6 through 4.10 can be combined and expressed as

(de Vries; 1981):

ot "&:.'-' T ozl 0 (4.11)
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wnere #, o diffusion cocflicient, is a linearized term given by

ds

‘l‘i" ”’l‘

"T3S1-p  35(1-p)

t

{4.12)

One method of obtaining a solution to equation .11 is by assuming a periodic
initial condition and performing a perturbation analysis, secking o solution of the
form:

z(ir 1) = Uelikrerd) (4.13)

where U is a complex amplitude function of k, and & is the wave munber (= 2= /1).

- T

in which { isini\\"va\'olcngth (m) and r is a frequency (s71) to be determined. It has

been found (Vrengdenhil 1982) that the expression:
r = —ike, — kK., (4.14)

- satisfies equation 4.11. Here ¢, and K, are respectively the effective bed velocity
(m/s) and an cffective diffusion cocfficient (m?*/s). given by:

g
-

C, = (‘m (4.10)
- p? ‘
I\., = hm (4.16)

where P is the Péclet Number (= ¢l/x). Though ¢/« is the standard expression
for the Péclet Number, some researchers use alternate expressions such as kx/fc or

xfcl. In this study the standard form is used.

Eqns. 4.13 and 4.14 when:combincd can be expressed as: -

2(z.1) = Ueltr—e- - K4 (4.17)
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When o = ¢t and when 4.15 and 4,16 are substimnted for ¢, aand . then vquation
4.17 becomes;

s(ecafe )= Uy (1.18)
Therefore, the role of the Péeler Number serves as the logaritlunie decrement. For
example, when the itial condition of cquation £.11 i 2(r.0) = 2 cos{hr). then,

from equation 4.18, 2(0.0) = 2, while =(/.{/e,) = el

The greater the Péclet number, the more the bed wave attenuates as it nwoves

downstream. For low wvalues of P (ie. P < 1), wave velocity is dominant in the

solution of cquation 4.11 while for high values (P> 1), dissipation hest deseribes |

the motion of the transient. Though this result might scem paradoxienl, as poiuted
out. by de Vries (1981). an alternate cxprc:-:siuﬁ for P (assuming F* <« 1) is P =
315,/Y,. Hence low values of P mcan primanly small (local) bed waves. while Lirge
values represent bed level changes occurring over o large distanee. Many researchers
(Lyn 1987: Ponce et al 1979: Ribberink and Sande 1985:; Vreeugdenhil 1982: de
Viies 1981) have developed analytical solutions for equation 4.11 that refieet these
considerations. The solutions, which have been suceessfully applied in the feld
(Gill 1983; Torres and Subhash 1984). form the theoretical background for any
bed transient study. Since these solutions are based on hed wiawves of infinitesiimal
height, cocfficients are required to correct for waves of finite height. In the mumerical
sinntdations (chapter 3). cocfficients for velocity and diffusion are enlenlated and
ONE-D-SED’s capability to reproduce analytical values for small wave amplitndes

s examined.

In this section, the characteristic bed velocity and wave attenuation liawe been
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identifieel. It is noted that the velocity of water waves is normally orders of magni-
tude greater than that of bed waves. This means that, whereas water waves nay
have # characteristic time measured in days, the time frame for bed wave devel-
opinent is norally measured in decades. From a mathematical modelling point
of view. it is difficult to faithfully represent these two ends of the time spectra.
If typical bed wave development is modelled and water t.r.:msicnt.s are not critic

for obtaining the sediment load, then the simplifications to the governing equations
outlined above (i.e.. oqus. 4.6 aud 4.7) are valid and the “known discharge™ for-
mulation is normally preferred in conjunction with the coupled implicit Preissman
scheme. In this case the standard “backwater™ curve must be used as the initial
condition, since implicit in the assumptions is the fact that the water characteris-
tic velocities have become infinite and hence water depth nmst correspoud to the

steady-state case,

On the other hand. if water transients need to be simulated, un-coupling of
the Exner equation from the solutions of the St. Venant equations is theoretically
inconsistent because such an un-coupling assumes that the characteristic velocity of
the bed is zero. On a practical level, even t.imugh the result may still be acceptable
(chapter 3). due to this theoretical inconsistency, ONE-D-SED is desig,ned to itcrate
between the solution of cach sct of equations. Thus the difficuity can be overcome

at the expense of increased computer effort.
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4.2 Numerical Schemes

It ix beyond the scope of this study to provide a detailed analysis of munerical
schemes nsed in ONE-D for the solution of the St, Venant Equations. The schenes,
diseussed in Environment Caaada (1988), iwe based on the work of Guuarntnan aned
Perkins 1970 (the anthors of ONE-D) and subsequent reports discussing munerical
cffects (Wood et al. 1972: Daily and Harleman 1972). However., a few remarks are
made here. In ONE-D. the solution within each reach is done separately from the
solution of the nodes linking the reaches together. The basie techuique has been
deseribed as “the method of superposition. ... it resembles the wmethod of influenee
.ftmctions which is commonly used in structural analysis™ (ONE-D mamal, page 8).
or alternatively as a scheme ...~ obtained by applying a weighted residual method
of optimization to a simplified lincarized version of the governing cquations and the

discrete approximations” (Krishuappan ot al. 1987).

From the user’s point of view. the il'npol't.m)t. fact to retain is the munerienl
accuracy of the scheme. In general. the performance of any. mmierien]l method is
dependent on the spatial resolution é.\'prcsscd by a grid density N, (= L/Ax) and
the Courant number #(= ¢ At/Ar) where L is the half-wave length of interest ()
(sec figure 3.4). At is the time step () and A is the distance hetween compntational
cruss-:;ccr.ions (m). Analyses made by Gunaratnmn and Pt*ri:ins (1970) have shiown
that solutions of water transients :&c accurate when N, 2 50 a0 < 5.5, In faet.
many applications of ONE-D have shown that accurate results are still obstained as

long as o <'15. :

43



Of more interest to this study are those mumerieal sehemes which model bed
tramsienuts. Analyses of implicit sehemes have been performed elsewhere (Ponee et
al. 1979: aud Lyi and Goodwin 1987). Though the performance of the tmplicit
schemes is generadly good. explicit schemes were chosen for ONE-D-SED. In 1982.
Vrengdenhil performed perturbation analyses on & number of munerical schemes
for the simulation of a simple wave which characterizes bed transients having siall
Péclet Numibers. He coneluded that “...tim modified Lax method (de Vries™ scheme)
... and the 4-point method (Preissman’s scheme) ... give relatively little numerical
diffusion. The Fromm scheme gives the smallest (generation of sccondary waves):
moreover, with respect (to higher order errors), it compares well with the other
schemes so that it is indeed among the better ones™ (page 5.12). Also, it is noted
that Ribberink and van der Sande (1985) and Wesscling (1973) indicated that de
Vries” and Fromm's schemes had favorable numerical propertics. Based on these
findings. it was decided to use de Vries' (1981) and Fromm's (1963) schemes in ONE-
D-SED. Though many rescarchers favor implicit schémes, explicit ones are quite
appropriate in applications where the water (i}ﬁlmllics are unsteady and hence the

time step chosen is based on convergence criteria associated with the water motion.

-4.2.1 de Vries’ Scheme

A numerical representation of equation 4.8 is:
S o I R N
~Jj -~ J' 3 .'+| - J‘_‘

+ 2

At . 2Ax | “ _
1 ) n 7 n ) n " n
_E[(o'ﬁﬂ + o} )N=f — =) = (o +ofo)(= - 51 N=0 (4.19)




where 2% = 2(jAr.n:Af), This moleeule represents Lax’s original sehenie when the
dimensionless cocflicient o = 1: the Lax - Wendrolf scheme when o = 0% s de
Vries” scheme when o = (o} F + 3. The modified-Lax scheme has reccived muel
use in the solution of hyperbolic equations {Wesseling. 1973} however, sinee tlwrvl
s a tendeney for numerically-generated secondary waves to develop, i de Vries”
scheme the dimensionless psendo-viscosity term 3 is iufnnluévd to counteract this
tendency. This hehavionr and other charateristies of the schete are explored fally

i chapter 5.

It should e noted that a difficulty with de Vries® scheme is that, when o is o
function of the computational point (5;4 is indicated in the foruntlation presented).
then the scheme is non-conservative. That is. a slight error tn the conservation of
mass is introcuced. Therefore, when conservation 1-» Iiportant. i constant o can
be used in equation 4.19. However, in this instance additional munerical dinping

may. be introduced. The resulting modified version of (4.19) is:

_,v.1+l — =n M .
~2 = + S+t A

At 2Aw

« 1! q
_Q—AE[:};I - 2:_;-l + .‘.‘;_.] =( o (4.20)

where « is normally the maximum of all calculated values of o, In order to give
the user the option of using this conservative form of de Vries™ scheme, equation

" 4.20 also is included in ONE-D-SED and its performance is discussed in chiapter 5.



4.2.2 Fromm’s Scheme

Another commonly used finite-difference scheme for the representation of equation
1.8 is Fromm’s (1968) “zero-averagephase-error”™ numerical method, Whereas de
Vries' scheme is a first order scheme., Fromm's is second order with the following

molecule: -

utl " A,
=5 Tz '2f_\.:-( e T o) i
+%(§:§)2[(C§ 1+ NG = 5F) = (€ + LT = 85
+§j [sjar =33 +3\J_1_ NI
I(AJ') [€5418540 — 3]s} + 3c) ~;.‘__1 — o] (4.21)

Woessclings (1973) perturbation analyses have shown that this formwiation is
2t desirable one when applied to hyperbolie partial differential equations. However.
Vrcugdenhil (1979) demonstrated that it is prone to gencrate sccon(i:u'_v waves when
shock features are present. These and other properics of the scheme are exploved

in chapter 3.
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Chapter 5 s

Application of ONE-D-SED to
Test Cases

5.1 Model Description |

5.1.1 Description of ONE-D

Since ONE-D-SED is the mobile-bed version of the fixed-bed model ONE-D. a brief
description of the fixed-bed version is herein presented. As stated in the previous
chapter. in ONE-D. water transients are simulated using the St. Venant equations.
The fact that the complete form of the equations i1s used allows the model to simmlate

successfully most types of onc-dimensional unsteady flow.

However, what really distingnishes ONE-D from other fixedihed models is the

fact that natural river systems may be fully represented, For exaunple, in ONE-D.
rectangular, circular, trapezoidal. as well as completely irregular chiznnel geometry
may be fully described. Also. the model permits the differentiation hetween arcas

that actively conver water and those storage arcas which do not contribute to

-
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chamnel flow, Examples of the Latter are swamp areas or some over-bank arcas. In
OXNE-D Mauning's 1 may be specified as a funetion of water surface elevation and

eross-section location within @ reach.

Various external boundary conditions may be speeified at cither the upstream
or downstream ends of a simulated river network. These include the optiou of spee-
ifying stage or discharge as o function of time, a stage-discharge or o stage-routing, -
boundary condition. The model also allows the simulation of control structures
including weirs, dykes and culverts where calculations of discharge are performed
internally, Lateral inﬁo:vs. il;cluding; point and ndu—point sources, may also be spec-
ified as a function of time throughout the modelled area. Thisl permits fncorporating

minor tributaries in the stmulation of the main channcls or enables the linking of

main chaumels by hydraulie struetures.

Aside from its Hexibility and the accuracy of its numerical schemes. what makes
ONE-D particu:lnrl:: powerful is its ability to model river networks including bifur-
cations. trifurcations and 16011;(‘(1 channels. When this feature is cotbined with
complete model documentation { in the form of a computer mmm:ﬂ and full Federal
Government agency support), the model becomes a very practical and valuable tool.
For ‘more detailed information, regarding the model’s capabilities and limitations,

sce Gunaratnam and Perkins (1970), the ONE-D computer manual (Environment

Canada 1988) and Krishnappan (1987).

ONE-D has been successfully applied to a wide varicty of river networks. Ap-

plications include the Frascr River (multi- channel and tidal reaches; Sydor et al.
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1989). the Peace-Athabasca-Delta {vonsisting of a very large river network: ihid ),
the Truro River (including o very complex channel network svstem where chaunels
are mterconnected by dykes and culverts: ibid) the Red River (in which vast areas
are tlooded during the spring runotf: Morasse 1937) and the Sto Lawrenee/Otrawn
river network (which includes lakes, dams. river rapids, irifurentions, contluenees,
lateral inflows. multiple channel Jooping, and five meter tides at the downstrenm
end: Morse 1990a and 1990b). Although rapids ean be stunilated through the stage-
,disch:u‘gé or stage-routing boundary condition. it should be noted that ONE-D is

not able to sinndate super-critical How regimes per se.

5.1.2 Description of ONE-D-SED

To couvert ONE-D to a mobile-bed maodel (ONE-D-SED). sou:v ifty subroutines
were added. The governing principle of the model extenston wis to mintmize the
number of changes to ONE-Dx original code and to construct new distinet code in
a modular format. For example. when applying ONE-D. input data is divided into
nine “card groups~ specified as cards A7 throngh “H™. The ondy change. miade tos
this portion of the model input was the :deitibh of n variable ™ eard A-D {to
specify whether the mobile-bed option is invoked)., All :nd-:li.t.iounl sediment infor-
mation is specified in a ncnd}'-c:oat.cd card group =17, dociuented in appendix A.
Internally. the only change to ONE-D's code is to selectively ealla sediment subron-
tine. Specifically. once ca‘ﬁi(.*\ r.hrough H are read, the subroutine SEDINI is called
to manage the input and initialization of sediment data, During the actual snldﬁinn

§
)

portion of the program, modificd values of river hottom clevation. cross-sectional
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aren and other chanmel geometry properties are obtained by call to MPARAM rather
than the “fixed-hed version PARAM. Ouce water dynamics are solved, there is also
a eall to SEDMAN. which mauages all caleulations related to mobile-bed modelling
(figure 3.1). Henee changes to the initial code were kept to a miniunun. The reason
the model was constructed in this way was for ease of maintenanee and that future

developuents of ONE-D may be incorporated in ONE-D-SED.

SEDINI and SEDMAN are sediment subroutines written to maage adl sedi-
ment transport calculations. The structure of the seciment routines can be seen by
_examining the calls made frdxﬁ SEDINI (figure 5.2) and SEDMAN (figure 5.3) to
~other sediment routines, For cxample. SEDI;\"I first calls SEDRDR to recad sediment
input data. A call is then made to SEDNSN to move this data to the internal com-
‘putational points of ONE-D-SED. Further calls are made to SEDNET. S_EDTIM.
SEDTRI cte. to make all the ncc;:ssm‘}' calculations regarding inirial conditions.
Calls from SEDMA’N{gmeHt,t{mom complex due to all the sol‘;uion options avail-
able (figure 5.3). i\*'otc that either Frouml"s._ or one of the two versions of de Vries'
schcmc;-: (outliimd in the prcx%dus chapter) may bé used. and also that the solution

[y

of the hydraulics and bed transicnts may be coupled by iteration.

A complete list and brief description of sediment subroutines added in ONE-
. D-SED and the-related input variables. defined in a format consistent with that

appearing in th¢ ONE-D manual. are listed in Appendix A.
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5.2 Numerical Properties of ONE-D-SED

The first application of ONE-D-SED was designed to test the mnuerieal properties ‘
of de Vries™ and Fronnn's schicmes and to quantify the non-linear hehaviour of bed
transients of finite height. In chapter 4. analytical solutions of bed transiont motion
were given for sinsordal disturbances after certain simplifications were made to
the governing cquations. Based on those assumptions. reeall that the offective
theoretical bed veloeity was given by:

¢ = C———. {5.1)

where P, is a modified version of the Péclet Number = ¢L/K: ¢ is given by:

_ Hix . - ‘))
c= },(1 — F:)(l _ I,). (v).-.-
and the ditffusion coefficient is given by:
s (5.3)
KN D e— sdoo,
35.(1=p) -

It was also scen that a wave. injtially of smnplitude 2. would change in amplitude

to 2y, = ¢ 1" after travelling a distance L during a time L/, .

To validate the numerical schemes used in ONE-D-SED. two criterin were nsed.
First, in the casc of very small disturbances. simulated bed wave velocity (e, ) aud
bed amplitude at x = L (z,,) shoukd correspond to analytical values ¢, and 25, respee-
tively. Second. when a finer computational grid is nsed. the schemes® performanee

should improve and the simulations should couverge to a nnigque (exact) value.

In addition, since analytical solutions are bascd on bed waves of infinitesiml

height, correction coefficients can be established for waves of finite height. In the

~
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mnerical sinmlations whieh follow, coctlicients for both velocity and diffusion are
aleulited,  In sections 5.2.1 and 3.2.2 of this chapter. the mumerical properties
of de Vries™s and Fromm's schemes are exaanined. In seetion 3.3 the schemes are
applicd to generate non-linear solutions, and values are assigned to the correction

cocflicients for wive velocity and attenuation.
5.2.1 de Vries’ Scheme

In chapter 4 it was uqted that de Vrics introduced a pscudo-viscosity term {3) in
the modified-Lax equation to counteract the tendency of Lax schemes to produce
numerically-generated sccondary waves at the expense of also introducing artificial
(l:un'ping n the transient’s behaviour. Therefore thol key to using de Vries™ scheme
is to choose i 3 large enough to inhibit munerical wave generation. yet small cnongh
that numerical damping docs not drown out the physical processes {de Vries 1981).
Though de Vries suggested g-values in the order of 0.001 to 0.03, the following test

cases serve as a more specific guide in the selection process.

The performance of the scheme, as it appears in ONE-D-SED. was tested. A
parametric study was performed on the following test case: A steady flow acting on
a single bed disturbance, (initially in the form of a half cosine wave of amplitude

- t. and length L). sce figure 5.4. This case differs in its initial conditions from the
assuwption made in deriving the analytical solution. u.::.mcl}' a singular rather than

periodic bed. disturbance was assumed. "This was done because unique disturbances

are often found at the application level and because this analysis is analogous to the

study made by Lopez-Garcia (1977) and reported by Ponce ct al. (1979). In testing
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the numerical schemes the complete forms of the S$t. Venant equations were used.
When reporting the findings of the non-linear (numerical) analyses, all importaut
or pertinent parameters (i.e., L, N, P, ¢.. K. and ) were calculated using the

" above equations for initial conditions and assuming ‘small’ waves.

Many alternatives of =, and L were simulated with the hypothetical bed distur-
bance located near the upstream end of a straight reach of ‘wide’ alluvial chaunel
on a predetermined slope (figure 5.4). A wide range of discharges and initial bed

-slopes was used in the parametric study, with the sediment discharge being depen-
dent on the local fluid velocity as described above. Different values of m and b were
also used, although m was usually set equal to 3 since the results appeared to be
insensitive to the m-value tesied. The values of all parameters sclected for a typical
run are given in table 5.1 and the simulated movement of the bed is shown ,in figure
3.5. The downstream boundary was chosen far enough away from thc'f-.ra.nsicnt that

the depth at this point could be held constant.

Table 5.1: Input Data for the Simulation of a Bed Transient

Y, = 3088m ([u = 0914m/s|q = 2787 m*/s
S, = 0.00009 |L = 1609 km =, = 0.305 m
s = 93.(10°%)m?/s|p = 04|F = 0.167
zZ. = 010|c = 157.(10°%)mfs |K = 1.72 m?/s
P = 0147 |c. = 57. (10~%) m/s | K. = 93. (10~%) m?/s
n = 0.263m |0 = 01| N, = 40
m = 3|b = 121.6 (10-%) s*/m | =

For each test a grid density N, was chosen, and ¢ and 8 selected. The model
* was then run until either'the peak of the initial bed wave reached a poiﬁt equal to

one wavelength L downstream, or alternatively had attenuated to half of its original
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height. The time to reach this point was noted and the average bed wave velocity ¢,
calculated. This, in turn, permitted comparison of numerical and analvtical values

by means of a velocity coefficient (Lopez-Garcia 1977):

R =2 | (5.4)

- Ce

The amplitude of the bed wave at this point 3, was also employed to define an

attenuation coefficient:

Ry=2 (55)

Fig. 5.5 démonstra.t& that the numerical solution for =(z, tj is a function of the
B chosen. When the viscosi{:y term is small (8 = 0.027), the solution is just on the
verge of being contaminated by secondary waves. In the casé presénted- in figure
5.5 the emergence of secondary waves is just beginning at ¢ = 2L/¢.. Not shown
in the figure is the case of emergence of strong secondary waves (as found in figure
9.8) that would occur at even lower selected values of 8. Qn the other hand, as
the value of 8 was increased from 0.027 to 0.2 (figure 5.5), the resulting bed wave
profiles display increasing numerical dissipation. The value of 8 corresponding to
least dissipation while tolerating no seconda.rjr wa.ves when the peak had moved a

distance L downstream was deemed to be "optimal” and is denoted by B..

Figure 5.6 shows the resulting functional relationship between £. and o ob-
tained for various bed wave amplitudes and for fixed P, and F. In all cases the
relationship between §. and o plotted as a straight lire on iog-log paper over th&
cycles. As sﬁown in the figure, f. is a function of z. (defined as zy/Yp) because

the highet the value of z., the more'i;on-linw the system and hc.:nce the steeper
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Table 5.2: 3, as a Function of F and z.. for @« = 0.1

- 7,
2. | F=0167 | F =033
0.01 0.0275 —
0.05 0.03 0.06
0.10 0.04 0.06
0.20 0.12 0.16

the wave front. In the same way, as reported in table 5.2, 8. must also increase for
higher values of F. Moreover, at higher P,, 5. can be decreased since in this case
the wave front is less steep. At the same time a higher 5 can be tolerated because

the ratio of numerical to physical diffusion is less. 5. was not found to be a function
of N_.

However, due to the changing ﬁature of bed transients, in practice it is virtually
impossible to use an optimal 8 over the whole (z,t) domain. I a smaller value
is chosen, usually it is readily apparent in the results in the form of secondary
waves. On the other hand, it is important to quantify the numerical dissipatioi:
introduced when the 8 selected:. is greater than the optimal value. In this regard,
two convergencé coefficients are deﬁned; one for bed attenuation (Ca) and one for
bed velocity (C.). Assuming for the moment that, when N.=100 aJ;d g = 8.,
the best solution of the governing equations is generated by the model, then the

convergence coefficients could be defined as:

C;= z‘n(N.t? ﬁ)

= (1005, % 100 % | (5.6)
) . '
C"“'—c,.(loo, 7 100 % (5.7)

These coefficients are quantified in figure 5.7 and table 5.3 as functions of N and
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Table 3.3: Convergenee Characteristies of de Vries” Seheme

C. Ca
o [F=0167 |F=0334 | F=0.1067 | F = 0.334
0.01 99 99 o4 92
0.0 98 97 04 94
0.10 94 90 92 38
0.20 T 12 SO 5

#/3.. The figure shows that when the optimal | alue of 3 is used (e, /5. =
1.0). there is convergence for all X, > 20 (which justifies the above assumyption).
Also. when N, = 100. C;’ 2 85%. cven when /8. = 12. However when N, is
small. there is a high gradient in rhc dcgrcc of -cénvcrgence for greater than optimal
sclected vadues of 8. It should be added that C, zmd_ C¢ are also functions of =, and
F. As both the bed wave amplitude and the Froude Number inerense, it becomes

increasingly difficult to achicve a converged solution. On the other hand. for .the

reasons stated above, when P, is larger convergencee is casier to obtain.

Finally. an unexpected finding of the convergence study was the fact that C,
and C, were \'ir;.nal‘i‘-' independent of . In other words figure 3.7. which was
generated using ¢ = '0.1,‘\\’0111(1 apply cqually well for ¢ = 0.01. assuming 3. was
chosen in accordance with its relationship to ¢ (figure 5.6). These analyses were
made using the long form (equation 4.19) of the dcr Vries® scheme (i.c., o7 was a

function of x). Some test case simulations were then repeated using the short form

(cquation 4.20) of de Vries™ scheme (f.c., o = constant) to investigate the properties

of this simpler formulation. For all cases tested, virtually the same performance

was achieved.
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5.2.2 Fromim’s Scheme

Using the same set of test eases, hed transients: were sinmlated using Fromm's
scheme within ONE-D-SED. Recall that analytical analvses of the sehete indieated
favourable rvsultf but a teudeney for the scheme to generate secondary waves when
shock features are present. Both these findings were confirted in tl;t' prv:«-tAlt. (non-

linecar) parametric study.

At higher Péclet Numbers. which usually p-rmjluc = the generation of shocks,
“the scheme performns very well when the bed C;l_nu':uln. Number is sufficiently low,
F:’ﬁ_‘g.unplo. when :. = 0.1 P, = 0.3, F = 0.167. and o < 0.05. the bed pro-
files generated were nearly identical to one another (in ters of hed wave veloeity
aud damping) for all ¢ < 0.05 aud all N, > 15. However. when @ wis inerensed .
bevond this threshold vahie, secondary waves \\;(—)Illti l-x'g-.-;i.n. to contaminate the solu-
von (figure 5.8). For larger amplitude waves the threshold value of ¢ continnes to
decrease for higher F and lower P.. For example. when 20 = 0.2, F = 0.334. and
L. = 0.146. secondary waves were generated even for o as low as 0.005. Therefore,
when Fromm’s scheme is free of secondary waves it performs rmung‘mbly CONSES-
tently over a whole range of # and N,.. On the other hand. as the :;}'Stt'lll becomes
more dominated 1.>_\' translation. it becomes increasingly difficult to select oo helow
‘the threshold value that ensures s.ocou(l:u'_\- waves will not appenr in the solutjon.
When appropriate choices of numerical pnrmu(-.r.«-rs were made, both Fromm
and de Vries® schemes gave virtually the samne results. W lur;'«j::s de Vries™ scheme

has the shortcoming of having to estimate, a priori, o fairly arbitrary parameter
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i the psendo-viscosity term 3. it does allow the user the flexibility of increasing 3

unti] all secondary waves are inhibited,
5.3 Non-Linear Behavior of Finite Transients

The linear values for the effective bed veloeity ¢, and wave attenuation = originate

from a perturbation analysis which assumes infinitesimal bed disturbances. When.

in ONE-D-SED. the full set of non-lincar governing equations were used to simulate

finite bed transients the actual bed wave velocity ¢, and wave attennation z, could

be significantly different from their linear counterparts ¢, and z;,. To quantify this

cffect the converged solutions of the model were used to generate the correction

coc?ﬁ;'.icnr.# R. and Ry (dc:ﬁnul'al‘)ovc), so that actual values of velocity and at-
tenmation could be obtained by appl'_x‘iuééhc,coeﬁicients.to those obtained by the
p"érturlmtion analysis. The coefficients, which were derived as functions of z.. F
and P,. appear in figs. 5.9, 5.10 and 5.11. The conclusions of this analysis differ

from Lopez-Garcia’s (1977) findings because, in the latter, the reported Ry and R.

were only made functions of =, and F. As such, the scnsitivity of the cocfficients to

F is confused with a much greater sensitivity to P,.

Figure 5.9 shﬁws the dependency of Ry and R, c;n the dimensionless bed wave
amplitude =. for two different F and P, = 0.147. First, as z. approaches zero, R.
aud Ry both approach 1.0. This confirms that simulations ma;lc using ONE-D-
SED arc accurate. With regard to the non-linear behaviour of transients of finite
height, Ry was i the 0.95 to 1.0 range for all z. < 0.1. As z. increases non-linear
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cffects become more significant. espeeially at higher values of £, When 1. = 0.2

and F = 0334, 17, fell to 0.85.

From fignre 5.9 it ix clear that bed velocity (as expressed by B.) is more sensitive
to transients of finite height. This is evident from the required adjustient i e,

mdicated for different .. For example. when 20 = 0.05. R, = 1.2; whereas when

K

o = 0.2, R, increases to 2.4 (for F = 0.334). Some of these effects were expoected
because higher velocities ocenr over the crest of the bed wave, which in turn results
in higher values of . On the other hand. the linear values of ¢, and P. are obtained

from the value of s calculated for the uniform depth.

The sensitivity of n(l)n-lincm' cffects to F can be scé.n more explicitly in figure
5.10. When P, =0.147Tand z. =0.1. F oxil}' begins to play a major role for F > 0.2,
at which point there is a sharp exponcential rise in the valne of R,. This confirms the
statement made by nunmerous researchers, incl_uding.dc Vries (1981) snd Lyn (1989)
that the analytical solution (equation 4.11) is particularly \1ﬂi(1 for low F values.
Finally, the sensitivity of R, and R, to the Péclet Number is shown in figure 5.11
for z. =0.1. For P. 5 2.0, Ry is in the 90% to 110% range; Lowever, as diffusion
starts to dominate the system (at higher P.), R; increases dramatically. On the

other hand R, shows a high degree of sensitivity to P. for hotl: high znd low P..

5.4 Discussion
For the conditions examined in this chapter, the convergence charmcteristies of de

Vries” scheme are favourable for a grid density N, > 40. Even when there is very
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litrles diffusion present in the phivsieal system good results ean be achieved (Hgure
5.7) 1 3 is chosen according to the seleetion eriteria implied in figure 5.6 and table
3.2, In general. convergenee was found 1o be a function of the relationship of 4 to

o. Convergence is easier to achieve when F and = are small and when P is large.

For Fromm’s scheme, sinmlated results are consistent when N, 2 15, as long

as there 1s no generation of secondary waves. This is achieved by lowering the
* T : y - -y - > 3 o -y - 3 3 I -. - >l -

Courant Number until secondary waves disappear. which is an casier task when

shoek features are not present (i.c., at lower F and z. and higher 2.).

In most of the cases tested. the analytical formulation (equation 4.11) of the
bed transient problem provided a good representation of the governing equations.
However, non-linearitics hecame significant when the bed wave amplitude s was

™~ =~
large, F wais large-and P, was cither high or low (figure 5.9 to 3.11). In such cases
the bed wave velocity ¢, may under- or o\'ci‘-pit‘dict the actual velocity ¢, by 100%.
while wave attenuation z;, may under- or over-predict actual bed attenuation =, by

35% to 10% respectively.

s

O
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SCEEMATIC OF ONE-D-S8ED BHOWING LINKS
TO FIXED-BED VERBION (OME-D)

MAIN Y s
NP=NP+1 -
main program I &
of ONE=-D
l ~| BOOK rewind >
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INPUT1 i+ GRIND T w
read groups IRREG INPUT2 o
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- RETRAP - if solution
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read groups read IKC = 1
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calculate h, Q internal
get h Q for time=INC calculations
at time = 0 - < 1
= -
| = | HGRAPH-PGRAPG
SEDINI & " L AMATRX
- o store for
" initialize = ocutput internal
sediment 8 I calculations
routines = %’ .
| b S . SEDMAN -
« - BIROW
INITWQ =~ -3 called if
& ~| mobile bed - WEIR
initialize -
water quality - 4 STORE
l ! SoLVER
OUTRTN
.write output

Figure 5.1: F!bw Chart Showing ONE-D Links to Sediment Subroutines
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INITILIZATION OF SEDIMENT BUBROUTINES
CALLS FROM BEDINI
SEDDEV
- A
define T
I/0 tiles
T SEDAD4
SEDRDR SEDEFF book-keeping
QS = QSN
read group initialize CS = CSN
J:Sed info active bed l
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' SEDMXN
~ SEDNSN
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move external values of QS
cross-gsections T T
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Figure 5.2: Flow Chart of Sediment Subrouti11e§ for Tnitial Condiiipps o _
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CALCULATION OF CHANGF IN BED ELEVATION (BZ)
SUBROUTINES CALLED FROM
BSEDNAN

SEDTIM

get varijiable
sed. info for
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SEDTR3 SED SEDTR2
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Figure 5.3: Flow Chart of Sediment Subroutines during Time Loop
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E CALCULATION OF CHANGE IN BED ELEVATION (B3Z)

BUBROUTINES CALLED FROM

BEDMAN (Continued)
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_Figure 5.3: Flow Chart of Sediment Subroutines during Time Loop
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CALCULATION OF CHANGE IN BED ELEVATION (B3Z) —“

SUBROUTINES CALLED FROM
BEDMAN (Continued)
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Figure 5.3: Flow Chart of Sediment Subroutlnes during Time Loop
(Continued)
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Figure 5.4: Definition Sketch
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Chapter 6

The Suspended Bed Material |
Load at Mission City

In this chapter. the sediment transport at Mission City is disenssed. The Mission
station is the most reliable source of sediment transport. data for the Lower Fraser.
Also. since this station is well defined in terms of hydraulic parameters, it forms the
basis for simulating sedinient transport processes in the Lower Fraser, beginning at
Mission and extending down to the channel trifurcation area where the influence of

the salt wedge becomes hmportant,

Many factors make assessment of the sediment load complicated. First, there
is _the question of whisﬁ sediment data sct to use. Often data are missing important
infonnation.Stzdl as grain size and local hydraulic conditions. Therefore, to obtain
the bed material load (bml), unknown pa 'a.mct.cx;s mmst, first he estimated, Finally,

sediment transport functions must be calibrated to measured values.

The principle objective of analyzing sediment data at Mission is to deternine
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the bl transport along the Lower Fraser River study reach. Since the bed material
is fairly uniform in this reach, sediment trausport equations developed for Mission
can be applicd to points further downstream. After making certain assumptions
regarding the reach’s state of dynamic equilibrium, bed river processes cau then be

simulated,

6;1 Available Data Sets

Five types of drta zce available for the determination of suspended bed material

. load (sbml). \}:1t]x,mthcsc 5 data sets. WSC distinguishes two groups based on the

»

sampling m&f‘_}r j‘.-f-‘;'.]_}i)’lie_d. First_:, :.szmllp_'le_s may be_o};ta.ined by the Point Integrating
(PI) mct}-..“"lnb _rvsonsi_sts. of sampling sediment and velocity at five or six knq\\—'n
* depths thé¢ water column. The sediment concentration is then determined by
intc:.:,"ﬁ#_tiug the measurements over the total depth. This is a very labour-intensive
shmphng method that may or mﬁy not be repeated for different verticals in a given
‘ .chmmcl cross-section. This particular data set ims been used to determine correction
cocflicients to be applied to data obtained through the second sampling method

(since the latter do not measure the near-bed zone).

The second sampling method ';lbed by WSC is called the Depth Integrating
(DI} mecthod. In this case the smz}t}le: 'is lowered to the river bed, raised about 6
inches from the bed, activated and ;hcn gradually raised through the water column
to the mid-point. A sccond sample is then taken from the mid-point to the water

surface. Results from the two samples are subsequently combined and averaged.



The vast wajority of sediment data colleeted uses the D1 method,

Within the Dl-type data, WSC flu‘t.h‘vr distinguishies two categories of data.

The first. taken at five vertienals within o channel eross-section. is known as *R7 data.
When R samples are taken. velocity, depth. water temperature and occasionally
stage are also measured, The concentration from each vertical is then discharge-
weighted to obtain a mean courentration for the cutire cross-section. The second
type of data consists of “K™ samples. In this case. the DI methad is cmployed at
“one vertical only. Since the vast majority of snnpling is of the K type. this vertical

‘is referred to as the “Daily™ vertical.

To compensate for the inherent bias of sampling at one vertical only, K data
is normally adjusted by merus of a cross-stremn distribution factor ¢. This factor
is calculated using R data. Normally the mean conceatration obtained through R
data is divided by the concentration measured at the Daily vertical. This gnotient
(and the discharge) is then plotted as a function of time. Based on the assumption
that ¢ is a function of time and discharge. a line is fitted through the plotted
quoticnt values. [This line is drawn based on the experience and best judgement
of the technician assigned to this task]. The plotted ¢ line is then digitized and

applied to measured K concentrations. The resulting product is published anmually

by WSC.

For the Mission site, there was a problam with this procedure that will be
discussed later. For now, suffice it to say that it was the practice of WSC to use

one of the five R verticals in the calculation of the ¢ quotients. Clearly, the Daily



vertienl should have beea used. In the case of Mission. sinee the Daily vertical is
Joeated some 300 m downstream, ¢ values caleulated by WSC should not used.
{ £his matter was discussed witl WSC persomnel. and since 1984 the practice has

been corrected).

For the purposes of determining sbul, the distinction should alto be made.
between those data sets which do and those which do not have a grain size analysis.
Such analysis is cssential in order to scparate the wash load (wl) from the sbml.
Regarding the cvaluation of the sbml. certain implications relating to 4 categories
of DI data must be considered. At the first level is the R data which includes
grain size analysis. In this case, the sbml ¢an be determined directly. At the
second level (R data without grain size analysis), a way must be found to estimate
the percentage of the measured concentration contributing to the sbml. Towards
this end Tassone and McLean (1989) deveioped appropriate relationships based on
seasonal and hydrological factors. Though this procedure was well-suited to their
hindeasting and t:orecasting 1)1wpo§es, it is not directly applicable to a hyc-lraulically- _

based mathematical model.

To obtain sbinl using the third data set (K data with grain size analysis), a
relationship mus. be eat'xbhshvd between the measured sbmi at the Daily vertical,
and the mean sbml ca.lculated ‘using level-1 data. Note that the o value used for

this pm'p(r.c should be onc l)aacd on the shml, rather than bemg based on the total
concentration. Using the fourth data set (K samples without grain-size analysis)
to obtain the sbml is even more difficult. This rc'quifee_s establishing the percentage

of the concentration contributing to the sbml as a function of time at the Daily

-]
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vertical and then using @ ealeulations to rransform the former nto a wean valoe

for the entire cross- section,

6.2 Distinction between Wash and Bed Material
Load ‘

On the basis of grain size. some river engincers would identify ouly the clay fraction
(d < 0.062 mm) us wl. Accordingly. for the Lower Fraser, 69 % of the suspended load
would be considered wi and the remaining; 31 % shinl. However, t.h(fi;c is an alternate
approach to distinguish between the wl and sbml in a river. In the Qcmud maethod,
the distinetion is based on whether or not the load is “supply” dominated. The grain
size, which identifies the Hmiting size for the initiation of transport. is considered
the “threshold™ value. Since hydraulic conditions are changing continnously so is
the threshold grain size and thercfore the distinction between wl and sbhml. Sinee
this particular approach enables the load to e quantified from i modelling view

point. it is superior to the first method.

In this approach, the model must ‘track’ all the components of the sediment
load and bed material composition as a function of grain size. Normally, the sed-
iment load is divided into three to ten grain size classes. Depending on prevailing
conditions, sediment in a given class may change from wash load (at high streaun
velocitics) to sediment which is fully deposited and at rest on the channel bed (at
lower velocities). As the load in each grain-size class is tracked, so too is the com-
position of the river bed. Normally this is done by dividing the bed into an active

layer (at the surface) and other temporarily dormant layers below this layer. This
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method of distinguishing between wl zud sbil is normally adopted in more sophisti-
catedd computer models. It obviously requires an enormous amount of bookkeeping,
coruputational efforr and spcci.ul knowledge of boundary conditions. Its application
is particularly appropriate for two- and three-dimensional modelling where, for ex-
ample, wl is trausferred to the sides of the channel or to minm: chamnels where it
may be deposited. It is also appropriate for reservoir modelling. insofar as the wlin
a river feeding the reservoir eventually becomes bed materinl load in a downstremm

section of the reservoir.

The third way of distinguishing between wl and sbml combines some elements
from cach of the preceding methods. Einstein (1950) proposed that the division
between wash and blcd material load could be estimated by noting the dyy grain
size of the bed mnﬁcri:ﬂ. Though this value is somewhat arbitrary. it is based on
the o'l)scfmtion that there will always be some finé material hidden betwecn larger
grains in the river bed. As such, this material is not available for t.ralnsport. On
the other hand, the fine material already in transport cannot deposit in the bed

because there arc no longer the required voids to receive it.

~This classification scheme provides a basis for simple mobile-bed modelling,
On one hand, the sbml is considered that which is In dynamic equilibrium with
the bed. This allows for the calibration of a total sediment transport function. On
thc.othcr hand. it is assumed tha.tz while conditions may temporarily allow for the
deposition éf fine material, once channel velocity increases, this 'smne material will

be once again swept downstream. In this case, if there is a long-term trend in bed

material gradation, the do value will also change with time:

-1
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Table 6.1: Bed Material Composition in the Lower Fraser River

Mission Port Maun
Distaaee di Distanee dio
from left villue  from left vakue

marker (ft) () wmarker (1) (rend

300 0.15 100 0.19
60O 0.1%7 00 0.24
900 0.23 1000 0.30
1200 0.33 1300 0.26

1500 1600 0.17

Given the inherent limitations of Einstein’s approach. in this study the distine-
tion between wash and bed material load was based on the oy value, This decision
is consistent with the current stage of development of ONE-D-SED. which does not

allow for tracking the sediment load as a function of grain size.

An analysis of 1968 bed material saanples revealed the distribution of dyg values

at the Mission and Port Mann sampling stations as noted in table G.1:

When this analysts was first presented, it was suggested to WSC that o dyy, value
of about 0.2 mm should be uscd‘ for the threshold between wl and sbhml, Prior to
this recommendation, McLean and Church (1986) were using 0.125 as the threshold
value. Subscquently to the 0.2 mm threshold- value recommendation they changed

their threshold value from 0.125 mm to 0.19 mun (Tassone and McLean 1989).

For one-dimensional models. @ single d), valite mnust be selected, However, it
is clear from table 6.1 that the bed material shows a cross-stream gradation, At
Mission, even though the river reach upstroum is straight for some 4 km, the grain
size distribution is skewed across the channel width. The straight reach at Port

25
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Many, on the other hand, shows the more usual distribution, i.e. larger grains
in the middle of the channel and smaller grains near the bank. The gradation of
grain size across the channel suggests that hydraulic and sediment processes are
highly threc-dimensional and that using a one-dimensional model such as ONE-D-
‘SED implies that the simulation of bed material load and bed processes are greatly
simpiiﬁed.

6.3 Estimating Hydraulic Parameters

When R samples are obtained, water temperature is recorded and both depth and
mean velocity are measured at each sampling vertical. The total instantaneous
discharge is also calculated by WSC personnel. To calibrate a sediment trans-
port function, the ar'ea1 wetted perimeter, hydraulic radius and top width must
be known. Thougli WSC was most accommodating in providing original data for
this study, the above noted parameters were not obtained in some cases. Since for
1968 all parameters were obtained for all 61 R samples, relationships between these
parameters and the average measured depth D were calculated by iinear regression
(Figures 6.1 to 6.4). The relationships ate: .

A= —4281 + 1751.55 x D; - (6.1)
R= 3.4é +0.8335 x D; _ (6.2)
WP =1434 4 3;7000 xD; (6.3)
' T = 1429 +8.5339 x D. _ . (6.4)
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where D = (D300 + DGOO 4+ D00 4+ DI200 4+ DIS00Y x 0.2: D300, DGO, DYY,
D1200 and DI300 are the measured depthis (£1) o the sampling vertieals loeated
300. 600, 900. 1200 and 1300 fr respectively from the left marker: & is the evoss
sectional area (sq. fr): B s the hydraulic radius (ft): 1172 is the wetted perimeter
(ft) and T is the top widih (fr ). It shoukd be noted that the WSC data was normally
in imperial units (although sometimes also found n o mixed format), The WSC
values reported in this work used the original symbols and units, Moreover, in ovder
to conform with the internal ealeulations of ONE-D (smd the Fraser ONE-D model
in particular). ONE-D-SED was developed for imperial units. Henee, in this study,

1t was more appropriate to work in inperial rather than S.1. units.

Even though it takes about an hour to sample at all five verticals, and the stage
can chiange quite rapidly during that period (partienlarly at small depths). Rgures
6.1 to 6.4 demonstrate that relationships 6.1-6.4 provide good estimates of measnred
paramieters. The difference between observed and predicted valnes is smiall in nearly

all cases.

These relationships were uscd to obtain missing information when calibrating
the sediment transport function. However, since the relationships used in ONE-D-
SED Frascr model are not identical to those reported above. the trausport function
was also calibrated using the relationships contained in ONE-D-SED. In ONE-D-
SED, all cross-scction geometry is related to stage. So, for the calibration hased
on the model’s internal relationships. stage was obtained by noting that the mean
bed clevation was -24.46 ft in relation to the Geodetie Survey of Canada (GSC)

datum. This value was obtaiued usiug known stage aud D thronghout 1968, Tests
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Table 6.2: Distribution of Panel Discharge at Mission

Vertical | Pereent Discharge
300 15.388
600 20.307
900 20.423
1200 21.991
1500 21.391

confirmed that there was virtually no trend of mean bed clevation as a function
of discharge during 1968 and hence the average bed clevation value was adopted

throughout.

Earlier it was stated that the mean obscrved suspended sedimci_n load was
obtained by adding the products of the measured concentration at cach vertical and
the associated panel discharge. The panel discharge was obtained by mmliiplying
the measured velocity at each vertical by the area of cach vertical’s panel. Since
panel discharges were only obtained from WSC for 1968. they had to be estimated
for other vears. Analysis of the 61 R data of 1968 revealed the distribution of panel

discharges found in table 6.2.

The analysis indicated that the measured values departed from those quoted
here by less than 1.5 % . When these mean values were used in lieu of the measured
panel discharges. only a slight error was introduced in the computed total load. For
example. suppose the measured concentrations for a given R data set were 50, G0,
70. SO and 100 mg/l at verticals 300 through 1500 respectively. Further suppoée
that measurcments indicated the following distribution of panel discharge: 16, 20,

20. 22 and 22 % respectively. Then the mean concentration would be (50 x 0.16)
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+ (60 x 0.20) + (70 x 0.20) + (S0 x 0.22) + (100 x (0.22) = 7360 mg/l. Usiug
average panel discharge percentages. the computed mean concentration woulkd be
(50 x 0.13388) + (60 x 0.20807) -+ (70 x 0.20423) + (30 x 0.21991) + (100 x
0.21391) = 73.46 my/L. In this example. even though the assumed concentration was
quite skewed, the error introduced in the ealeulated mean concentration when using
average panel discharge values is a‘mere 0.2 %, This ervor is typical of errors noted
when ncr.n:ﬂ 1968 concentration and discharge panel data were used, Therefor-, it

was concluded that using average panel discharge values intvoduced no appreeiable

- - ot
crror in the computed mean sediment concentration.

Once the mean concentration was cideulated. only (.mv item remained to be
determined. When sediment is sampled using the DI method, the sunpling begins
some § inches from the river bed. Thus. & systematie underestimation of the nctual
mean sediment concentration is introdnced. To eliminate this “near-bed™ bins the
nmicasured concentration was increased by a certain sunonnt. The overall adjustinent
was found to be abont T %. This adjustment was based on analysis nf PI data whicly

is documented in the next chapter.

To obtain the total bml. the bed load should also be added to the shml. For

most sand-bed rivers the bed load, defined as that material moving within 2 grain
diameters of the channel bottom. is negligible. In the case of the Fraser River study

reach. bml is virtually identical to sbinl.
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6.4 Calibration of the Sediment Transport Func-
tion _

ONE-D-SED provides the user with the option of selecting from five sediment trans-

port functions. For the Fraser River application, the Akers-White (A-W, see ap-

pendxx B) expression was selected. Documentation of sediment transport relation-

ships (White et al. 1975) indicated that the A-W expression is one of the superior

relationships available. |

Constants used in the A-W relationship were developéd based on laboratory
data wherein the representative 'béd‘material size d, corresponded to ds;. Sub-
sequent applications of the relationship to field studies indicated that when dso
was used for d,, bed material loads were generally under-estimated. The authors,
therefore, suggested that for field applications a better choice for d, might be das.

Virtually all sediment transport formulae employ a representative grain size.
Usually these ;dationships were developed using Iabora'tory data, where the repre-
sentative grain size to be employed was usually well defined because gradation in
bed mateﬁal was usually very small. However, when applying rela.tionships.to field
_ studies little guidance is available regarding selection of the representative grain size
to be used Ackers and White are among the few sources to address thig question.

The problem of applying sediment transport relationships in the field is the
" fact that suspended sediment in rivers usually has a wide grain-size gradation. In

this doctoral program, in order to determine d., a special analysis was made to
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quantify it for ficld studies (chapter 3).

By applying different eddy viscosity models, it is shown that the representative
fall veloeity of a sediment mixture depends on: the Hineness of the seditment mixture,
the amount of grain gradation within the suspended Joad, and the watio of the
wean fall velocity of the sediment mixture to the bed shear veloeity in the chamel.
Moreover. it 18 demonstrated that the keger the grain gradation, the smaller to be

the d. should be chosen. Such analysis confinns Ackers and White's observittion

that bed material loads would be under-estimated in natural channels if the day

were used. However, it is further concluded (chaprer 8) that depending on hydranlic
conditions and the actual grain gradation in a particular river. the representative
grain size might well differ from the digs value, d, varies depending on the viver

studied and the pertod analyzed.

Cognizant of these findings, the strategy adopted for the ealibration of the A-
W rclationship was to chioose a representative grain size initially based on the dig
value and then to apply a correction coefficient to computed values to account for

any under-prediction of the sediment load.

ddso values of individual bed samples in the Fraser River study reach varied a
great deal as a function of location and time. Though a slight decrease in value
was detected ir samples taken closer to the month of the Fraser, no systemsatic
variation of dgy was found as a function of discharge or time. Data in the stndy

reach indicated that dgg fell somewhere between 0.3 to 0.4 mm.

Before reporting the results of the said calibration, it is of interest to report
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the findings of a parmmerric analysis of the AW relationship. In this analysis o
single parameter was varied while holding all others constant (Figure 6.5 to 6.9).
Fignre 6.5 demonstrates how the mﬁ:putcd'lw(l nuwlvrial concentrition inereases
as o function of dischiarge when the specific gravity of the grains (SG) ix 2.65. the
temperature is 3° C. the hydranlic mean depth (HD defined as A/T) is 35 ft and
the d, is 0.35 mm. For this case, initiation of motion is indicated at abour 100.000

efs and the computed concentration increases exponentially thereafter.

Figure 6.6 demonstrates that when the discharge is held constant at 300,000 cfs.
there is an inverse relationship between computed concentration and the HD. The
coffect of water temperature on computed transport rates is indicated in figure 6.7.
When other parameters are held constant. there is a fairly wniform drop of about
23 % in computed concentration when the cexlxlacraftu'c rises from 3° C to 18° C. In
ONE-D-SED and in this analysis, water viscosity is cdmputetlias a function of water
temperature based on a non-lincar interpolation of published values (Vanoni 1975).
Finally, the effect of d, on computed values is displayed for different discharges in
figures 6.8 and G.9. Coniputed concentrations for d, € 0.25 mm indicate a marked

sensitivity to d.. For values > 0.3 mm, predicted rates are not as sensitive to d..

The parametric analysis indicates that computed concentrz;tions arc dominated
by the discharge and are marginally sensitive to water temperature. It also indicates
that ihe computed bed material concentration will be in error by about 10 % when
normal variations in river bed elevation occur (of approximatclj' 1 foot) and they

are not incorporated into the calculations.
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Noting that the A-W function was stable for values of o, greater than 0.3 m.
the ealibration of the equation was nndertaken. Initially, a trial d, of 0.3 mm pro-
duced good :1_-.-;1'1-;-me_-ur. ];t‘l\\'(\‘ll computed amd predicted mean loads. However, it
was found that the computed rate of inerease in concentration as o fanetion of dJis-
chiarge was higher than that n]er\'od. When 0q4 mitn was used for o, the predictad
load using A-W grossly under-predicted the mean concentration. I addition, the
computed rate of inerease of concentration ax o funetion of discharge was lower than

that observed. Clearly the appropriate d,, was Detween these two values,

The final value chosen for d, was based on matching the computed rate of in-
crease of concentration as a function of discharge to that observed. The method
consisted of choosing a d, and obtaining computed concentrations. A linear re-
gression was then made between computed and measured values. This regression
was made using a ‘no-intercept” option. The factor obtained was sueh that onee
computed concentrations were nmltiplied by it. they equalled. on the average, those

obscrvcd (Figure 6.10).

Next the ratio of measured to modified-computed values were plotted as a
function of discharge (Figure 6.11). Any trend of the ratio indicated that cotputed
concentrations were not increasing as a function of discharge at the same rate as
those observed. The foregoing procedure was then repeated using different values
of d. until any trend was removed. The final d, value chosen was 0.345 min. Using
this vahie, modified computed valnes displayed the smme sensitivity to discharge as

those observed (figure 12).
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It was noted that an exeeption to this general rule occurred at very low dis-
charges. 1n this case, the modified computed values were still systematically low.
The interpretation of this anomaly was that the A-W equation was not accurately
predicting the onset of sediment motion. To remedy the problem. the initiation of
motion parameter *CA” (internal to the A-W equation) was modified from CA =
0.14 + 0.23/D,. to CA = 0.175 + 0.23/D,, (where D, is the dimensionless grain

size defined in the A-W equation).

It was found that, in order to match the sbml at Mission (a_djusted for the
near-bed DI sampling bias), the modified A-W relationship should be multiplied by
a factor of 2.02. Since it is further assumed that the sbml only relates to 90% of
the actual bed composition, the calibration factor was increased by 100%/90% to
accodnt for additional material < dyy being deposited or removed from the channel
hottom along with those grains included in the sbml. Hence for the Yraser the
A-W computed load in ONE-D-SED is multiplied by ‘the calibration factor 2.25 (
= 2.02/0.9). ’

Secondary data sets were used to verify the calibrated relationship. "As stated
beforchand, once cross-stream distribution factors ¢» are obtained, K data with grain
size analysis can provide an cstimate of the sbml. In the following section, the value

of ¢ is quantified. Then using X data from 1968, the validii;y of the calibrated A-W

is examined.



6.5 Cross-Stream Distribution Factors

Typical measured velocities at Mission are shown  fignure 6.13. The shape of the
cross-section is quite regular and the isovels are distributed in @ standaed naaner.
Inn the associated fignres 6.14 through 6.17. the sediment concentrations for ditferent
grain sizes are also plotted. Thougl these figures provide only a S:un]‘:I;‘ (instan-
tancous) representation it s noted that the gradation of fine material is el less
pronownced than that for conrser muaiterial. The example provides mn indication of
how the total and bed material load may be distributed in a given cross-section of
the Lower Fraser. To obtain mean vadues of the total, sand. bed or suspended loads
.:\.t Mission from a measurement at a single vertical, it is first necessary to quantify

how the load is distributed at this particular cross-section.

Figure 6.18 shows thc mean distribution of the various types of sediment loads
at the Mission station, based on the zmal_\-'sis of the 78 point R datn set nsed in
“the previous section. It is noted that the coarser the load investigated, the more
the cross-stremm gradient inereases. The distribution of the loads aut this saanpling
station is of interest because the daily vertical is only 300 m downstrean. Though
the distribution of sediment there would be somewhat different, thau at the sanpling
station, a comparison between the two locations can he made. In particular, a
comparison of ¢ factors calculated for vertical 900 () can be made with those

calculated for the Daily vertical (¢p).

As indicated at the beginning of this chapter, ¢ represents the ratio of the

mean concentration at the sampling station to the measured concentration at the
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reference vertieal {either vertical 900 of the sampling station itself or preferably, the
Daily vertieal located downstream). The mean concentration used is that based
on the panel discharge weighting uwtimd outlined earlier. Table 6.3 suinmarizes
the ealeulated mean @ values and their associated standard deviations. In the

.a™

table the subscript represents ¢ calculations based on total suspended load,
5" represents caleulations based on the suspended sand load only, “¢” represcuts

enlenlations based on the suspended load coarser than 0.125 mm and “b” represents

. cnlenlations based on the shml.

Table 6.3: Cross-Stream Distribution Factors ()

Reference Vertical: 900 | Reference Vertical: Daily
wor = 0.90 +/- 0.10 op = 0.79 +/- 0.08
@us = 0.77 +/- 0.16 @ps = 0.62 +/- 0.13
Woe = 0.75 +/-0.24 no data,
wop = 0.74 4+ /- 0.26 no data

Values caleulated for vertical 900 (0y) were based on the full R data set from
1965 to 1984. However, simultancous measurements of concentration and the Daily
vertical were introduced only in 197S. As a result, ¢p values wcz_'é only bhased
on 25 measurcments between 1978 and 1984, To verify that there is a basis for
comp'u-mou 2y values were recalculated based on this 25 pomt data set and were
found to be within 1% of those values quoted here. @p. and ¢p, values were not

caleulated hecause certain necessary information at the Daily vertical was missing,

It was stated prcvzoush that ¢ used by WSC assumed that ¢ V'mcd gradually
as a function of time and discharge; hence the practice of drawing a smooth ¢ line -

between measured quotients. Clearly the WSC assumption was reasonable. Using
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the 78 point R data set, o and discharge were plotted as funetions of time for the
various yveats., It was noted that ¢ was indeed dependent on both discharge and
time, although noe c;)usist.om. pattern was evident. Figures 6.19. 6.20 and 6.21 ave
an indication of the global results obtained for ¢ur. o, atid pa, tespeetively, While
there is a small reduction i vy and @y, a8 o function of discharge, the reduction
is dwarfed by the seatter of the points around the regression line and. in the case
of @y, » the linear regression indicated a small fuerease (rather than a deercase} in

value.

It may be argued that these fignres are misleading in that they represent values
obtained from different years. However, g was caleulated using o G0 point R data
sct in 1968, The resulting quotients are plotted in Fig‘x'u‘(‘ 6.22. Clearly. in this -
the time—c.lischargc dependence implemented by WSC is over-stated. In fact any

trend In o, for 1968 is difficult to quantify.

Given the above findings, it is conclnded that it is appropriate to use an average
@, in lien of a time-discharge dependent value, particularly for those enleulations

requiring the reduced R daia sct including graiu size analysis.

The scatter in the caleulated ¢ (figures 6.19 to 6.21) is quantified by the stan-
dard deviation of ¢ given in table 6.3. It should be noted that there is a marked
increase in scatter. with respeet to the grain size class for which ¢ was ealenlated,
This may simply be due to the fﬁcr. that the cross-strequn distribntion of the conrser

load is more variable than that of the finer load. However, there may also be o

- numerically-based reason originating from the error made in estimating the grain
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distribution of given sanples. Constder that, as a result of the sampler shape. the
sampling technique used. or errors introduced in the laboratory analysis. there is
an error of 3 % in the cstimate of the grain size distribution. If this error was an
absolute value, since 31 % of the load is sand and 18 % of the load is coarser than
0.125 mm, the relative crror of the sand portion of the total load would be 3 % x
100 % / 31 % = 10 %. Similarly the relative crror of load greater than 0.125 mm
would blc 3% x 100 % / 18 % = 17 %. Hence fhe error for the coarser load would

be nearly double the error associated with the finer load.

This example also suggests another source of bias in the computations: Since
measurement of small quantities is difficult, the normal practice at WSC is to per-
form grain size analyses only on those sa.ﬁzpl&e whose concentration is greater than
100 mg/]. Hence computed ¢ are weighted towards the more significant sediment

discharge periods.

Having identified some of the inherent imitations of the ¢-factors and their
-applicatiou,. a @pp-value is nevertheless required if K data sets that include grain
size analysis are to be used. Due to the limitations of certain data, ¢p, must be
extrapolated from other available ¢p values. .Ir table 6.3 it is noted that, while
the g, 1s signiﬁca_.ntly lower than ¢y, there is only a marginal difference between
Pass oe and wop. This suggests that, at the sampling station, the distribution of
the sand load is a very good indication of the distribution of the sbml. If the same
can be said for the Daily vertical, then it follows that p;, should be marginally less

tila.n the ¢p, obtained. With this in mind, the ¢ p, selected was 0.60.
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6.6 Validation of the A-W Equation

Having estimated the cross-stream distribution factor ope. the 48 N data with
grain size analysis sampled during 1968 could be used to validate the A-W equation
(calibrated based on R data obtained between 1965 and 19383). Suspended sediment
transported coarser than 0.19 mm was calculated using 1968 K data, The value
was subsequently multiplied by ¢p, = 0.60 to obtain an cstimate of the mean sbinl
at Mission. The product was plotted along with 1965-183 R (figore 6.23). The
plotted points suggest that both data sets have the same depency on discharge.

This observation confirms the mcthodolbg}' used.

The adjusted 1968 K data were ftlrtl;cr increased by ™% to account for the
near-bed bias introduced by DI sampling, The resulting values were then plotted
as “measured” values in Figure 6.23 along with measured R data values for 1968.
Computed-modified A-W values arc included in the same figure. In should be noted
that, n thi_s case, hydraulic parameters were based on measured stage 1‘:!.'.1)(.‘&‘7{‘11:1]1
measured mean depth D when computing'prcdictcd values. This was done bc-(-':msc
D was not available for the time the K samples were collected. D was estimated
using known stage and by assuming that the mean bed clevation at Mission was

-24.6 ft GSC (see discussion above).

In general predicted shml concentrations reproduce those observed. The lim-
itation of the A-W sediment function is its failure to reproduce the full range of
the observed load particularly at high discharges. Some of the observed scatter is

simply due to the statistical nature of sediment transport processes. However, in
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this case the observed seatter is probably due in part to the increased sediment
load associated with dune formation and to the extra sand load originating: in the
gravel-bed portion of the river a few kilometers upstream of Mission. During the
quicter months preceding the spring freshet, sand deposits in the braided channel
reaches (McLean and Church 1986). When the freshet occurs, an excessive amount
of sand is swept into the study reach. Equilibrium of local shml transport is proba-
bly only established after a period of time and some travel distance. In 1968 there
was an abnormally high “first flush” effect to compound this particular “feature”.
Concentrations calculated based on local hydraulic conditions alone will never fully

simulate all of these natural processes.

6.7 Sediment Load for the Entire Study Reach

Thus far, the discussion relating to bml has been confined primarily to the simulated
and obscrved sbml values at the Mission survey station. In order to model the
Fraser study reach from Mi:i;‘-ion to Port Mann, a sediment transport function must
be obtained for cach computational point in the reach. One approach is to assume
a gradation in d, as a function of distance and use the same sediment function
throughout. However, due to the high variability in the cross-sectional geometry of
natural channels, this approach leads to grossly unrealistic estimates of the sediment
load as a function of distance. In these circumstances, the transport ﬁmction would
predict very different loads cwcr,v few hundred meters, which would translate into

severe degradation followed by severe aggradation all the way down the channel.

Clearly this is not representative of the natural processes.
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To overcome this ditficulty an alternate sediment transport ealibration ap-
proach is required. In this study it was postulated that the river was in dynamie
cquilibrium for the period preceding the major channel improvements made during
1969 to 1972. In this scenario the assmnption is wmade that, while the river bed
may adjust to transient phenomena. the governing bed slope remained essentially
constaut over a period of time. Since large-seale morphological processes are gen-
* crally slow, normally the period of time selected should be mensured in deeades.
However, due to other constraints. an equilibrium was assumed for the 1968 calen-
dar year. This period contains the complete :umuall sediment and discharge evele
and corresponds to a time when there had been no dramatie viver trajning works

or over-dredging in the area.

ONE-D-SED was run in the “calibration™ mode for the entire 1968 year, Since
the bed is assumed to be in equilibrium for that period. calibration coctficients were
calculated for cach computational point such that the river's transport was the
same as that computed at Mission for the entire year. Using these coefficients the
model was then re-run to verify that no significant net change in bed elevation was
simulated. In this way the bml for Mission was obtained and the A-W relationship

was calibrated for the entire study reach.
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Figure 6.13: Cross-Sectional Velocity Distribution at Mission {1968-05-17)
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Figure 6.15; Cross-Sectional Suspended Sediment Distribution for (1968-05-17)
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- Figure 6.16: Cross-Sectional Suspended Sediment Distribution for (1968-05-17}) .
01"5<d<0‘300mm
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Chapter 7

Distribution of Suspended
Sediment in the Water Column

This chapter reviews, based on an investigation of Point Integrating (PI) data for
the lower Fraser, the applicability of conventional suspended sediment distribution
theorics to the study reach. Also included is the approach taken to adjust for the
bias in Depth Integrated (DI) sampling that results from the fact that the near-bed

portion of the water column is not sampled.

Traditionally the concentration of suspended scdiment is obtained by applying

Rouse’s (1937) relationship:

Cly,d) _ (1 - yg)z""

Cid) ~\T—ay (1)

where C(y. d) is the suspended concentration of sediment of diameter d at relative
depth y (defined as Y/Yg), Cu(d) is C(y.d) evaluated at y = a, a is the relative
reference depth, and Z(d) is the Rouse number. This states that the concentration

decreases exponentially as a function of water depth. Although the relationship
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is consistent from a theoretical viewpoint, at the application level 2 is difficult to
determine a priori. Also, other ficld applications have indicated that the assumption
of zero turbulence near the water surface should be modified. In this chapter, the
applicability of this equation and the variability of the Rouse number is quantified.
Calibrated values of the expression are then employed to determine concentration
in the near-bed region and the associuted correction factors to be employed when

using DI measurements.

It should be stated at the outset that there are iwo limitations in these mmiyses.
First, analyses were based on an assumed logarithmic velocity distribution. In fact,
three separate velocity zones can be distinguished in the Lowcr Fraser river. The
first two zones are both logarithmically distributed but the first (in the lower 15%
of the water column) has a §ign.iﬁca.nt1y different logarithmic slope than the middle
zone. In the third zone (the upper 5 % to 10 % of the column), the velocity can
remain virtually constant, or more frequently, due to the shear stress at the air-
water interface, can decrease in the near surface region. The first zone probably
differs from the middie zone due to the local effect of dunes. Examples of the
velocity distribution observed at the Mission gauging station are shown in figures

7.1 to 7.5 (raw data was obtained from WSC).

The second limitation of the analyses is that no pr;)visions were made in the
estimate of the sediment fall velocity to account fc;r the fact that grain size fractions
(rather than unique grain sizes) were employed. This-omission led to systematic
biases in results tha.f: motivated additional research in this area (prmc;nted in the

following chapter).
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7.1 Data Sources

Anadyses of the suspended sediment distributions were made using PI data sets. PI
data is nonnally obtained at a given vertical by first noting the total water depth
and t.hou siunpling sediment and velocity at 7 pre-determined levels in the water
column. Generally, WSC obtains PI data at all verticals of a sampling station. This
was the case in the Lower Fraser for the Mission site, but normally only the Daily
vertical was sampled at Port Mann. At Miss‘iou. the 5 verticals were sampled at
20 unique flow rates during the 1965-to 1983 period. At Port-Mann. the Daily was
sampled on some 50 oceasions. When poééible, WSC also determined the associated
instantancous discharge. In the case of PI mensurements at Mission, the discharge
varied from a minimam of 187,000 cfs to a maximum of 459,000 cfs. At Port Mann,
due to changes in -velocit_v d.ircctioﬁ, it was not always possible to estimate the
discharge. For 16 of tizc 50 occasions when PI data was collected there, the range

in discharge varied from 155,000 to 345,000 cfs.

In order to estimate shear veloci ty UL, the mean velocity # and average depth 5
arc required {equation 7.6). Accordingly linear regressions for it and ¥ as a function
of the discharge Q were performed. The data used in this exercise was based on
G0 R samples collected in 1968. It should be noted that WSC has also developed a
stage-discharge relationship for this station that applics during the fresh;:t season.
The relationship has been found to be quite stable over the long-term although
there has been a small (5%) increase in disdu.!.rgc as a function of stage in the late
1970°s. This change is duc principally to a change in bed clevation at the station.

N
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Therefore, the corresponding change in the depth-discharge relationship would not

be as severe. The result of the linear regression for Yo(ft) is (figure 7.6):
°=25.27+5.413 x 107°Q (7.2)

Note that the scatter of depths about the regression line is about 2 ft. This error is
not very significant since it represents a relative error in depth of about 6%. Now,
since U, is proportional to 1’},‘1/ € the resulting error in U, is only about 1.0 %.
Using the same data, based on a non-linear regression, the following expression was

obtained for the mean velocity @ (ft/s):
In(&) = 0.756931n(Q) — 9.713 (7.3)

As demonstrated in ﬁgure"?.'?, there is very little scatter of the points around the

estimate.

7.2 Theory

7.2.1 . Mean Velocity'Proﬁle'

Many functions have been proposed to describe the velocity profile. The most tra-
ditional among them is the logarithmic velocity distribution proposed by Keulegan
and Patterson (1943). This model assumes a linear rate of change in velocity with
distance from the river bed (Y):'

du U,

— —

¥ - KY (74)

where u is the velocity (ft/s) at level Y, UL is the boundary shear velocity (ft/s) and

K is the von Karman constant (normally equated to 0.4). Integrating between level
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Y and the water surface ¥y (where the velocity is maximmm U7,,). the expression
becomes:
'

U. . . . . : -
u = -I\—_ln(} )+ U, — fln(l'u) (7.5)

Using Mamuing's equation. the boundary shear stress (fo/s) is siven by
1) 1 ‘ 3 & A

ing'/?

U= —2
1.486); /¢

(7.6)

7.2.2 Eddy Viscosity

Various functions are used to describe the distribution of the eddy viscosity (E) in
.the water column. At the simplest level, a constant value can be used for the entire

depth:

E.=qU Y, K (7.7)

where # is a constant of proportionality (evaluated in equation 7.16 as 1 /6). The
more traditional expression is to assume a parabolic distribution developed as fol-

lows (Graf 1971):

First, a lincar shear stress profile is assumed in the water column:

t, Yo=Y -
.2 = 9 - ( i .S)
to Y,
where 2, and #, are the local and boundary shear stresses respectively. Next, the
logarithmic velocity profile assumption (equation 7.4) is adopted together with the

Reynold's analogy given as follows:

du

t,:, = pE;}? (7.9)
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where pis the thid density, Combini,  these three equations and solving for E
sives:

E=Y,RU.y(1 -1 {7.10)

Note that this expression suggests that E =0 at y = O or g = 1 and £ is maxinum
at mid-depth. This expression is one of the principal huilding blocks for the Rouse

expression (cquation 7.1) describing the suspended sediment. protile.

More recently, researchers use & combination of the parabolic oddy viscosity
distribution in the lower half of the water cohunn and a constant (maximum) \'-'fh::f_\
in the upper half. That is, E is described by equation 7.7 for y < 0.5 and by )
0.25YoR U, for y > 0.5. This combination of 7.7 and 7.4 resnlts from the analyses of

suspended sediment distributions and from noting that the presence of water surface

waves implics that there is mixing in the upper portion of the water column,

A fourth expression for E. developed by Laursen (1980). is deseribed in the
next chapter. Ouly the constant and parabolic distributions are investigated in this

chapter.

7.2.3 Suspended Sediment Distribution

Using the principle of conservation of mass in a control volume and the Enlerian dif-
fusion equation combined with Revnold’s analogy. the dispersion-diffusion equation

in three dimensions for open channel imcompressible How is:

dC(z;.d) = 8C(wj.d) , 0 . OC(xj,d) _
dt - i a.r_, + a:l'.'_,'(‘l:"‘J c’).-::,- ) ("11)
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where the subseript s vepresents solids, the subseript j represents each of the three
directions, and E, is the cocfficient representing the combined effect of molecular

ad curbulent ditfusion.

Assuming that C(r;.d) is virtually constant in time and that gradients in the
longitudinal and cross-stream directions are an order of magnitude less than gradi-
ents in the vertical direction, then for a given d. if the still-water settling velocity
of that grain size W(d) is representative of the settling velocity of d in turbulent

flow, equation 7.10 reducces to the following well-known equilibrium cgaation:

" dC(Y, d) >

WO, d) = —Ep—7 (7.12)

Also, assuming a relationship between the vertical dispersion coefficient and the
eddy viscosity (E,» = BE, where B is a constant of proportionality)., then equation

7.12 becomes:
dC(Y,d)

w(d)C(Y.d) = —BET,t

(7.13)

When cquation 7.13 is combined with equation 7.10, the well-known Rouse equation

describing the sediment concentration distribution is obtained:

Cly.d) - zw - -
Cuid) 8

where, y.j; is the normalized Rouse expression for depth, given by:

) l_ya . -~y '
| ”'“‘(1-a§) | (7.15) .

R

_ , . ’
S =

When a constant cddy viscosity is assumed, the expression for concentration

in the vertical becomes:
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Cly.d) _ oL 17 1 Py T 16
m = oXp (7.16)

where the inclusion of  in the exponent allows the use of 2 in both 7.14 aned 7.16.

It is given by

- wid) -
=SB {7.1%)

Note that for the case of parabolic eddy viscosity E. average value E of £ is obtained

by integrating equation 7.10 over the full water depth giving:

. U.RY,
E=— T.18
B (7.18)
If the hypothests is made that the constant cddy viscostty E. is equal to the
average value given by equation 7.18. then from equation 7.7, = 1/6. Iu the

following pages this hypothesis is tested against PI measurements obtained in the

Lower Fraser. N

Regardless of the expression used, the key for successfully modelling the sus-
pended load is torevaluate Z(d) (equation 7.17). Recently, there has been contro-
versy over the value of the von Karman constant. Some rcsem'clu-rs' (e, Yaliu,

.1986) have begun to refer to it as the von Karman ‘ﬁmrmnctcr”. Traditioually, a
;"Eué of 0.4 is assigned to K though some studies indicate that its value may be
much lower (Einstein, 1950). For the Lower Fl'?lsf‘l;, preliminary analyses indieated

Pt
)

that X may range between 0.54 and 0.45 (table 7.1)

Second, the value of B is also receiving attention. Arguments are put forward

128



()

that sediment turbulence differs from water turbulence because of inter-particle

interference andfor heeause of increased momentum of the solids over that of water.

In practice, the value of B is usually obtained experimentally by first calibrating

equation 7.14 for a given grain size and then obtaining the Rouse number for other

" prain sizes according to the following relationship (Graf 1971):

Zi _ (wd)\® -
Z (w(d,-)) (19)

where subseripts 1 and j relate parameters to grains of size i and ] respectively

and Zy; is the ratio of Rouse number’s of grain size 1 and j respectively. From an

cxamination of 7.17, the theoretical value of ¥ should be 1.0. However research has

shown that a value of 0.7 is more appropriate (Graf 1971).

In this chapter, grain size fractions will be examined. A comparison will be

made of the behaviour of the suspended of grain fractions rather than grain sizes.

Accordingly subscripts i and j denote fractions characterized by (1) 4 < 0.062 mm,

(2) 0.062 £ d £ 0.125 mum, (3) 0.125 < d < 0.250 mum and (4) 0.250 < d < 0.500

mm. Note that according to cquation 7.19, Zi/; should be independent of local

hydraulic parameters.

Finally, for equation 7.17, Einstein (1950) proposed using the ‘skin’ shear veloc-

ity (U.7) in licu of the total shear velocity U.. Noting that the relationships used to

develop the equation were based on total shear stress, Einstein’s assumption should

be avoided.

~—
o

In the following scction two suspended sediment distribution models are exam-

ined. The first, known as the Rouse equation, assumes a parabolic distribution of
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E, while the second more convenient expression uses a constant eddy viscosity E..
However, for the successful application of either model. it is necessary to quantify
Z. In the following section. Lower Fraser PI data will be used to study the be

haviour of the suspended sediment, evaluate Z. and assess the performance of the

two models.

7.3 Observed Concentration Distribution

As stated above, the suspended sediment profile in the Lower Frabcr was measured
more than 150 ti::lnes by WSC. Certain dat# manipulations were undertaken to see
if the theory presented in the previous sections conformed with PI data-obtained.
Some manipulations were for thc; purpose of statistical analyses while others were

made in order to plot points for visual (subjective) interpretations.

To test the Rouse and constant eddy viscosity models against grain fractions 1
through 4, equations 7.14, 7.15 and 7.16 were manipulated. Taking the log of cach

side of equation 7.14, the following expression was obtained:

log(Crt) = log(—) = Z:log(y.r) (7.20)

at >
where Cy; is the concentra.t:on of gra.m fract'on zat loca.l relative depth y, C,; is Cy;
evaluated at y = a (normally correspondmg to the sa.mplc depth closest to the river

bed), C,; denotes the relative concentration of grain fraction i, and i represents one

of the four grain fractxons (deﬁned above). The validity of 7.20 was tested in two

- ways. First, when log (Cr)is plotted against log (y.r) (or against log [(1 - )/,
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the points should fall on o straight line. A visual inspection was made of the plots
to determine their linearity. Scecond. the scatter of the points about the estimate
wits measured by performing a linear regression analysis. The goodness of fit was
indieated by the value of the correlation coefficient 7. defined as follows:

Z:.::l ((I)i — (I)Hl) - :"=1((I’,' - (I’,,)
:'l=l((I)t' - ‘I’m): '

P3P = (7.21)

where ®; are the individual data points (in this case, ®; = log[C,]). @, is the mean
valuc of @; in the vertical, :ﬁxd &, is the predicted value of ®; according to the lincar
regression. It should be noted that since no ihtercept is present in equation 7.16,
when regressions were performed the “zero-intercept™ option was normally chosen.
This option (known as a “rcgression with zero degrees of ﬁ'éedom”) forces f.he line
of best-fit to pass through the origin. As sﬁch, SONMC Cascs occﬁr where the mean
value of ®; ($,,) is a better estimate of ®; than the line of best fit (given by @.).

In such cases, r* may have the unusual character of being less than zero.

The same analytical approach (both subjective and statistical} was used to

evaluate the performance of equation 7.16 after making the following manipulation:

log(Cri) = —Z(y — a) log(e) (7.22)

In this case ®; was plotted against (y — a).
7.4 Results of Visual Inspection of the Data

Due to space constraints, all 150 plots of each grain fraction for each model can

B

not be included here. Sample plots of PI data according to equations 7.21 and 7.22
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are shown in figures 7.8 and 7.9 respeetively. 1 the theory on whicly they were
based is well founded. the equation. should plot as straight lines. However, visual
inspection revealed that some protiles plotted equally well (or equally poorly ) under
cither formulation. while some tended to follow the Ronse and others the siuplitied

expression more closely (fgure 7.10).

For the first grain fraction (d £ 0.062 mm). the Rouse expression revended
a definite advantage in 5 % of the cases, the simplificd expression in 2 % of the
cases and cither performed equally well (or poorly) in 93 % of the eases, For the
scéond fraction ( 0.062 < d < 0.125) Rouse was favored 26 % of the enses while the
simplified expression was f:wored in 10 % of the.cases. Fori = 3 ( 0,125 < d < 0.250
mm), the expressions were favored in 45 % and 24 % of the cases respectively, while
for the fourth fraction { 0.250 £ d £ 0.500 unn) the expressions were favored in 13
% and 27 % of the cases respectively, Stated differently. the Rouse expression was
applicable to 95 % of the data. when i = 1 or 2. and was applicable to 75 % of the
larger fractions. On the other hand the simplified expressions were applicable to $5

% and 55 % respectively.

This analysis indicated a clear preference in favor of the Rouse expression over
the simplificd one. Though this result was expected, it is interesting to note that, in
some cases the assumption of a constant eddy viscosity provided the better model,
An insight into this observation is obtained by examining the data at Mission (fignre
7.11) and at Port Mann (figure 7;12) separately. For the latter, where there is o

more efficient mixing process (due to tidal effects), both models were found to be

~equally appropriate.
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The results of the statistical analyses are reported in figures 7.13 through 7.16.
for fractions 1 = 1 through 4 respectively.  In each of the figures the frequency
distribution of r is plotted for cach model. Contrary to the subjective analysis, r
was generadly found not to be a function of the grain fraction examined. The mean,
median and modal vadues of r were 0.7. 0.8 and 0.9, This indicates that for most
measured profiles. the models are a fair representation. 011 the other hand, the
statistical analysis confirmed that in some cases. neither model was applieable since
20 % of the r values were less than 0.5, The statistical analysis indicated only a

marginal preference of the Rouse model over the simplified one.

Visual analysis of the PI data revealed additional information. Examination of
the data plotted according to cquatioﬁs 7.21 and 7.22 revealed that the scatter of the
data about the estimate was not “normally™ distributed. In fact, in 2 significant
number of cases, data sﬁO\vecl a persistent trend towards non-linearity. In the
casc of the first fraétion, since the grains were so fine. they were very well mixed
and the non-linearity did not reveal itself to a great extent. However, for the
coarser the grain fracﬁons, not only was the effect stronger but it was found in
increasing frequency. - According to the inspection (using either model), skewed
results were observed in 10, 38, 61 and 57 % of the cases for grain f:jactions 1
through 4 respectively. When this effect was observed, the Rouse equation was
virtually always superior in performance to the simplified one. At the time of the
analysis, it was hypothesized that the skew may be due to the limitations of the
models investigated or may be due to the effect of analyzing grains by fractions. The
numerical consequences of using grain fractions in suspénded sediment modelling

was therefore studied in depth and is presented in the next chapter.
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The ratio Z;/; (the quotient of Z; and Z,) may also he offeeted by the distri-
bution of grains within a fraction. On the other hand. it ean give an indieation
of the consisteney of Z sinee, on the surface. the ratio is independent of hydeanlic
parameters K. U, and to a certain extent B, Sinee the statistical analysis indiented
the models performed poorly 20 % of the thue, it is expected that Z; would also
be inconsistent about 20 % of the time. As such. only the central 80 % of the datn
was used (figures 7.17 and 7.18) and the error in the computed value of 2, wax

estimated by subtracting the 10 pereentile value from the median value.

When 0.125 < d < 0.250 mm was chosen as the reference () fraction. =, /2
was 0.14 +/- 0.17, Zpn was 0.45 +/- 0.24 and Zapmowas LT +/- L2, Note that
the errors represent 120. 50 and 70 % of the median values respectively. To verify
that the large relative errors were not due to tho- partienlar choiee of the j-fraction,
the analysis was repeated for j = 2. This analysis confirmed that there is o very
large relative error in the computation of Z;/;. Morcover. one reference size did
not lead to greater consistency than another. However. on the positive side. the
median values of Z;; are surprisingly consistent. Whether the ealenlations were
performed at Port Mgnn or Mission, or based on one or zero degrees of freedom in
the regression of Z;, median values for a given i/j combination only varied from one

site to another by about 20%.

Finally. an analysis was made of the value of 3. Reeall that the theoretiend
value of this constant was obtained by assuming that the mean eddy viscosities of
the two models were equal. As such, the expected value of # was 1/6. Figures 7.19

and 7.20 show the observed value of 4 for fractions 2 and 3 respectively. n perforins
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well between the 10 and 90 pereentiles. On the other hand, becanse the tails are
so long. the median rather than the mean value of 4 is o better estimate of the

constant.

When all profile data were used and £ was caleulated based on a regression of
one degree of freedom., the median value of 4 was 1/7.3. When Mission data is used
exclusively. 7 was 1/7.2. whereas at Port Mann i was 1/7.6. When Z was obtained
using a zero-intercept option, y dropped to 1/7.9 overall. Therefore. there is a fair

agreement between the theoretical and observed values.

:

Thus far in the analysis the applicability of the models has been evaluated and
the behaviour of the Rouse number examined. In order to characterize the grain

fractions for estimating bias in DI samples, it would be useful to establish functional
relationships between Z; and 1/Q. Theoretically, £ | should be related to tf . (since
2 = w/{(BRTU.). equation 7.15). however due to the nature of the shear stress
dependency on discharge at Mission, this more practical form of the relationship
can e obtained. From equation 7.6.

- L4
. i©n. gﬂ.»

L i 7.3
1.456Y,/° (+-23)

substituting cquation 7.3 for # and 7.2 for Yy and the following expression for

Manning’s n (obtained through calibration of ONE-D to the Lower Fraser):

for Q > 199, 500cf

n = 0.01971 + 2.4 x 1073Q (7.24)
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or for (@ < 199, 500 f~

o= 00245 {7.25)

then, for @ > 199.500¢ fs

_ 6.05 x 1072 Q"™ 0.01971 + 2.4 X 1078Q)y™

U. T (7.20)
(25.27 + 5.4 x 10-5Q)/*
or, for Q < 199.500¢fs. equation 7.6 becomes:
. 6_0:- X 10-.'- [URR RN 0.02_ LA
U= = QTTH0.0245hy (7.27)

(25.27 + 5.4 x 10-5Q)"/"

At first glance. equations 7.26 and 7.27 would indicate a very non-linear relationship
between U7, and Q. However, as displayed in figie 7.21. the relationship can be well
represented by a linear dependency and hence the feasibility of formubae relating 2

to 1/Q in Heu of Z; to 1/U..

Based on calculated walues of Z;. lincar regressions relating Z; to 1/Q were
performed (fgures 7.22 through 7.25). The estimated values of the slope and the
intercepts are listed in table 7.2, The table also indicates that the average r value
for the Z; - 1/Q regression was about 0.5. Given the scatter in the data displayerd

-

in figures 7.22 to 7.25. the low value of r is not surprizing. The derived valne Z;
ciffered from that estimated within the 10 to 90 pereentile rauge by about 100%.
This may imply that a second pnr;'mu-r.cr shionld have been included i the annlysis.
On the other hand, the trends represented by the estimates are definitive and the

- scatter associated with each line is quite nniformly distributed for all vadues of 1/Q.

This suggests that the general formn of the relationship is appropriate, The faet, that,
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seatter is present means that the results are not as precise as desired. nevertheless,
if these regressions have the same properties as others made above. there 1s o degree

of confidence that the mean values obtained are reliable and representative.

7.5 Estimating the Bias in DI Measurements

WSC has addressed the issuc of discrepancies between mean sediment concentra-
© tions obtained using DI and PI data. To obtain the mean sediment concentration
from PI data, the product of measured concentration and measured velocity was
plotted as a ﬁﬁlction of depth, manually integrated and then divided by the unit'

discharge ¢

Y0 . .
C= fo C(¥ )udY/q (7.28)

Durette concluded that. in general. values obtained by each sampling method were

within 5 % of cach other.

In this study. an alternate cox_npa.mtive méthod was employed. It consisted of
using values obtained above for Z; as 2 function of 1/Q in combination with the
Rouse suspended sediment distribution: médél. The latter was applied to calculate
the ratio between the theoretical mean concentration of the entire wa.tér column,
and the mean concentration of the DI sampled zone only. The ratios obtained were

then related to the grain fraction, the extent of the unsampled (near-bed) zone, the

von Rarman K and the discharge. The ratios were subsequently applied to DI data
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obtained in the 1963 te 1983 period and the overall bias in measured concentration

wis estimated.
7.5.1 Theoretical Development

The suspended sediment load S, in o portion of the water cohunn extending from
Y = Ato) =1 is given by the integration of the product of loeal veloeity and
seciment concentration:

Su= [ Ber | ©(7.29)
A= (Y )ud 7.2

where A is the reference depth. Assuming that the veloeity in the water colnmn
is logarithmically distributed and that the Rouse sediment model is applicable,

Einstein (1950) expressed equation 7.29 in integral form as:

Sa=11.6C,ULA[PI1(A) + I2(A)] - {7.30)

where I1 and I2 (functions of A) are Einstein's integration factors.and P is a

transport parameter given by:

30.2Y,
A

Pr=1In( ) (7.31)

where A is the apparent roughness of the hed.

As stated above, the full shear velocity U, should be used in equation 7.30 in

licu of the skin shear stress U." indicated by Einstein. Also, hidden in the value
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11.6 (equation 7.30) is the assumption that von Karman's K is 0.4, Otherwise, 11.6
wortld be replaced with 1 / (0.216 &), P can also he expressed in an equivalent
vet more practical form. Integrating equation 7.5 over the depth and dividing by

Yo gives:

i=Up-UJK (7.32)

Hence. an alternate form of equation 7.5 is:

U. . W@ . —
S u=f(1n(}‘)+-a+l—h1(}’u)) (7.33)

This is equivalent to Einstein’s formulation of the logarithmic velocity profile:

. E In( 30.2Y
T K A

y (7.34)

and hence the transport parameter can be expressed as:

Py = I;—" +1 (7.35)

Replacing [Pgl1(A) + I2(.A)] by I{(.A) and using the modified expressions, cquation

'7.30 can be re-written as;
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CU.A
0.216K

M

A ItA) {7.30) |
Assuming that the reference depth A = Af corresponds to the depth in which DU
sampling oceurs, then Sy represents the theoretical suspended sediment load in the
measurable portion of the water column (denoted by Sy;), To obtain the theoretieal
load in the entire water cohﬁnn. the lower limit of integration (A) sl.muld by zero,
However. based on Rouse’s relationship, the theoretieal vadue of C(0, o) is undetined.
Accordingly. the load in the entire water colwnn ($p) is obtained (equation 7.36)
by choosing a value of A(= F) a few median grain diameters above the bed, The
validity of this simplification was confirmed by a sensitivity mualysis of Sy with

respect to F.

Noting that the mean scdiment concentration is the lowd divided by the nnit
discharge, the theoretical mean concentrations in the measurable portion of the

water column (Cy) and the full water column (Cr) are given by:

Cy = S (7.37)
ar
and
Cr= & (7.38)
q

where ga is the unit discharge obtained by integrating the local velocity over the
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measurable portion of the sampling vertical. Defining © as gy /¢ and noting that

¢ = uYy. then from equation 7.33.

A MU, N -
o=1-4_ M (7.39)
}u }uI\ u

Having developed expressions for Sy, Sp and ©, the theorerical bias in the DI

sunples (B; = Cp/Cy;) can now be expressed in the following form:

B; = SO ’ ' (7.40) _
Sar s

After substituting for the appropriate imits of integration (i.c., A = Al and A = F)

in equation 7.36 and noting that C(M.d) = 5 C(F) . equation 7.31 becomes:

_ .z (FIF)O ' i
=k (MI(M)) (7.41)

ﬁiddcn in expression 7.41 is the fact that the theoretical bias in DI samples is a
function of several parameters: i.e. B; = f(#,Y, U..B,w;. K and M). Since 4,
Yy and U, arc functions of @ and B can be replac;ed by Z; (which in turn can
be expressed as a function of Q for a given grain fraction i), then the parametric
dependency can be simplified to B; = f(Q,i. K and M). Using cquation 7.41.

a parametric study of the value ot.vhe B; was performed and is rcportéd in the

following section. oo
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7.5.2 Parametric Study of the Bias in DI

To caleulare the estimated bins (B} in DI measurcments, vailues of . i. K were
assumed. In addition, based on relatiouships reported above, Yoo v. Maiming's o
and Z; were obtained for the Mission station. J{A) was caleulated by estimating
P according to equation 7.33 and T1{A) and I2(A) were obtained by mumerieal -
tegration. © was caleulated using equation 7.39. Finally B; was obtained according
to equation 7.41. As stated above. results were insensitive to the choice of F. For
the sake of convenicnce. a sr.:mdmd- value of AL = 1 ft. was normally selected in the
analysis. It should be noted that other Al-valies were used and it was determined
that B; was directly proportional to the M-value, (Normally Af ranged between 03
and 1.0 ft. when DI samples were obtained at Mission and henee the appropriante

M-value was adopted when Bt was applied to correet the DI data). :

Enpirical relationships obtained for Yy. it and Z; for discharges between 190,000
and 330,000 cfs were extrapolated for the purpose of the parmmetric analysis of B3,.
The reported beliaviour of B; for discharges ontside the quoted range should be
viewed as being less authorative than those obtained within the ranpe. The results
of the parametric study arc presented in figures 7.26 through 7.28 and the following

general conclusions apply:

(1) For a given grain fraction 1 and a given KA. the larger the fow raie () the more

B; approaches unity (figures 7.26).

(ii) Although B; is always greater than 1.0 for 2 given K. M and Q, the smaller the

grain diameter the more B; approaches unity (figure 7.27).
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(iii) For o given i, @ and M. the smaller the value of A the more B, approaches

unity (Hgure 7.28)
(iv) For a given i. Q and K. B; is essentially directly proportional to A,

Figure 7.27 is a contour plot of B; as a function of grain fraction (i) and
discharge. Assaming A = 0.4 and \I =‘1 ft. figure 7.27 shows that B; is preater
than 1.05 when @ is less than 60.000 cfs, 160.000 cfs. 330.000 cfs and 700.000 cfs for

| cach grain fraction respectively. Similarly, B; is greater than 1.1 when @ is less than
40.000 cfs. 110,000 cfs, 200,060 cfs and 460.000 cfs respectively. Also, B; is greater
than 1.15 when @ is less than 60,000 cfs, 90.000 cfs and 230,000 cfs for fractions 2

through 4 respectively.

Therefore, for all values of (2. there is no appreciable error in the measured DI
concentrations of the silt and finer lna(is. i"or flows in the spring freshet range (
Q > 200, 000 ¢fs). there is no appreciable error in the mcmfumd wash load ( d < 0.19
mm). However. for the suspended bed material load (sbx;ul), appreciable errors (iﬁ

the order of 5 to.15 %) can be expected even during the freshet period.

This would bc less if a smaller value of thc von Karman constant was assuned.
‘For example, if & = 0.3, then for fractions 1 through 4, B; would be greater than

1.1 if Q was less than 30,000 cfs, 90.000 cfs. 130.000 cfs and 260,000 cfs respeetively,

To highlight the dependence of B; on £, B; was expressed as a function of £
and K. For example, when Q = 200,000 cfs, B; can be as low as 1.05 (for Z € 0.3

or K < 0.3) or as high as.2:45 (for K = 0.4 and £ > 1.2).
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7.6 Summary

7.6.1 Sediment and Velocity Profiles

Pl data indieate that che vertical veloeity profile in the Lower Fraser has three
distinet zones.  Firstly, the bottom 13 % of the water cobunu is logarithmieally
distributed, Sccondly. in the core aren (also logaritlonically distributed) heennuse
this zone h ﬁec of dune cffects. the dependence of w on 17 is different than tha
observed in the lowest region. In the third zone, the top 5 to 10 % of the water
colmnn. the velocity profile is froquently distorted due to wind-generated shear
stress. Therefore, direet application of the traditional logarithiic velocity profile
to the cntire vertical How field of Lower Fraser has its limitations. Accordingly,

alternate expressions for representing the vertical velocity profile should be explored.

Of the two suspended sediment models investigated, the Rouse model {based
on a parabé)lic distribution of the cd(’ly viscosity) was found to be hetter than the
stmpler model (based on an assumed constant eddy viscosity). However, in most
cases both madels were equally able (or unable) to represent the vertical gradation

in sediment concentration. In other cases., cach model displived o marked advantage

PR
Pasmptt

over the other.

For cach model there was a systematic skew in the plot of normedized con-
centration versus normalized depth in about 30 % of the PI grain fraetion profiles
examined. It is hypothesized that the bias may be due, in part, to the fact thn

grain fractions rather than distinet grain sizes were used in the analyses, Further



stady of this offeet was undertaken and the results are reported in the next chapter,

The Rouse Number £ showed @ marked variability in all of the analyses un-
dertaken. Even the ratio of Rouse Numbers obtained for one grain fraction to that
obtained for another grain fraction (Z;; determined at the same time and sane
loeation) showed i marked variability, f‘or example. the 10 pereentile value of Z;y;
differed from the median value by about 100 %. Some of the variability is certainly
due to linﬁ_t.utious associated with the colleetion of the data, the laboratory analy-
ses (often involving the measurcment of very few grains), and statistical procedures
used to estimate £, It could be due to the fact that 5 may not vary in the same
wn_\':::g a function of discharge from one grain size to the 6ther. It may also be
beeause the rclnti\'c. proportion of the sediment sizes \\-'it.hi‘.l a grain fraction may be
a function of discharge. Finally. the variabilissoi== “may be due to poor or inad-
cqn;tt f.hcorcnc'\l assumptions inbefent to the modcls used. However, cven though
Z;s; showed a great deal of variability, mcch;m v'!.luca were quite consistent from one

data subset to another. This fact lent credibility to the analyses and reliability to

the median values obtained.

The hypothesis ﬂxat the Rouse number used for the constant eddy viscosity
modecl s_hould be multiplied by 1/6 (= n) was confirmed. Analyses showed that
-:} using Mission data was 1/7.2. while that for the Port Mann da:i‘,a was 1/7.6.
Although a frequency distribution analysis of the ratio revealed that 20 % of the
data were outlicrs. most /y::dues were:clustered zm;und the median value. This re-
affirmed the conclusion that tg.; median estimates of the Rouse mltmbcr are generally

reliable.
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From an examination of the relatiouship between U, and @, it was determined
that 2 could be related to 1/Q in liew of 1/0.. While subsequent analyses revenled
a large seatter of points, the regression lines displayed consistent trends. Sinee the
2 was uniformly seattered about the estimate for all values of 1/Q (s given the
consistency of the trends found in other analyses of the Rouse munber), a fair degree
of confidence can be placed in the derived Z; - 1/Q relationships even though the

10 pereentile values differed from the estimates by abont 100 %.
7.6.2 Bias in DI Sampling

Based on Rouse’s model for suspended sediment concentration distribution suad
~empirical relationships derived for the Mission station, the potential bins (B;) in
DI measwrements was quantified throngh a parmnetric study of B; versns grain

fraction i. and parameters K. Q and 3. The bias was direetly proportional to the

magnitude (1) of the unsampled near-bed zone,

B; was also found to be greater for higher values of the von Karnnm coctlicient.
for coarser grains. and for lower glischi:rgcs. The analyses indicated that 1o appre-
ciable bias in Mission DI measurements of wash load wonld oceur during the spring
freshet period. On the other hand. for the sbml (grains conrser tham 0.19 mm). a
bias in the order of 5 to 15 % was indieated. even during freshet eonditions. To
obtain a hetrer estimate of the shml in the Lower Fraser. B; should he applied to

actual DI measurciuents.

i
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Figure 7.3: Regression of Velocity versus In(Local Depth) at Mission - Vertical 900
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Table 7.1: Estimation of vou Karmian's v at Mission

| Vertical Vertical Vertical Vertical Veriteal
_ 300 300 300 300 300
Yy (ft) 425 43 10.7 41.0 11.6
@ (fr/s) 395 475 466 4TS 067

u. (ft/s) 0.216 0.260 0.257 0.263 0.267%-
Intercepe (ft/s) 1.50 3.23 255 2383 3.10
Slope = 3 (ft/s) | 0.885 0.584 0.7450  0.750 0.750
K 0.24 044 0.35 0.35 .45

Table 7.2: Regressions of Z; versus 1/Q (Q in 1000 ofs)

Grain Intereept  Slope  Correlation  Ervor on
Fraction Cocficient  Intercept.
Mission City | 0.000 < d < 0.062  -0.003  19.65 0.64
All Verticals | 0.062 <.d < 0.125  0.046  45.71 0.38
No. of data | 0.125<d < 0.250 - 0.27 43.30 0.41
=101 0250 < d< 05000 0.33 138.9 0.48
Mission City | 0.000 < 4 < 0.062 -0.002  15.66 0.77 0.33
Vertical 900 |} 0.062 < d < 0.125  -0.30 62.79 0.29 0.075
No. of data | 0.125 < d < 0.250 0.16 7217 0.39 0.10
=20 | 0.250 < d < 0.500 0.11 186.7 0.43 0.35
| Port Maun | 0.000 < d < 0.062 0.004 7.0 0.1
Vertical 700 [ 0.062 < d < 0.125  0.018  27.88 0.40
No. of data | 0.125 < « < 0.250 0.18 3717 0.28
=16 0.250 < 4 < 0.500 0.62 31.0 0.60




i

Chapter 8

Modelling Mixed Sediment
Suspended Load Profiles

8.1 Preamble

At present, ONE-D-SED calculates the s&limmt transport rate based wn total load
formulae. When cmploying such equations, a rcprcs;:ﬁtrative graiv size must be used.
In ch;tptcr G. it was noted that the representz;tive size <, is a function of several
parameters including the extent of the main size distribution. It was indicated

that both the Ackers and White and Day findings indicated that representing the

sediment grain size for natural rivers needed further examination.

It was postulated that the choice of the representative grain size d, could he
related to the representative fall velocity W, of the suspended sediment since for
sand-bed étrcams, virtually all sediment load moves within the water column. A |
m;mhcmat.écal analysis was therefore p(_:rformed to determine d, of a suspended load

consisting of a range of grain sizes. This is the subject of this chapter and, as will
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be shown, the results not only will provide o mathematieal basis for the chotee of
d.. but also will provide required information should ONE-D-SED I up-graded to
include the modelling of the sediment load by grain-size elass and/or for modelling

the suspended load (including the wash load) separately from the bed lond.

The vertieal suspended sediment concentration profile in o river flow is often
(iL‘Sk‘ribl‘(l by a diffusion-dispersion mudel. Such models are normally fu'.'lmtlutmlﬁ(ﬁn‘.
the basis _tlmt- the material is of uniforn siy:o. However river sediments ave invariably
mixtures of different-sized grains. The usual approach is to divide the entire grain
size distribution inro an appropriate munber of size ranges. or “feactions”, and then

e

characterize the latter by their respective geometric mein sizes o,

This chapter examines. based on an assimed log-normal distribution ;)f arain
sizes. the possible errors in calenlated suspended sediment concentrtions awising
from the choice of d, or the representative prain size for sediment wmixtures in the
application of diffusion-dispersion models. Under certain conditions errors are found

to be significant and a correction factor is proposed to accomnt for the resulting

discrepancies.

8.2 Theory

In some diffusion-dispersion models. the sediment sransfer cocfficient. E,; is assumed

to be constant over part of the water cohunn (Kerssens et al. 1979}, while in others

E,2 is assumed to vary throughout the whole depth. Its value ean be based on a

stochastic analysis (Bechteler and Farber 1985). although most models assume a di-
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rect relationship between the sediment transfer and momentum transfer coctfictents

as follows:

.El.,-_i = BE - (S.l)

in which £ is the momentum trausfer coefficient and 8 is a coefficient of proportion-
- ality reflecting the difference between the diffusion of sediment particles and that of
momentun (Itakura and Kishi 1980; Kerssens et al. 1979; Laursen 1950; McTigue

1981 and Rouse 1937).

Assuming equation 8.1 applies and that the velocity in the chammel is loga-
rithmically distributed and is steady and uniform, for moderate concentrations the

“sediment concentration profile in the water column is given by:

C(y-d) — a,=(d) 9
Tl =y, (5:2)

Based on pseudo-theoretical analyses. Rouse (1937) and Laursen (1980) give the

following expressions for y. respectively:

1-y\:a ' :
: e (22)
%L=§ (8.4)
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Although the form of the yo-expression is not the most eritical component of the
madel (Jobson and Sayre 1970). the choice of expression does inftuenee the come-
puted concentration to a certain extent. It should be noted that the Lanrsen version
not only is simpler. but also it better reflects the findings of many researchers (Cole-
man 1970: Kerssens et al. 1979: Laursen 1950). naanely that t.lwl suspended sediment

is more uniformaly mixed in the upper region of the water columm.

What is usually considered critical however is the estimate of the Rouse number

Z which for a particular grain size can be expressed thus:

W(d)
6BU.K

S(d) =

where 6 () is a fanction which has been introduced to account for the generally

assumed damping of fluid turbulence by higher concentrations in the *near-hed”

zone (van Rijn 1984).

Estimating Z£ can be difficult. Not only has K to be estimated but also B and
6. The ;estimatcs are uncertain for a number of reasons, including: the stochastic
nature of turbulence (Petkovic and Bouvard 1985), the influence of bedforms on
local velocities and sediment concentrations (Ikeda and Takashi 1983), the effect of
turbulence and the pro.\:imitsr of other grains on the valuc of the grain fall velocity
{Graf 1971), the i1‘1r,crfcrencc of one size on another {Samaga ct al. 198G), the effect,

of sccondary currents which promote transverse mixing, and the fact that no direct,

comparison can be made between the constants of proportionality of one diffusion-
dispersion model and thosc of another (Karim and Kennedy 1987). Therefore,

although equation 8.5 is used in this work, its limitations are recognized. Although
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at high concentrations o(y) < 1.0 (van Rijn 1984). in the analysis that follows. for
the sake of convenience, ¢ was assuned equal to unity for all values of y . Also the
product BR was taken as 0.4, but this assumption was made only for the purposes

of presentation and does not represent any loss of generality in the results presented.

As noted in the previous section, in practice the relevant grain size distribution
is divided into fractions and equations 8.2 and 8.5 are then applicd to these in
turn. { The number qf fractions employed in any given situation is to a large extent
depcnd;:nt on. the degree of accuracy required and what level of analysis is feasible).
A fraction can be characterized by its “l;and width™ I;_a (= da/d;) and by its
geometric mean size d, (= Vdidz), where da and d are the fraction’s upper and

lower bounds respectively.

Normally, for cach fraction, the representative fall velocity 1V, is assumed ap-
proximately equal to that for d, . i.e.

W, = W, (3.6)

Sincc this assumption is not necessarily valid (van Rijn 1984) it would be more

correct to write

W,

T T

W, (8.7)

where 7 is a fall velocity coefficient introduced to account for any discrepancy be-
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tween the representative fall velocity and that for the geometrie mean size. Altlo teh
engineers are generally aware of the over-shmplification contained in equation 8.6,
little effort h_as been directed towards quantifying numerieal (computational) ervors
that result from its use. The present study ﬁ(l(h'«ﬂaos‘ this particular ssue by ex-
amining the relationship between W and Wi, It was found that in some chses the
simplification represented by equation 8:6 is quite justified while in others the vilue

of v departs substansially from unity.

The study’s main goal was to determine tim order of errors that may be in-
trodu.ccd in the analysis as a result of applying cﬁtmﬁion 3.6 and henee provide a
framework for selecting a suitable number of grain size fr:ﬁtiuns in o given situation.
The study also quantified the behaviour of 4 with respect. to cortain parmmeters that
assist in the sclection of an appropri'ato W, to ])t.; used i evaluating 2 for o given
grain fraction.

8.3 Analysis

8.3.1 Fall Velocity Coeflicient ~

In the analysis that follows it was assumed that the sieved grain size distribution

at the reference level was log-nonnally distributed, i.c.

o2
C'QC- 2

(d) = ———— 8.8
Cald) d\fElna_,, (8.8)

where { is the normal variate { =1ln j‘; [Ino, ). o, is the geometric standard devia-
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tion of the distribntion ( = deg/dan). dsy and dsy are the grain sizes for which 50 %
and 84 % by weipht respectively of the sediment is finer and €, is some arbitrary
* concentration.  Substituting the value for C,(d) in equation 8.2 and numerically
integrating from d; to da yiclds the exact value of the local concentration Cioa(y)

for that sediment fraction:

c e __Co L4 8.9
n-2(y) = v me T - (8.9)

If, however, the correct representative fall velocity (W, = W,/ )' was chosen for the
fraction, Cy-o(y) could be obtained more simply_'b_\-'

W, I
Tﬂm . Cu . Ft—2

C Craly) = & (8.10)

where Fy_, is the area under the normal distribution curve between {(d;) and ((da).

- Equations 8.9 and 8.10 are equivalent and hence a solution for  (#.) is obtained

directly:

W, lny.
Y(y.) = v

¢
= T Wi 2
oBU.K 1 I.;llz .y_wu.h’ cd-1-e=% -dd - In(F _-_,\/2‘.7.111.0‘9)

(8.11)

Various equations are available to estimate W as a function of d. In this
analysis a shape factor of 0.7 was assumed for those grains larger than 0.026 mm
and a standard settling diameter was obtained (Vanoni 1975). Th;-: drag coefficient
Cq4 associated with fully turbulent settling was equated to 0.4; for settliﬁg that was

not fully in the turbulent region, W(d) was evaluated based on Schiller’s equation
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(Schiller and Nawmaun 1933): &y = %‘[l + 0.15R."), where R, I the grain
Reynolds Number.  Based on these values of Cp. arelationship was established
according to Yalin's recommendation between two dimensionless pariuneters ad
hence the fall velocity was obtained without the nsual “trial and error™ approach
{(Yalin 1972). It should be noted that-when the distribution of the grain sizes is
log-normal, the corresponding distribution of the fall velocitios generally deviates

somewhat from the log-normal one (Kennedy and Koh 1964).

Referring to equation 8.11, it can be shown that

W,

Yy.) = F(I 2. -i’,*.d‘.,.(,,_,.a,, (8.12)

in which %:‘- is called the "dimensionless fall velocity™ and ¢, is ¢ cvalnated at
d = d, . Equation 8.12 is a function of severnl dimensionless variables and the
dimensional \iu'ia.blc dy (mm). Since it is not feasible to display such a funetion
directly, a paramectric study was performed holding four variables constant and
plotting v as a function of y. for different values of the fifth -\':u-inl)lc. For example,
in figure 8.1, 7 is.shown as a function of y. for various values of the grain fraction
width (I;_2). The other four variables were held constant at %j = 0.3, d, = 0.05
mm, ¢, = 0.0 (i.e. dy = dy) and 6, = 2. For I,_, = 1.5, v (y.) is fairly close
to unity. It varies from 0.98 at . = 1 (i.c. ¥ = a} to 1.07 at y. = 0.01 (i.e. y
= 0.5 according to equatiocn 8.3, or y = 1 according to equation 8.4). Henee there
is a trend that as ¥ increases, so does 7 and it is noted that the trend is more

pronounced at larger values of I;_,.
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There is some support in the literatnre for this trend of 4 (y.) in that. when
equation 8.6 is used to characterize the Rouse number for a grain fraction. mea-
surements have shown that the diffusion-dispersion equation in its original form (i.c.
equation 8.2 in conjunction with equations 8.1 and 8.3) under-predicts the actual
concentration in the water column (Antsyferov and Kos’van 1980: Coleman 1970;
Nerssens ot al. 1979; Laursen 1980). Thercfore, in order to overcome this deﬁcicncy
mn Rijn (1984), for example, increased the value of &, In the upper half of the \\-'a-.
ter column and introduced ¢ (y) in the lower regions of the flow. Though these
modifications may have a psuedo-theoretical basis (Ixarim and Kenmedy 1987), it is
noted that introducing v (y) would have the same cffect and hence may partiall‘}-'

explain some of the measured values. > -

In figure 8.2, Ij_» is held constant at 2.b, and v is plotted against y. for
different values of the dimeusionless fall velocity }gf- For low -values of %-_"- the
suspended sediment concentration profile is flat and hence there is little variability
in ¥ (y.). However, as ‘va incx;eases (mjhmce the concentration gradient increases).
¥ (y-) shows a marked departure from uwnity. This result is also confirmed by others.
Though Samaga et al (1936) used a different approach, their anzﬂ}'sis of measured
concentrations confirm the increased variability of v (v.) as %_‘1 increases. Clearly

therefore there.are conditions under which the assumption that v = 1 is appropriate

and others where this assumption will lead to biases in the predicted concentration.

In figure 8.3, 1,_'—,? is again held constant at 0.3 and the absolute value of d, is
varied. In this case 7(y.) is more sensitive at lower values of.a_f_,, . This is explained by

the fact that for small grains, W(d) « &° | , whereas for larger grain sizes, W(d) « V/d.
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However this result should not be confused with the former. sinee in this case the
dinrensionless fall veloeity is hield constant and therefore the concentration gradient

of the mean grain size does not depend on the absolute size of d, .

Finally. in figure 8.4 the effeet of ¢, on 4 (1) is shown, Sinee C,(dd) is lng-‘
normal. the distribution of C,(d) with respect to o is quite skewed. Heuee the
location of d, in relation to dgy can alter the value of 4 (#2) tn o fadrly signiticant
way. This result suggests that should a constant value for 4(y.} be employed for
all fractions. a bias will still be present in the computed concentrations. H might
also be noted that for grain fractions that are coarser than the mean size of the
distribution (i.c. {;, = 1 and 2). the corresponding fall velocity coctficient is always

greater than 1.0 for y > .

The parametric study showing the cffect of o, on ¥ (.) is not included here
since it was found that + (y.) increased only very margmally as o, increased. while
holding the other four parameters coustant. Therefore the effect of the standard
deviation of the distribution o, is only indirectly (or implicitly) imporr.n.n-t. in that,
as g, increases so does the required numbcer of fraction-;-: (to maintain an equivalent
fraction width) and so does the spread in the values of Gu, over the range of fractions :

in the distribution.

8.3.2 Depth-Averaged Fall Velocity Coefficient 7

In the preceding section it was shown that 7 is a function of the local depth. How-

ever, when estimating average sediment concentrations in the flow, it would be
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preferable to express 4 (1) as a depth-averaged value (). Consider the load ¢,y
(corresponding to grain fraction I;_.). moving in suspension between depths y =
a and y = 1. The load is obtained by integrating the product of the local con-
centration for this fraction Ci-a (y) and local velocity v (y) between these depth
limits. For the purpose of analysis, a logaritlunic velocity distribution throughout
the water colunm {with a mean velocity i) was assumed. Thercfore. within the

limits specified. the suspended load is given by:

I.V

U. ]
Gayes ....j Capca - yot®1e® o S50 R (I' Iny+ %:-i—u) dy (8.13)
Once qy,_, is determined, 4 (which is a function of y.) can be replaced by ¥ us-
ing a trial and error procedure. In the analysis it was found that convergence to
an accurate value was quite quick (2 or 3 iterations) using the Newton-Raphson

technique.

For the :m:ﬂysis of the variability of ¥, d, was set cqual to dsg (i.e. {y, = 0)
and I;_» was equated to (n6,)° . where n = 1, 2, 3 ctc. Hence the values obtained
for 4 are representative of the grain sizes contained within n standard deviations of
dsp. Therefore, referring' to equations 8.7, §.11 and 8.13 and given these additional

restrictions:

(7

f(ag* a, D_—-

(150.

W, o
7.’ ) (8.14)

Included in this functional relationship is a hidden parameter in the choice of the
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y--expression . In the analysis, borth Rouse’s and Laursen's CXPressions were used
(equations 8.3 and 8.4 respeetively). In the former ease, the upper hnnt of integra -

tion of equation 8.13 was taken as 0.99. since g, is infinite at =10

Ouce again the results are presented in the form of a parametrie study. Tn this

case § 18 the ordinate and l[‘-.-' the abscissa. Fignre 8.5 is representative of the resulis
obtained. Here Laursen's cxpi‘cssion was used for #ae 0 Wi set cguad to 0.1, dyy bl ’ _
a value of 0.05 mm. while oy took on typical fickd values (1.5, 2 and 4). Normally |
i~ caun have a value between 10 and 30. however sinc;\ 7 was essentially insensitive
to - for - > 20. # was sot equal to 20 throughout. Also a seusitivity annlysis
was performed with regard to the value of n. Though resitlts could significantly
differ in the range 1 < n < 2, they were essentially the same for # = 2 and 3. The .
analysis chosen for presentation was n cqual to 2, as this accounts for 95 % of trlu‘:-
grain sizes in the distribution. The results presented are particularly :1.ppmpri:u.“\

when computations are based on the total concentration at a reference level without

separating the grain distribution into fractions.
! g )

Referring to figures 8.3 and 8.1 respectively, there is a parallel between the

S . . - W, . W,
functional relationships for % versus = and 7 versus y. . For low values of 2

7 is small and inc;'cascs as %f increases; this is also the general trend for ~ (}j,).
More sfﬁniﬁcmlt however is ‘thc parallel between 7 ( 1,',—.1 and the reported 1)011:;\*_%111‘
of B ( %."-) For small walues of %_’- B has sometimes heen found to be less t.h.'.i‘:": or
close to unity whereas at large values, many rescarchers have fonud B to be g'r.én.t.cr

than unity and that B increases as a function of %El {Ghosht 1.980;' Graf 1971 and

an Rijn 1984)'. An cxample of this finding is the expression rcpoftcd by ijfm Rijn
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(1984). namely 8 =1+ '2(%-;‘)" for 0.1 < 1,1-‘ < 1.0 . This is not to suggest that
B is equivalent to 5. On the contrary., B is a “physical’ parameter (equation 8.1)
while 4 represents a correction to the Rouse exponent based on a computational
stimplifieation (equation 8.7). Nevertheless, beeanse B may have been mistaken for

~ in past studies, for the sake of comparison. van Rijn’s relationship is included in

figures 8.5 through 8.8,

“The variability of 4 (§2) increases significantly as ¢, (and thercfore ;) in-

.creases. This result lends limited support to the current practice of using dgp as

an input variable in the calculations for total sediment load in a laboratory con-
text (where o, is smali) but emploving da; when the same formulac are applied
to natural ri.vcrs (where o, is normally substantially larger). Of course 5 can be
casily transformed into a characteristic grain size d, to be used in lieu of dgp. This
calculation, however, is not presented here because d. would be as variable as 5
(-‘L—‘,:f) and hence no unique characteristic grain size would result. Therefore the use
of dss as the representative size for_;_ a particular distribution can be only partially

cndorsed.

In figure 8.6, g, is held constant at 4 while dgo takes on different values. Once
again, due to the sensitivity of W with respect to d in this range. ¥ (%’f‘-) is more
sensitive at lower values of dgg . .

It is also important to note that the choice of @ significantly affects the com-
puted value of 7 (figure 8.7). At this time, there is no consensus as to the value

of a. Idenlly, a should be small so that the transport of sediment between the bed
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and a can be considered “bed load™ and henee only a function of loeal conditions,
Thongh « 1s often assumed to be proportional to the roughness element (g, dgg or
dune height), this analysis ix farther evidenee (see also van Rijn 1984) that, for the

sake of cousistency, low values of ¢ should be used with cantion.

As cvidenced in figures 8.5 and 8.8, when Rouse’s rather than Laursen’s formu-
lation for y. is used. there is waic variability in 5. This results from the faet thae.
when equation 8.13 is applied using Rouse’s formulation, there ix o greater range
in y. and therefore 9{y.), and this produces & greater variability in 4( -‘,-‘-f) . Table -
8.1 summarizes the value of % fo;' n =2 and # = 20 as a function of ‘T'-_l d, = dgy,
g, and a for y.p and y.;. The crrors resulting in the ealenlated depth-averaged
concentration. based on the assumption that 3 is unity. are also presented. The
error is presented as a ratio of the exact value of € (based on i.lm_m-tu::\l vilue of
) to the assumed mean concentration C; (based on a vahie of 4 = 1.0 ). For small

- . 1", - S
values of the relative fall velocity (L,‘ 2 0.03). C is less than €y by a factor as low

o~

W, - o - W, S
as 0.84, whercas for large values of 72 (i.e. 0.3 £ 72 £ 0.6). €, is ' =s than C by
a factor of up to 15. Accordingly crrors in calculation become significant when the
concentration gradicnt in the vertical is large, which is normally the case for fows

involving ‘large grain’ secdiment transport and/or small mean flow velocities.

Finally it was reported carlier that choosing Rouse’s rather than Lastrsen’s
expression %or y. resulted in a greater variability i %( -‘,L) The resulting error in
'C however, may in some cases be less than that obtained when using Laursen’s
expression. This is because the greater variability in '?('7}'-:*) is counter-balineed

by Rouse’s under-prediction of the concentration in the upper region of the water
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Table 8.1: Value of % and Error in the Average Concentration C when 4 is assumed

equal to 1.0

|
o =20, dy = duo Depth-averaged fall Factor for under-estimation
Yo = -:iﬂl -5 velocity coefficient: 4 of C: C/C,
Y =12 a=10.01 a=0.1 a=0.01 a=0.1
w2 | dyonmy | g | e | wer | #er | wer || vor [ v | pen | wer
005 0.05 | 2 |[0.904}9.540 { 0.982 | 0.701 j| 0.94 ; 0.92 [ 0.93} 0.92
0.05] 0.05 | 4 || 0.866|0.766 [ 0.653 | 0.52S || 0.92 | 0.87 | 0.85 | 0.54
.05 | 0.5 2 11 1.000 | 0.980 [ 0.968 | 0.945 || '1.00 | ©.99 | 0.99 | 0.99
0.05]| 05 4 | 0.995 | 0.949 { 0.917 [ 0.864 | 1.00 | 0.98 | 0.97 | 0.97
0.05| 1.0 4 [ 2.003}0.970 | 0.948 | 0.911 §| 1.00 | 0.99 [ 0.95 | 0.98
0.1 § 0.05 | 2 [ 1.142|1.051 | 0935|0814 || 1.14 | 1.04 1 0.96] 0.92
101 | 005 | 4 }1.2681.117(0.905 { 0.715 || 1.25 | 1.10 [ 0.94 0.86
0.1 0.5 2 || 1.075| 1.043 | 1.013 | 0.974 || 1.07 | 1.04 |1.01 | 0.99
0.1 0.5 4 1178 1.101 [ 1.025 (0934 || 1.17 | 1.09 { 1.01 | 097
0.1 1.0 4 || 1.133 | 1.078 1 1.025 | 0.960 || 1.13 | 1.07 | 1.01 | 0.98
0.3} 005 | 2 ||1.796|1.6521.336}1.152 | 2.97 | 255 [ 1353} 1.14
0.3 | 005 | 4 || 2435} 2157 |1.616 | 1.279 || 4.57 | 3.67 { 1.60 | 1.25
0.3 0.5 2 [ 1.304 | 1.261 | 1.143 [ 1.080 {| 1.72 | 1.61 | 1.15| 1.08
03| 05 4 §1.760 | 1.628 | 1.357 { 1.189 }| 2.90 | 2.50 [ 1.37 | 1.17
03| 1.0 2 1120411178 | 1.097 | 1.0535 § 1.47 | 1.41 [ 1.11| 1.05
0.3 1.0 4 || 1.543 | 1.457 | 1.258 | 1.141 || 2.34 | 209 | 1.27 | 1.13
0.3 20 | 2 [1.148|1.131|1.073 | 1.044 |[ 1.34 | 1.30 | 1.08 | 1.04
0.3 2.0 4 11399 | 1.342 | 1.197 | 1.115 || 1.96 | 1.81 [ 1.21| 1.11
0.6 0.05 2 1241012272 11.900 | 1.505 || 7.16 | 761 | 1.97 ] 1.74
06 [ 0.05 | 4 | 3.710 | 3.324 | 2.362 | 1.906 || 15.27 | 14.93 | 2.83 | 2.26
0.6 0.5 2 1 1.51211.496 | 1.256 | 1.205 || 2.57 | 2.88 | 1.35 | 1.30
0.6 0.5 4 23872239 (1.698 [ 1.503 }| 7.02 | 7.39 [ 1.96 | 1.73
0.6 1.0 2 1326|1328} 1.167 § 1,139 | 1.89 | 211 | 1.23 | 1.21
0.6 1.0 4 11951 11.879 | 1.481 1364 || 459 | 5.03 | 1.66 § 1.54
06 | 20 | 2| 1.220(1.234|1.120 [ 1.103 || 1.59 | 1.74 [ 1.16 [ 1.15
0.6 2.0 4 [[1.666 | 1.637 |1.345 {12741 3.22 | 361 | 1.47| 1.40
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8.4 Discussion

In the case of channel flows with mixed sediment suspended loads, when estimating
local suspended sediment coneentrations the representative fall veloeity 117, for o
grain fraction can be substantially different from that for the fraction’s geometrie
mean size W"_.,_._ As the depth y. the fraction width (Z;,_s). the dimensionless fall
velocity (%-f-), the relative coarseness of the grain fr;\ctio_u within the sediment mix-
ture {y, and the standard deviation of the distribution &_,, increase, so does the ratio
:—:-r’- { = 7). Thercfore. when a standard diffusion-dispersion mmld is being applied

the analysis should incorporate 5 for greater aceurney.

The behaviour of % should be considered where calenlations using depth-averaged
concentrations are performed. In this study 4 is shown to increase in value as a
function of the relative fall velocity %_’- and the geometrie standard deviation .
Also. % shows a greater sensitivity to these parameters when dyy and the lower
limit of integration (a) decrease in value. Hence i W, is assumed to be equal to
W, . an error is introduced in the estimation of the depth-averaged coucentration of
the suspended load €. As evidenced in table 8.1, the error in depth-averaged con-
centration C is significant for the combination of sm:n._llcr dny and relatively lower
transport rates (values of %f’- > (.3). For higher transport rates (values of %ﬂj

< 0.2), the error in depth-averaged concentration is normally negligible (ie. the

under-estimation factor is generally within 10% of unity). On the other Lind, for
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low transport rates the value of C can be under-estimated by a factor as large as

15,

This implies that the recommended representative grain size may vary as a
funection of hydraulic conditions when using tetal-lond formulae. This would be
particulardy true if the application involved modelling a natural river in which a
significant portion of the luad moves in the ncar-bed zone. In this case. the value
of %—f is high and hence a larger bias may otherwise be introduced if the total
load formula was developed in a laboratory context. On the other hand, if the
-mobile-bed model simulates the suspencied load separately and/or models gfain—size
classes, the calculated value of 4 documented as a function of hydraulic conditions
may be used. In chapter 7 it was shown that. on the surface. Z;/; is independent of
hydraulic conditions. However, the scatter in measured values iudicated that there
may be some dependency of hydraulic conditions. ‘The findings of this chapter have

confirmed and quantificd that effect.
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Chapter 9

Screening-Level Simulations of the
Lower Fraser

9.1 P;eamble

Prior to performing detailed simulations of the Lower Fraser River. two “sercening -
level studies were performed. In the first, simple chamnel geometry and constant
discharge were used to represent the river. This study provided an ideal frunework
for investigating (i) the time-frame for 1)-cd degradation processes on the Lower
Fraser, (i1) the general effect of islands on cicgmdntiou patterns, and (ii1) the offect
of channel non-uniformities on temporal and spntizﬁ changes in river-bed clevations.
_ .In the sccond screcning-level study, the complete Lower Frauer chmumel network
geometry was represented in its entirety and the hydrometric data used to deseribed
the flow regime was that observed during 1968 only. The objective was to provide
a morc realistic appraisal of the cffects of man-made changes on bed clevation

processes in the study reach. -
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During the carly 1970%s extensive river training works and navigational dredging
were carried ont downstream of Port Mann while in the study reach itsclf (figure
9.1). borrow dredging ocenrred on au intermittent basis. As a result of the river
works. the awverage water level at Port Mann was reported to be abont 0.3 m lower
than its historical mean value (pcrsoual\‘(‘onnnuniczlt.ion from Tassone though after
further analysis he later estimated the drop to be approximately 0.5 m). The
question addressed in this chapter is iln\\‘ this change in r.hc‘ downstream water
level would affect, over the long term. the river bed clevations in the Port Mann to

Missiou study reach.
9.2 Screening-level Application No. 1

Due to the approximate 0.3 m general lowering of the waicr level a£ the downstream
lcnd of the stud}'_rcach (Port Mann). theoretically the bed clevation should also
eventually drop by 0.3 m. To obtain a first estimate of the time required for the
bed to crode and how this crosion would move upstream, ONE'-D-SED was applied

to a very sumplified representation of the Lower Fraser river system.
9.2.1 Degradation in a Uniform Single Channel

In this appliéﬁﬁion the reack upstream of Port Mann was represented by a single
uniform channel having a width of 710 m, a depth of 9.144 ‘m, a length of 245 km
and a Manning’s n of 0.025. The annual discharge hydrograph was represented

by. a constant discharge of 8500 m®/s flowing for oﬁiy 7 weeks. These values were
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chosen to represent the freshet period which is when most of the sunnl sedinwent
transport takes place. Sediment transport was ealeulated using the ealibrated A-\V
equation. The representative grain size of the bed material was taken as o, = 0,345
. Sediment transport values generated by AW were inereased by a factor of
2.25 to refleet. the findings of the sediment transport ealibration study. The water
surface clevation imposed at the downstream boundary was 0.305 m lower than the
uniform depth value for this particular flow. The siimulated (3-year interval) hed
profiles obtained using ONE-D-SED are shown in figure 9.2, For this simulation.

an “open’ boundary condition was used to deseribe the change in bed elevation at

the upstream end of the system (245 km from Port Mann).

This screening-level study revealed that bed degradation conld travel a consid-
erable distance upstream velatively quickly although tl‘lf; bed degradation process,
cven after 18 years, had not yet reached two thirds of its final equilibrinm valne
(0.305 m) at the downstream end. The time-dependency of the degradation process
at Port Mann is depiciad more clearly in figure 9.3. The figure reveals that the
degradation process is relatively rapid at first but slows down in later vears. After
a period of 9 to 12 years, the bed approaches its equilibrium leve! in an asymptotic

manner.

However, since the Fraser river-bed is g;ra\'cl upstream of Mission, the Mission
to Port Mann reach of the screening model was re-run rusing a nop-degrading (i.e.
‘fixed’) bed condition at the Mission station (also shown in fignre 9.2). Implicit
is the result that the predicted bed degradation near Mission (e.g. km 30-45) is

substantially lower in this case than it was in the former scenario. While the cffect
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of the fixed-bed condition is felt imuediately in the vieinity of Mission. 1t takes
about 9 years before it influences the degradation process in the vicinity of Port
Mann (figures 9.2 and 9.3). Once the cffect is felt. it takes only o f3w more years for
the fixed-bed condition at Mission to arrest all further degradation in the vicinity
of Port Manu (and the entire study reach). For the fixed-bed condition. the final
river bed profile is obtained after 12 years, at \\'hié;i time the bed has degraded by

only two thirds of its theoretical value.
9.2.2 Degradation in a Prismatic Channel with an Island

The next step of the screening-level analysis No. 1 was to run the model for the
same prismatic reach which, in this case, divided unevenly around a hypothetical
-10-km long island. On one side of th-é island the channel was made 470 m wide,
while on the other it was 240 m wide. When the water surface elevation was again
lowered by 0‘.7305 m at the downstream end. rqsults indicated that the ovemil crosion
patteﬁ was essentially unchanged from the ‘single channel’ casc. except that there
was slightly more crosion in the larger channel (than in the smaller channel) ar_ound

the island.

As evidenced in ﬁ@re 9.4, at the tips of the island (km-1S and 28), there
arc no *steps’ in the change in bed clevation. This is duc to one of the internal
boundary conditions developed for ONE- D-SED. namely that at a nodal point (ic
bi-functions, confluences etc.), bed-elevations in all adjoining reaches are the ::ame.

Though this is a useful assumption, in nature sand-bars can form at the upstream

end . of minor channels. Since the Lower Fraser has a large wash-load component,
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the frequent formation of bars in these locations has been observed,  The miner
channel can act as a sediment trap in such cases, However, given the faer that wash
load was not simulated iu the present study and that hed elevation compatibility
is assumed in ONE-D-SED. the presenee of islands in and of themselves did not

change the overall predicted degradation pattern.
9.2.3 Degradation in a Non-Uniform Channel

‘Finally, screening model No.l was used to simulate bed sediment dynamics in
non-uniform channel. In a central portion of the simplificd 45 km study reach,
the single channel was assumed to be half its standard 'widt.h of 710 m. Under
unifori-flow conditions. ONE-D-SED was run until the cquilibrium bed profile in
the constricted section of the river was established (about 7 m deeper than normal,
see figure 9.5). In order to study the bed profile development. the water level at the ;
downstrcam end of the system was again lowered by 0.305 m. The sinmlated bed
clevations are shown in figure 9.5 a.‘nd the changes from the equilibrium position wre

shown in figure 9.6.

Two important results were observed. First, the deep (constricted) portion of
the channel (km-18 to km-26) was quite resistant to crosion. In fact, this particular
scction actually showed some areas of minor aggradnti(;II. Sceond, in the wider
channel section downstream of the constricted arca. initially there was less erosion
than in the “uniform reach’ case (presented carlier) but then the degradation process
accelerated and reached final equilibrium after pnl}; 4 years (compare fignre 9.6 with

figure 9.2). g



These results were obtained by mathematieally modelling the simplified Lower
Fraser systenn. Channel non-uniformities have. in the last fow years. been targeted
for further research (Shen 1986). The state-of-the-art review (chaprer 2) indicated
that this is an area of river engineering that is not well understood. In the review, no
co.ncrct.c information was found to provide any indication of llm\}' the non-untformity
of ehannel width and/or depth affects river-bed dynamics. If the “mathematical’
hehaviour reported herein is representative of nature, channel non-uniformity is
very important in the prediction of the time-frame of river bed processes. Although
in a uniform channel, only two thirds of the total change in river-bed degradation
had occurred after 18 years, in this case, full degréclation at Port I\f[ann is predicted
* to occur in only 4 years. On the otherhand, deép (constricted) zones of the channel

arc expected to suffer virtually no degradation at all.

9.3 Screening-Level Application No. 2

After applying ONE-D-SED to a simple representation of the Lower Fraser river, a

more detailed physical representation x;ras used to simul;u.te the actual Lower Fraser
study arca with all its \;nriability in cross-sectional channel geometry and including
all five islands and the Pitt River system. In this more detailed screening level
application. water levels and discharges were ba.scd on 1968 historical values.. Re-
call that 1968 preceded the construction of the river training works and extensive
. dredging undertaken from 1969 to 1972, In view of this, it was postulated that the -

river was in dynamic equilibrium during 1968.
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In this particular exereise. a previously calibrated version of the ONE-D Fraser
River model was used. In 1934, Bernard Morasse of Environment Canada nused the
1980/81 version of the ONE-D Fraser River model and reealibrated it for 1968 con-
ditions (Morasse 1985). It should be noted that the 1080/81 version of the model
1s based on cross-sectional geometry obtained using river surveys nade i 1961 /62,
Kuowing that the river had subsequently degraded. the 1930/1981 model cross-
sectional geometry was adjusted to acconut for some of the observed degradation
that had occurred u the intervening period. Rather than using the nn-ndjusted
(1961/62) cross-sectional data. Morasse continued to use the larger cross- sectional
representations found in the 1980/81 model version, Morasse was foreed to incrense
the Manuning’s n value by 10% throughout to account for the descrepaney in river
conveyance bctwocn‘ 1968 and 1989. In this way he succeeded tn ropmduging his-

“torically observed discharges. A copy of this version of ONE-D (hereafter referred

to as the ‘1968 version’) was made available to the present study.

In order to predict changes in river-bed elevations in the Mission to Port Mann
study reach, the 1968 version formed the basis for developing i mobile-bed version
of the model (i.e., ONE-D-SED). However, for the mobile-bed application, the hy-
drodynamic boundary conditions were changed. Morasse had described the system
by water surface boundary conditions at Port Mann, Port Coquitlam and Mission,
however, for the present study it was more appropriate fo use discharge houndary
conditions at Miésiou_and Port Coquitlam. The reason for this is the fact that
the historicall}"' observed water levels at Port Mann, had to be reduced by 0.305 m
to-predict (at the screening-level) the effects of a lowered water level on hed pro-

file dynamics. These effects should be distingnished from those that would oceur
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as o result of a change in discharge at Mission or Port Coquitlam. For this rea-
son Morasse’s computed discharges for Port Coquitlam were used to deseribe the

boundary conditions.

In addition to the deseription of the river's geometry provided by the 1968
version'. the sediment componceits were added to form a mobile-hed version of the
study ‘:u'eu. As before. the seciment load was determined by multiplying A-W
computed values by a factor of 2.25 at Mission and using 2 representative grain size
of 0.345 mm. In addition. 1968 water temperatures were noted and used as input

to the A-W equation.

In order to obtﬁin_ multiplying factors for the A-W cquation in the rest of the
river network. the model’s calibration option was invoked. (This assumes that dur-
ing 1968, the Lower Fraser was in dynamic equilibrium). The coefficients generated
by ONE-D-SED were generally within the 0.5 to 2.0 range. although there was
one location where the coefficient generated was very small and another where it
was very large. This indicated that the cross-sectional area used in ONE-D may
have been in error. Therefore, at these locations, the cross-sectional areas were
themselves modified and the. calibration procedure repeated. In subsequent com-
munications with Tassone it was established that the model had failed at these
locations during simulations made for the late 1980°s. Therefore, Tassone had also

modified the cross-sectional arcas at these locations in his version of the model.

Once the new calibration coefficients were gencrated by the model, they were

introduced in the input file to ONE-D-SED. The full 1968 vear was simulated once
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more in the normal mode. It was noted that there were arcas of VOrY ninor agera-
dation and degradation at the end of a year's simulation, These cotnputed changes
in bed- clevations were therefore retained and used as initial conditions, mud onee
again the model was run for the baseline 1968 conditions. No further changes in bed
clevations were observed. This meant that @ model having a dynamic equilibtinm

for 1968 baseline conditions had been established.

Having completed the ONE-D-SED model building process, the historieally ob-
served 1968 water surface clevations at Port Aann were lowered in 0.1 m steps by

0.305 m over a period of 3 years. As noted beforchand. the smne discharge computed

for base conditions was used to preseribe conditions at Mission uul Phrt. Cunit- -
lan. Regarding the river-bed boundary condition, both *fixed” and *free” boundary
conditions were used at Mission. The presutuption of a fixed-bed condition is based
on the presence of a gravel-bed upstream of the study reach. In describing this con-
dition, it was sufficient to specify that there were to be no changes in bed elevition

with time at this location.

In prismatic channel reaches, a modificd form of de Vries' numerieal scheme is
used {Vreugdenhil 1982) to describe the *free’ boundary condition. However, it wis
found that when this condition was used for the detailed rci:nrcscrﬁathm of the Lower
Fraser, due to channel ‘non-luliformir,ics, there was a bed-clevation stability problem
it the vicinity of Mission. Therefore. in order to represent the *free’ condition for
the detailed simulation exercise. the computed changes for Mission computed above
(based on the simple representation of the river) were used to deseribe the elianges

in bed clevation for this casec.
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Eich seenario (fixed- and free-boundary) was developed separately. The pro- 2
cednre consisted of mnuing the model with the modified water Sili‘fii(‘(:t,ﬂ.lé‘(’ﬂt}(;n;“-i-.' -
at Port Mann for a l-year tiime interval. .-\tAr._hc end of thé \om cl-z.:mg(‘s i bed el-
evations were noted and were rc—iutr(')du.ce(‘l as initial conditions for the subscquent
year's simulation. Using these new bed clevations as the initial _c_ondition and the

sine (1968) hydrometrie values to describe the boundary conditions. ONE-D-SED

was then re-run for a total of 18 consecutive yvears.

The simulated changes in bed profiles zﬂong the main channel of the study
fcnch, based on a *fixed-bed’ bounriéry condition at Mission, are displayed in figure
9.7. As was the case in scrccning—le\;'el application No. 1, degradation in the minor
channels was shghtly less'than that in the major chammels.” Also consistent with the
first application was the resistance to degradation in the narrower, deeper sections
of the river (cg. km-15 to km-24, figure 9.7). The second effect of channel non-
uniformities was seen in the simulation of the river rcach near Port Mann. In this
arca (kin-0 to km-4), dm‘iﬁg the first three years, chanﬁel aggradation {due to a
progressive chamnel narrowing downstream of Douglas Island) is predicted. Then,
after a time, as in the non-uniform case above, the model revealed an accelerated

“degradation process in this area. In the case presented above (screening No. 1 of the
non-uniform chamnel). it took 4 vears to reach the final degradation profile whereas
in this casc. due to the fact that channel ugn-uniformities arc not as severe as in

the former seenario, it took 9 to 12 vears to reach the new cquilibum bed profile.
L

When the frec-boundary condition scenario was run, the same overall degra-

dation pattern was observed (figure 9.§). In other words the same resistance to
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degradation was noted for section km-13 to k=24 and the initial aggradation was
followed by an accelerated degradation process between km-0 and k- Iplicit
in this scenario is that predicted bed degradation is greater than in the fixed-
boundary simulation. particulatly in the viecinity of Mission. It is also noted that
the bed continued to degrade after 12 years beeause the boundary condition at Mis-
sion forces the bed throughout ihe study reach to degrade by the siune unount as
that preseribed at Mission. However. as in the fixed-bed seenario. the majority of
degradation had occurred within 12 years and therefore. any additional degradation

in the study reach is the same as is specified by the Mission boundary condition.
9.4 Discussion

Using two levels of screening models. certain predictions could be made regarding
the bed degradation process along the Lower Fraser River. Some of the key findings

of these applications arc:

1. The river bed’s resistance to crosion upstrcam of Misston plays an hmportant
role in the magnitude and time-frame of degradation in the study reach. The
degradation occurs as a result of generally lower water levels at Port Manu (induced

by river works in the downstream portions of the river).

2. When the systen is represented by a single prismatic reach, due to the imposition

of a fixed-bed condition at Mission, bed degradation is predicted to stop after 9 to

12 years (and only two-thirds of the ultimate theoretical change is achieved),



i

"W

3. When a free-boundary condition 1s assumed, bed-degradation is rapid in the first

9 vears but slows thereafter and the theoretieal value is only reached asymptotically.

4, Given the assumed compatibility of changes in hed clevation of reaches joined at
a node in ONE-D-SED. the presence of islands, in themselves, do not significantly
offect the degradation pattern. In reality, minor channels around an island can act

as sediment traps for the wash load, however the wash load component was not

modelled in this shmdation exercise.

-~

5. Channel non-uniformities result in a signiﬁc:ynt change in the predicted degra-
dation pattern. In deep (constricted) sections, the bed 15 resistant to degradation.
Conversely, other arcas can show \'er_\»'?mpid channel degradation after a time of
reduced degradation activity. In the simple network representation where it was
assumed that the channel constricted to half its standard width, full degradation

was predicted to occur within 4 years.

6. When the study reach was represented using actual field data, dve to channel
non-uniformities, full (i.c. equilibrimm) degradation was predicted to oceur in about
9 to 12 years. For thekﬁxed-bcd upstream condition case, clegradatic;n was m&t&l
after 12 years, However when a frcgbounclar}' condition was imposed at Mission,
nfr.cr: 12 years the entire reach continued to degrade by the same amount as specified

at Mission.

7. In general, the predicted magnitude of degradation at Port Mann, corresponded

to the imposed change in water level at that location. namely approximately 0.3m.
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Chapter 10

Detailed Simulation of the Lower
Fraser |

In the previous chapter the predicted changes in bed elevations were obtained based
on the reported finding that water levels at Port Mann are now lower than their
historical mean value. In this chapter, the objective is to validate the use of ONE-
D-SED for a tidally-dominated multi-channel network using field data. The Lower
Fraser River was once more used as a test case for this objective, To validate
the model, it was hmportant that historically observed data be used as boundary

conditions and that simulated changes in bed clevations are shown to correspond

to those ohserved.

10.1 Basis for Model Validation

To satisfy these requirements, it was necessary to select an appropriate simulation

.period. Water swrface elevations have been recorded at various locations within
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the study area sinee 1965, However, there are @ munber of data gaps (cansed by
fuilure and down-time of ganges), and in the winter months there are problems
with freezing temperatures fouling almost all the ganges. Sinee, to mn the model,
the water surface elevation is required ar all model boundary Io('nr.ioﬁs. it ix only
neeessary for the data to be lost at nno.st:ltion to cause an in-nbilir._\' to shinulate
that time frane. Inorder to maximize the period simmlated. non-linear interpolation
techniques m"n- used to estimate levels where the data gaps were less than 3 days,
Even so, because of larger gaps in the data, there were still some months of cach

vear that coudd not be simnlated (table 10.1)

Table 10.1: Study Reach Simulation Period .

Year Simulation Period
1968  January 1 - December 31 I
1979  July 4 - October 25
1980 April 4 - September 30
. 1981 March 1 - December 10 =
z 1982 February 12 - November 30
o 1983 February 2 - December 17
1984 March 3 - December 24

In addition to the need for hydrometric data, mformation on the amount of
dredging which took place in the study period should be inciuded to obtain a more
accurate simulation. Virtually no dredging records exist for the study area prior to
1974, Since 1974. some records were kept by the Department of Public Works. but
some of these were lost, while the remainder are incomplete and often inaccurate.
Most dredging done within the study reach is site and/or project specific and is
usually carried out by the private sector. Since Public Works™ main concern. is -

. . N
dredging in the downstream reaches, activity in the Mission to Port Mann reach-is

. 24 - : :
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often overlooked. Table 10.2 provides an estimate of the dredging which has taken

place in the study reach sinee 1974,

Table 10.2: Mission-Port Maun Dredging (1:%)

[ [ In House Contract Borr nw Total
1966 0 ¢ }] 0
1967 1] 0 0 0
19G8 0 0 v 0
19G9 145100 0 0 143100
1970 0 0 0 4]
1971 0 0 0 0
1972 0 0 0 0
1973 0 0 0 0
1974 0 0 0 0
1975 116700 0 0 116700
1976 0 0 754000 754000
1977 0 0 341000 341000
1978 0 0 0 0
1979 0 0 191900 191900
1980 0 0 218100 2138100
1981 0 0 0 0
1982 79700 0 0 79700
1983 0 0 220700 220700
1984 0 0 1900 1900
1985 0 0 0 0
1986 0 0 43400 43400
1987 0 0 0 0

Finally, the key to validating the ONE-D-SED simntlations is to obtain a record
of changes in bed clevations in the area <;f i11p('1:ost. Bathymetrie surveys of the area
were taken in 1961/1962. 1979 and 1984/198G. In the first s the last cnses part of
the study area was surveyed in the first year and the remainder doue in the second
vear. In the last case the lower half of the study area was done in the first” vear

(1984) while the upper half xas done in the second (198G).

I
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The 1979 survey was a special ease. During the development of the ONE-D
model in the late 197075, it was known that there had been some degradation of the
river bed in the downstream reaches. To incorporate the increases in chamel con-
veyance, aspeeiad survey of the then current channel dinensions was rcquaﬁcd ara
few key locations along the lower hadf of the study reach. Changes in cross-sectional
areh between the 1961 and 1979 surveys were then noted and used to interpolate
changes in bed clevations between these special survey locations. Although all the
survey maps of the 1961/62 and 1984/86 have been obtained, some of the original
1879 maps have been lost and, since the precise location of the 1979 survey lines is
not known. it was difficult to determine the change in bed clevation between 1979

and 1984 at those locations.

Given the extent of the data availability for the study reach. various simulation
options were available. Since good bat.h_vnxctric maps are available for 1961/62 and
1984/86 the first option was to model the 1961 to 1986 period. This would have been
a good choice since it includes a pcriod of relative ri\*crfbccl equilibrinn (1961 to
1970). followed by a period of bed degradation (i.c. after the construction of the ﬁ\'er
training works in 1969 to 1972). However, due to the lack of hydrometric data from
1961 to 1965 and the lack of dredging data from 1961 to 1973. this option was not
feasible. A second alternative was to simmlate the river bed development from 1966
to 1986. This option was also attractive hecause of the time span involved. However,
it, would be a difficult cxercise duc to the munber of gaps in the hydrometric data
during the 1960°s and carly_ 1970’s. Finally a third option, which simulated the Stu(i_v
area for the period 19'1.'9 to 1984, was chosen. Though t.his period is relatively short,

the quality of the hydrometric data is reasonably good, some dredging records exist --

>y
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and the 1979 and 1984 surveys can be used to estimate changes in bed elevations,
Since the 1979 survey is only a partial one, changes in river-bed elevations between

1961/62 and 1984/86 were also caleulated to complement the former.

As stated beforehand. ealeulateod changes 1 bed elevations (and their locations
within the sr.u(l‘;' reach) are found in Tﬁhlc 10.2, It should he noted that when the
calculations were made. great care was taken to measure the cross-sectional area of
the river at the exact snme place in all instances since the ma ps provided for ditferent
years were drawn to different scales. In order to obtain the average change in bed
clevation, the computed 1961/1962 and 1979 cross-mct.ioﬁnl arens were subtracted
from that computed for 1984/1936 and the difference was divided by 90% of the
channel top- width: (90% of chiannel width also was used when veporting the model™s

simulated change in bed clevation),

10.2 Model Calibration

10.2.1 Calibration of River Hydraulics

Prior to simulating bed transients in the study reach, it was necessary to ealibrate
the model from both a ‘hydrodynamic’ and a *sediment transport’ viewpoint. As
stated previously. the 1968 version of ONE-D was provided for this study, it sulise-
quent model applications it was found that. in order to obtain superior simul:;ﬁuus,
channel resistance should be made a function of the magnitude and the direetion

of the river’s discharge’{ Tassone 1990 verbal connnunication). These features were
i - . /-/ - - O . ! . Lo
not included in _r‘.,b/\-'ersmn supplied for this study. Tassone reported that for dis-
N . )

\
.

- 227 -

O



charges less than 5660 m3/s or greater than 11 330 m3/s the value of Manning's n
was constz‘mt.. For intermediate values, n was maximum at about §500 m3/s. If the
increase in n with discharge is directly related to the freshet event (fgure 10.1) then -
it is probably also related to the associated sediment dynamics during that event
(figure 10.2). In particular, during the onslaught of the freshet, there is a great
deal of dune growth activity (figure 10.3). Once the maximum freshet discharge
has reached Mission, dune height is at a2 maximum after which time, even though
the discharge remains at a high level (Sgure 10.1), sediment transport and dune
dynamics fall off. This implies that Manning’s n is probably not only discharge
related by is probably also time dependent. That Manning’s n is a function of flow
direction (with respect to dune orientation) was also found in ONE-D’s application
“to the St. Lawrence River (Morse 1990a) as well as b;,mg confirmed by laboratory
studies (Lau 1988)

The change in resistance along the main channel needed to be built into the

. 1968 version, hence, it was necessary to re-calibrate the model for the 1979-1984

simulation period. In addition to changes in n along the main cha.nnel,/ the value of

n was also known to be a fu'nctio:; of flow direction in the Pitt river. In this case,

since the dune direction is in the upstream (i.e., flood tide) direction, the value of n

| is greatet on the flood tide than it is on the ebb tide. In the Pitt R%ver, the dunes

are primarily orientated in the upstream direction due to the shap; of the velocity

profile (Ashley, 1980) and the fact that the discharge during the flood tide is higher
than daring the ebb tide. -

Recall that the fo]lowing. are specified whes the study area is simulated: 1)
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the warer surface elevations at Mission. Port Maun aud Port Coquitian, 2) tlu.‘- is-
charge at the Ruskin power station and 3) loeal lateral inflows normally estimated
by pro-rating observed runoff in locally-gauged erecks (figare 104, Morasse 1983).
Many techniques ean be used to ealibrate ONE-D/ONE-D-SED for hydrodynamic
siimulations.  First. the simulated water surface elevation at two intermedinte lo-
cations can be compared with those observed ar Whonoek aud Port Hiunmonsl,
Second, during the freshet period the computed discharge at Mission e be com-
pared to that obtained using a stage-discharge relationship developed at shis site
for high flow periods only. Third. simulated discharges for any location in the
system can be compared with those obtained using; cither the traditional *velocity-
arca’ method or the ‘1116\'ing-bu:t.t.' technique (Sydor, 1983). The niean discharge
at Mission also may be estimated (during low fow periods) by obtaining discharges
measured at upstream stations. To estimate the mean How entering the Fraser via
the Pite L:t]:(‘/Ri\'c;.' system. a comparison may be made with those Hows observed
at the Ruskin power station. The latter is the fourth houndary condition of the
study aren and is located at the downstream end of & hasin similar in uature to the

Pitt drainage basin.

IKnowing that, in the context of this study, the hydrodynamic calibration was
primarily a case of “finc-tuning™ an already validated fixed-hed model, the appronch
used here was slightly different than previons ones which relied more heavily on
matching observed instantancous values. With respeet to water levels at. Whonock
and Port Hammond. simulated and historieal mean wonthly valnes were comparedd.
With regard to the discharge at Mission and Port Mann, siumlated monthly values

were compared with those previously simulated. and published by others. Discharge
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in the Pitt River was also compared to previously simulated values and to observed
mean values obtained for Ruskin. At Mission and Port Mann, simulated values
generally agreed within a few percent with those published though occasionally,
the error was as much as 8%. Dimulated discharge from the Pitt also compared
well with those implicit to results from publications and, on a pro-rated basis with
those observed at Ruskin. Simulated levels at Port Hammond and Port Whonock
generally agreed within 0.1 ft with those observed though very occasionally, the
error was as much as 0.2 ft. This results compares well with simulations dof the
study reach done by others. During this exercise, it was found that the value of
Manning’s n could reach a'maximux'nl of 1.126 times its base value in the main stem

and that it was 1.15 times its base value on the flood tide in the Pift River.

10.2.2 Calibration of the Sediment Transport Function

\i’rior to simulating channel bed dynamics for the 1979-1984 period, it was néc&esa.ry
" "to obtain calibration coefficients for the A-W equation for locations other than the
Mission station. As in the case of the screeniné—lewl analyses, it was hypothesised
that the study reach was essentially in dynamic equilibrium prior to implementation
of the major river works downstréam of Port Mann. Recall that m the 1968 version,
calibration of the hydrodynamics was based on changes in channel cross-sectional
area (which occurred between 1961/1962 and 1979) a.nt,:l increasing Manning’s n by
10% to countéract the increase in channel conveya:c;ce (see previous chapter). Since
it is hypothesised that the majority of bed degradation which occurred between
1961/1962 and 1979 occurred in the 1970s, in this study it was assumed that

230

it



the 1961/1962 cross-sectional area data should be used for the stmulation of 1968,
Accordingly. the inereases in cross-sectional areas were removed from the 19638
version'. and Maming's 1 was re-evaluated in oeder to mateh those discharges

computed by Morasse,

Next, as in the case of the sereening-level applications, the mobile-bed option
was run in the “calibration mode” to obtain sediment transport calibration cocti-
cients. The validity of the Iatter were chcckm.l by using them as part of the input
~and running the model in the normal (bed aggradation/degradation) mode.  As

before. there were some very minor changes in bed levels which were re-introduced
as imitial conditions. When the model was r;\-run a second time, it essentially pre-
dicted no further changes. Therefore. it was concluded that the sediment transport
function had been calibrated. The coefficients (along with the minor changes in
bed clevations) were used for subsequent simulations of the new 1979-1984 version

of ONE-D-SED. This completed the model ealibration exercise.
10.3 Results

The first indication that simulated values were meaningful eame when 1968 simm-
lated and obsecrved changes in bed clevation were compared at Pnft Maun. While
this was based on a simulation during the calibration year (and hence, by defini-
tion, no net change is allowed to oceur over the full year), the bed still nndergoes
a degradation/ageradation cycle within the year under the influence of the spring
freshet event. Although the simulated cycle appears to lag that observed by a few

‘e
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days, the simlated and observed degradation/aggradation eveles are in relatively

good agrecment (figure 10.5).

For the 1979-1984 period. the bed-boundary condition inputted at Mission
represented the known minor degradation which occurred over the 1979 to 1984
period. Given this prescribed boundary condition. the model was run for all months
of each year which had the required hydrometric data (table 10.1). The resulting

simulated changes in river-bed elevations are presented in figures 10.6 and 10.7.

To verify that simulated changes corresponded to those observed dwing the
same period, the latter were superimposed onto these figures. To further indi-
cate prototype degradation, changes between 1961/1962 and 1984/1986 were also

included in the figures.

In gencxﬂ, the overall pattern of bed degradation is reasonably well simulated.
In the upper portion of the study reach (km-12 to kin-44), only minor clia_ngc:s in
bed clevation are simulated. These follow the trend of minor degradation specified
at Mission. Further downstream, the simulation indicates a change from degra-
(fntioxx to aggradation. Compared to observed values, the model underestimates
- aggradation in the area just upstream of Barnston Island. This may be due to
underestimating the amount of bed material dredged during the 1974 to 1979 pe-
riod at this particular location. In the lower portion of the study reach, increasing
amounts of degradation are both predicted and observed. It is noted that about
40% of the observed degradation between 1962 and 1984 occurred in ::hc 1979 to

1984 period.

L
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With respeet to secondary channels (figure 10, observed data are available st
the downstream end of the reach. When compared with hoth 1979-1084 and 1962-
1984 data sets simmlated degradation is consistent with that observed. However, as
i the case of the major channels in this location. sinmlated degradation is somewhat
less than that observed. In the minor channels at the upstream end of the study
reach, although degradation is simulated. ageradation was in fact observed between
1961 and 1986. The observed aggradation is in coutrast to the degradation observed
in the main chamnel (figure 10.3) and is probably due to the wash load scttling ont
in these tranquil chanmels. Simmlated bed elevations cannot reproduce this feature
because no wash load was included in the model application exercise. Besides this
anomaly. the overall simulated changes in bed clevations in the winor channels are

in good agreement with those observed.
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Mean Daily Discharge {m3/s)

Fxgure 10.1: Observed D:scha.rge ancl Tot'd Sediment Discharge Hy drogra.phb Mis-
sion, 1968
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Bed-Load Transport (1000 tonnes/day)
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Figure 10.3: Dune Bed Load Trausport versus Discharge
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{s) NATURAL SYSTEM

Figure 10.4: Fraser River Study Reach Natural System and Schematization
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Ded Elevation Change at Port Mann (m)

" X®3% Range of Observed Change

jan = feb mar = apr may = jun = jul

Figure 10:5:_Simulated and Ob:"tved Bed Elevation Changes at Port Mann, 1965
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Chapter 11

Conclusions and
Recommendations

Modelling sediment transport processes is extremely challenging. At a conceptual
level sediment erosion, transport and deposition are fairly casily understood. How-
ever, due to nature’s complexity, quantifying these processes is another matter. In
this research project significant efforts towards_ this end have been made. Though
it is recognized that the scope of the study was necessarily limited certain conclu-
sions, as well as recommendations for future relatt;d research, can be made. In the

following text, conclusions and recommendations are grouped by topic.

11.1 Considerations in Mathematical Modelling

=
\_/,'

~

Based on the literature review, it is clear that many factors must be considered
in regards to model "'éélectio_n. Some of the more important factors governing the

selection of a model include: level of model sophistication, model documentation, -
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agency support, degrec of user and engineer friendliness. capacity of the model
to simulate specific processes, and the numerical characteristics and order of the
numerical schemes used.

It is recommended that future research endeavours should consider developing

‘screening’-levél models and also numerical models based on the theory of chaos.

11.2 Dlstrlbut;on of Suspended Sedlment in the .
Water Column

——

Based on a.na.li;'sis of Point-Integrating data at Mission and Port Mann, it is con-
cluded that the Rouse model is more appropriate than. the constant eddy viscosity
model for application to the Lower Fraser River. Though individually computed val- 7
ues of the Rouse Numl;er could deviate from the median values by about 100%, the

median values compute_d are neverthel&es meaningful. It was suspected that somwe

~

-

of tie dev:atxon may have originated from an ana.lvs:s of gram frdctions rather than
single grain sizes. Furthermore, it is concluded ‘hat bed ma.tena,l transport in the
near-bed zore is significant and should be added to correct Depth Integrating mea-
surements. It is concluded that, in general, DI measurements should be increased

by % .

It is also concluded that when comparing the results of one diffusion-dispersion .
model with another, it may be necessary to introduce a coefficient to account for the
dzﬁ'erence in value of the eddy viscosity modeLa.ssumed Based ona compauson of

the average eddy viscosity of each. model exammed herein, analyses md:mted ‘that ‘

i)

A
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1 should be 1/6. Tt is concluded that the approach used to evaluate 7 is reasonable

since the actual value found was 1/7.3.

-

The main recommendation coming out of the study was that rescarch on the
effect of performing analyses of grain fractions rather than unique sizes should
be made. This research was undertaken in this project (see chapter §) and the

recommendations are as follows:

When two or more diffusion-dispersion models are compared, discrepancies
. between models should not be entirely attributed to 5, as’is sometimes done. Some
of the discrepande# are due to the fact that the average values of the assumed eddy
viscosity distributions are not necessarily the same. Therefore a coefficient such:
as 1 should be used to compare models on an equal footing; B should remain a

physically-based coefficient to relate the sediment transfer cocfficient to the cddy

viscosity.

11.3. Modelling Mixed Sediment Fractions

The representative fall velocity (W) of a mixture of sediments can be significantly
different than the fall velocity of the geometric mean size of the grain fraction (W,).
The ratio %’- mcreases asa fun-ction of depth, fraction width, and dimensionless fall
velocity (%}) among others: When standard diffusion-dispersion models are applied

to grain mixtures they should incorporate the correction coefficient v quantified in
this study.
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When Depth-Integrated analyses are performed, in order to oBta.in a math-
cmatically sound estimate of W, the computed coefficient 5 should be used. The
coefficient is pr‘ima.fily a function of the dimensionless fall velocity 2od the geometric
standard deviation of the grain fraction. When no correction is applied substantial

errors can result in the determination of the average concentration. This is par-

~ ticularly true for --"~ 2 0.3, in which case errors as large as a factor of 15 can be

made.

'i‘he study also indicated.that a fa.irly large value for the reference depth (ie.;
a~ 0 ) should be chosen. Otherwlse calculations can be extremely sensitive to the -
selccted value. Finally, it is suggested that much of the controversy over the value
B (used in the Rouse Number) has been confused with the effect of mprmﬁng a

grain fraction by its geometric mean size. For example the two functions introduced

by van Rijn (1984) (which are alledged to be physically-based) to modify the Rouse

Number might well be replaced by « or ¥ (which are mathematically based).

Research into the modelling of mixed suspended sediment was motivated by
data analysis of the grain size distribution on the Lower Fraser River. It is rec-
ommended that the data analysis be extended to include v and 7 to confirm the

conclusions stated herein.
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11.4 Performance of de Vries’ and Fromm’s FD
Schemes

The application of ONE-D-SED to singular sinusoidal bed transients of finite height

leads to the following conclusions regarding the numerical properties of de Vries®

and Fromm’s finite difference schemes:

As suggested by linear analyses, the pérformance of de Vries’ scheme was equally
good using either a consta;tzt value of « or a location-specific value. It is Eonclpdcci
that the key to using the scheme is to select a value of 8 such that it is a function
of the selected the bed Courant Nﬁ.mber. W'hen- an ide;l B is selected physical
processes, including step wave fronts, are faithfully reproduced. This was found
to be the case for any bed Courant Number (¢ < 1.0) as long as the rclation@ip
of § to o is maintained according to the relationships developed. Thougl; the
choice of 8 does not depend on the grid density selected, when greater than optimal
. values of 8 are used numerical effects are strongly dependent on the fineness of
the computational grid (N.) employed. For superior results, N, > 40 should be
used. When the § selected is too small, parasitical secondary waves contaminate

the model’s solution.

The numerical properties of Fromm’s scheme were also favourable. Its usc is
advantageous in that it does not require the user to determine ;'a. coefficient a prion.
As long as the chosen value of o is lov—v enough, the solution is accurate and virtually |
independént of N, for N; > 15. On the other hand, when the system is highly

non-linear, it can be difficult to choose & small enough to avoid the introduction of
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parasitical waves in the simulation.

Since these findings, based on non-linear analyses, do not-fully agree with
the numerical properties predicted using linear analyses, it is recommended that a

comparison be made and conclusions drawn regarding the findings of each method.

11.5 Sediment Transport in the Lower Fraser River

' The largest sediment loaé in the Lower Fraser River is wash logd (wl). Aside from
ecological consideratioﬁs, the wl introduces many difficulties for those predicting
channel bed dynamics. It is difficult to quantify the bed material load (bml) when
the division between the two is ti:ﬁe- and location-dependent. For example, ONE-D-
SED was unable to predict aggradation in the Lower Fraser River’sl minor cha.nne1§
due to the settling out of the wl in these reaches. In additi.on, the sand load upstream
of the study area ﬁs wi but can be temporarily stored from August to April and then
rdM into the study area. This means that during the onsleught of the freshet
the bml in the study area can be greater thas during other periods. Recognizing
the inherent limitations it is however concluded that the division between wl and
bml is about 0.19 mm for the study reach. When cémputing the bml using the A-
W equation, a representative grain size of about 0.345 mm can be used. However,
cc;mputed values must be increased by a factor of 2 in order to agree with observed
loads. |

From a detailed analysis of tixe cross-stream distribution of the suspended sed-

iment concentration at Mission, it is concluded that different cross-stream distribu-
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tion factors ¢ apply to different grain size classes. Whereas a factor of 0.80 should

be used for the total load applications. a value of 0.60 should be used for estimating
the bml.

—

The A-W equation was calibrated without regard to the increased bml during
the dune formation period. It is recommended that the Mission “K” data set which
has grain-size analysis should be compared to the A-W‘ equation for years other
than 1968. This could assist in quantifying the effect of unsteady flows on bml
tfansport. It is also recommended that Water Survey of Canada perform full grain
size analyses on data obtained at Mission’s Daily vertical. This information could
be used to confirm the choice of ¢p, = 0.60.

11.6 ONE-D-SED

In this research project, ONE-D-SED was first constructed and then was validated
for solutions of simple river-bed transient problems. The model’s simulated velocity
and attenuation of ‘small’ river-bed transients was the same as those suggested by
analytical methods. Therefore, it is concluded that ONE-D-SED can accurately
simulate the bed transient process. -

From the screening-level application of ONE-D-SED to a “prismatiq channel”
representation of the Lower F&'aser l‘ﬁw)er, it is concluded that degradation, (caused
by 0.305 m lower water levels at the downstream end of the study reaci1), proceeds
rapidly at first and then continues in at an increasingly slower rate.‘ Tlié‘simulated

‘balf-life’ of the process is about 9 years. Introducing isl;.nds in the representation
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of the river does not significantly effect predictions when only the bed material
load is simulated. Also, the resistance of the river bed to erosion in reaches further
upstream greatly ;ﬂ'ccts predicted results. For example, when a fixed-bed boundary
condition is assumed for Mission, bed degradation only reaches two thirds of its

ultimate value at the downstream end and all degradation is arrested after 12 years.

| Howe;rér it is concluded that, from a; numerical viewpoint, the introduction of
channel non-uniformities changes the thion pattern é.nd the timing of events.
In constricted (deep) reacha, very Htﬂeﬁdggrgiliﬁqn occurs. In other locations, sim-
ulations show an initial aggradation and then a rapid degradation process. Should
the numerical results refiect nature, the amount and time-frame for the degradation
event simulated is substantially affected. For eﬁcaﬁ;ple, when a central portion of _
the channel was reduced to half its standard width and when 3 fixed-bed boundary
condition at Mission was adopted, predicted degradation at Port Mann increased
from 0.2 m to 0.3 m and all processes were completed after only four yearé. On the
other hand, when the entire model area was accurately represented and a fixed-bed

boundary condition was used at Mission city, the full 0.3 m of degradation was

predicted at Port Mann and all processes were completed after about 12 years.

Fro;n the detailed gimula.tion of the Lower Fraser River it is conclnded that,
in general, ONE-D-SED sa.ti&actorily reproduced ol;:'served 1979 to 1984 éha.nges
in the river bed. In addition, the model was able to simulate the observed 1968
Port Mann bed degradation/aggradation cycle induced by the 1968 spri;:g freshet
event. It is conclixded that the model can be used to simlate channel bed dynamics

occurring in tidal multi-channel networks. Given that the user can invoke a special
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calibration option, ONE-D-SED is particularly well suited for applications involving
complex river systems. The fact that different sediment transport relationships have

been incorporated into the model (and that the user has a choice of using one of

two well-documented numerical schemes), the model offers a degree of flexibility.

It is recommended that ONE-D-SED be applied to other case studies to con-
~firm model performance observed through this research. Should confirmation be
forthcoming, agency s;upport should be formalized. Also, ONE-D-SED should be
further déveloped to include the modelling of the wash load, sediment sorting pro-
cesses, and bed a.rmouring-. Finally, since ONE-D is now be“ing‘ used to 'simulaté |
reaches downstream of Port Mann on the Lower Fraser River (and this is the area
of greatest socio-économic-environmental interest), mobile-bed simulation should

_ also be extended downstream.

11.7 Summary

In so far as ONE-D has been successfully extended to include simulation of sediment |
transport and channel bed transients, it is concluded that the main objectives of th'c
project have been reached. ONE-D-SED has been validated against (i) analyt;ical
solutions of ‘linear’ bed-transient problems, and (ii) observed river-bed degradz'xtion
in a tidal multi-channel river network. It is concluded that there are limits for which
analytical solutions of bed transients of finite height apply. Associated correct;ion
factors ha;re been quantified to adjust analytical solutions for those transients of
finite teight. It is also concluded tﬁat the representative fall velocity for modelling
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the transport of mixed suspended sediments may differ from that of the geometric
mean size. Associated correction factors also have been quantified to adjust com-
puted suspended sediment concentrations when the geometric grain size is used in

lieu of the mathematically correct representative grain size.

Based on the performance of ONE-D-SED thus far it is recommended that
furfber model testing, validation and development should be undertaken. It is also
recommended that development of correction factors for bed-transients of finite
height and .functional‘, relationships for these ﬁdom should continue. Developing
Ct‘:rréctioﬁ fa.ctoré, for characterizing sediment fractions of mixed grains, should be
undertaken for diﬁ'usion—dispersioﬁ md&els other than those exa.mmed in the present
study. Functional relationships for these factors should also be developed.

~
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Appendix A

There are three sections to this appendix. The first section is
a description of most sediment subroutines added to ONE-D resulting
in the mobile-bhed version, ONE-D-SED. The reader should use this
list in conjunction with figures 5.1, 5.2 and 5.3 which are
flowcharts of ONE-D-SED. The next section is an explanation of the
input variables used in ONE-D-SED and is given in a format
consistent with. the ONE-D Computer Manual (Environment Canada,
1988). Finally, dummy variables used to dimension sediment
transport arrays are listed in the third section.

A.l Description of Sediment Subroutines.

Bl

Name: Description:

SEDINI Manages calls to the following subroutines to obtain

initiai conditions:
SEDRDR Reads sediment data (Card Group J).
SEDEFF Calculates and stores active river bed width.
SEDDGR - Locates dredging activity in tﬁe river network. <

SEDNSN Moves sediment input data from specified locations to

computational points internal to ONE-D.

SEDNET Sets up reach-node connectivity to solve the Exner

equation in a logical order. ‘ e
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SEDTR1

- SEDT11

SEDT12

SEDT13

SEDT14

SEDT1S

SEDT16

SEDT17

SEDT18

equation.

Calculates relevant hydraulic quantities and calls one

of SEDT11 to SEDTI18.

Calculates bml and ¢ according to the Ackers-White

equation.
Calculates bml and ¢ according to Yang's equation.

Calculates bml and c according to the Hansen-Engelund

.
\\_

Calculates bml and ¢ accoxding to S = b u™, where S is

the bml, b and m are constants and u is velocity.

Calculates bml and ¢ according to'the S =bu" (A/B)d,
where, in addition to SEDT14, A is the cross-sectional

area, B is the top-width and 4 is a constant.

Calculates bml and ¢ according to S'=Db {(u - uc)m,
where, in addition to the above, u, is the velocity

corresponding to initiation of éediﬁent transport.

Calculates bml and ¢ according to S = b (Q - Qc)m,
where, in addition to the above, Q-is the river '
discharge and Qc ig the critical discharge corresponding

to initiation of sediment transport.

X '
Calculates bml and ¢ according to 8 = b (T - Tc)m,

where, in addition to the ahové{ T is the boundary shear

A.2
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SEDAD4

SEDMXN

SEDDT1

SEDDT2

SEDZER

SEDAD1

SEDSTO

SEDTIM

stress and Tc is the shear stress corresponding to

initiation of sgdiment transport.

Book-keeping subroutine to update the values of bml and

c.
Calculates the maximum and minimum values of bml and c¢.

Calculates the optimal time step for the solution of the

Exner equation based on de Vries schere.

Calculates the optimal time step for the solution of the

Exner equation based on Fromm's scheme.
Initializes accumulated bml and ¢ values to zero.
Updates old value of bml and c.

Stores current value of change in bed elevation to an

output file.

Manages call to the following subroutines depending on
the sediment time step in relation to the hydraulicltime

step:

Obtains present value of time-dependent sediment input
parameters and calls SEDRMU to calculate water viscosity

based on water temperature.



SEDTR2

SEDTR3

SEDT21

SEDAD2

SEDAD3

SEDNOD

SEDDVS

SEDDVL

SEDFRM

SEDDV2

Calculates pertinent hydraulic parameters and calls one

of SEDT11 to SEDT18.

Calculates pertinent hydraulic parameters and calls one

of SEDT21 to SEDT28.

to SEDT28: Same as SEDT11 to SEDT18 except ¢ is not

obtﬁined.
Book-keeping subroutine for accumulated bml.

Book—keeping subroutine for accumulated bml invoked at

thé end of a sediment time step.

Adjusts sediment transport calculated at nodes to ensure

consistency.

Solves Exner equation according to short form of de

Vries' scheme (eqn. IV.20).

' Solves Exner equation according to long form of de

Vries' scheme (egn. IV.19).

Solves Exner equation according to Fromm's scheme (egn.

IV.21).

Adjusts computed changes in bed elevations to account
for sediment lateral inflows, rock outcropsland to
ensure continuity of change in bed elevation at nodes.
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SEDCNV  Checks to see if iterative solution has converged.

SEDREW Backs up time to recalculate hydraulic and bed solution

when iteration is required.

SEDSTO Writes (converged) sclution of changes in bed elevation

to external file.

SEDCAL Calculates calibration coefficients associated with

eagh mesh point if a calibration run is specified.

SEDEND Re-writes solutions in more user-friendly format.

A.2 Description of Input Variables.

DESCRIPTICN OF CARD GROUP J

SEDIMENT-RELATED VARIAELES

ONE-D-~SED
CARD VRBLE COLUMN FORMAT . DESCRIPTION
J-A. HEADS 1-72 CHBR*72 HReading for mobile bed simulation.

J=-B-1 ISEQON 5-10 I5 Choice of Sediment Transport Egn.

1 = Ackers=-White

2 = Yang

3 = Hansen-Engelund

4 = 5C01L »~ v ~ SCO2

5 = SCOL » v ~ SC02 * D ~ SCO3

6 = SCO1 * (V-SCOC) ~ 5C02

7 = SCOl * (Q-SCOC) ~ 8C02

8 = SCO1 * (TAO-SCOC) ~ SCO2
J-B-1 sco1 11-20 F10.5 Coefficient for Transport Eqn.
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J=-B-1
J~B-1

J=-B~-1
J-B-2

J-B-2

J-B-2

J-B-Z_

J-B-2

J-B-3

J=B-3
J=-B-3

J=B-4

J-B=4

ICONVG

ISOLTP

ISTS

STIME

5Gs

IREADS

ISAVES

21-30
31-40

41-50

01-10

le-20¢

21-25

26=30

31-40

01-10

11-20

21-30

01-05

06-10

Fl0.5
Fl10.5

F10.5

F10.5

I5

I5

I5

Fl10.4

Fl10.5

Fl10.5

. F10.5

I5

Exponent for Transport Eqn.
Exponent for Transport Egn.

Value corresponding to the initiation of
sediment motion.

Tolerance £or ezror in the calculation of
aggradation/erosion in the ITERATIVE type of
model.

Type of model:

1l = Normal (Un-Coupled).

2 = ITERATIVE (Coupled).

3 = No Coupling: Hydraulic Solution given by
reading TapelO.

Choice of Numerical Algorithm:

1 = Calibration Run (No Solution of BZ)
=l = as 1 and print all values.

2 = de Vries’ with variable alpha.
-2 = de Vries’ with constant alpha.

3 = Fromm’s Scheme.

> 0 Number of hydraulic time steps before
sediment computations aze made.

< 0 then the program calculates it at start of
simulation only.

= 0 then program calculates after each time
sediment continuity eqn is solved.

Length of Bed Wave which is of primary
interest. :

Day at which simulation begins.

Specific Gravity of the Sediment (between 2.65.

and 2.75).

Value of the Bed Porosity (usually between
0.35 and 0.45).

Initial value of B2:

1 = As user defines in cards J-D. .

2 = Initialized from a previous run (Tape 26
saved as Tape 27).

3 = Program sets to 0.0

Save solution of B2:

1l = Not saved at all.

2 = Saved at every (sediment) time step
{(Tape20) . '

3 = Saved snly at last time step (Tape27).

4 = Both option 2 and 3.

2
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J=-B-4

J-B-4

J-B-4

J=B~4

J=C

J=C

IREADW 11-15
ISAVEW 16-20
IROCKS 21-25
IARMS 26-30
KID 01-05'
ICNTB 06-10

I5

IS

15

I5

Is5

Active Bed Width:

1 = As defined by user in cards J-D.

2 = Average of Option 1 and the Topwidth at
each section.

3 = 90% of Topwidth at each section.

4 = Read from Tapeld.

Save input parameters for £future use on
Tape2l:

1l = Do not save.

2 = Save CALSED, EFFW, BZMN.

Are thexe any rock outcrops?
1 = no.
2 = program. should check.

Is there any Bed armouring?

1l = no.

2 = program does not suppor:t this option at
this time.

Reach ID no.

Is a step in the bed to occur at the
downstream end node of this reach?

0 = Yes (for example if therxe is a structure
at this nocde).

1 = No (most internal nodes).

Other card groups are defined and available:
Information related to each cross-sectzon.

J=D
J-E
J=F
J-G
J-H

Water Temperature:in Network.

Time dependent boundarxy conditions for sediment.
Sediment (lateral) inflow specification.
Qutput specifications: sedi-graphs and profiles.

A.3 Variables to Dimension Sediment 3ubroutines.

Since Fortran requires the dimensioning of arrays,

additional variables are defined to enable the user to change the

dimensions of the arrays. The variables, found in the -master copy

of ONE-D-SED, are replaced by a numerical value corresponding to

'y
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the required dimensions. This method is consistent with the ONE-

D's apprecach and documentation:

VX0l

vXo02
vXo03
VX004
VX05
VX006

vX07

vXos

The number of sediment (lateral) inflows.

The number of sediment (lateral) inflow cross-section
locations. This is variable >= 2*VX0l and depends on the
width of all the locations.

The number of cards J-G-3. That is the total number of
inflows given as a function of time for all locations. This
variable is also >= 2*VX01.

The number of sedl-graphs requested.

The number of sedl-proflles requested.

The number of Sediment Boundary Conditions.

As VX03, the total number of cards J-F-3. That is the total
number of data given to describe the time dependence of

all boundary conditions. >= 2*VX06.

The number of water temperature entries.
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Appendix B

Outline of the Ackers-White Equation

The following is a brief conceptual outline of the Ackers-White equation

For a full treatment of the matter, the reader is referred to the original

paper (Ackers-White 1973). The conceptual development of the equation
was presented as follows:

1. Transport of Coarse Sediment

First, 2 sediment mobility number for coarse grains F, is conceived as
follows:

’

t
2
I;::g_°

t

r

(1)
where: £, is the grain shear stress and ¢, is the resisting shear stress of the
bed material.

Next, sediment transport efficiency E,, is conceived as follows:

()



where W, is the weight of the transported material per unit area and & is
the mean velocity of the fluid.
Keeping in mind that the transport function will also be valid for tran-

sitional grain sizes, the particle Reynold s R, number is also introduced:

U4
R==% . @)

where U, is the total shear velodtj, d, is the representative sediment size
and E is the kinematic viscosity of the fAuid. )

"For convenience, two new dimensional parameters are formed from these

three as follows:
Go =Eq Fy T @
D, =R P2 (5)
where G, is the dimensionless sediment transport of coarse grains and D;,.

is the dimensionless 1epresentative grain size. Finally, it is postulated that

Gcg = f(ch Dgr) _ (6)
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2. Transport of Fine Grains

A similar analysis is used for fine grains. In this case, the sediment

mobility number Fy, is defined as:

U.
Fo=w - 7y
where: W is the sediment fall velocity.
Next, transport eficiency Ey, is coneeived as follows:

wW. W ‘
By = T 8

Keeping in mind that the transport function will also be valid for transi-
tional grain sizes and that W is a function of D,,, the latter is also in-

troduced and the dimensionless sediment transport rate for fine grains is

defined as:
Gy, = Ey, F}, D, (9)
It is then postulated that:
ny = f(FIya Dsr) . (10)
. - B.3



3. Transport of All Grain Sizes
The third step of development was to combine analyses for coarse and

fine grains. This was done through the introduction of the exponent nn

-

(function of D) such that:
Fp=F} x F;™ (11)
Gy =Gy x Gg™ - (12)

* The resulting dependence of G,, on F, and D, was ~ established. There-
fore, to compute the bed material load (greater than 0.04 mm) the following

equa.tioﬁs shoﬁld be used:

D, =4, (%) ” - (13)

where g is the acceleration due to gravity and s, is the mass density of
. sediment relative to that of fluid. The following mmtanté arw then obtained
as a function of D,,:

| . nn=1~0.56log D, - (14)

sub_]ect to0<nn<l,

ca=22 o1 (15)

/P
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| mr'n_= E +1.34 (16)
1og CC = 2.86log Dyr — (log Dy )? ~ 3.53 17)

Next, compute the sediment mobility number:

1=nn
um @
Fpp = et - (18

il V9d-(s, — 1) [JSTZlog (%Q)] (28)

where HD is the hydraulic depth defined as cross-sectional area divided

by water surface width. Next, the dimensionless sediment transport rate is
give;:i by:

_ Fm‘ mm ' .
G = 0C(Z= 1) (19)

and the sediment transport (mass flux per unit mass flow rate) is given by:
_ dr 1 @ \™r
X=%Hp (U) Cor (20)

The sediment load in m3/s can then be obtained as follows:

§5=XQ/s, (21)

where Q is the fluid discharge (m3/s).





