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MEMORANDUM FOR
David C. Gordon, CEMVS-ED-HP
Stephen T. Maynord, CEERD-HC-N

SUBJECT: [ Y of Micromodel Evaluation Report entitled:
“Micromodel Capabilities and Expanded Applications,” Micromodel Joint Venture
Evaluation

ject rough, preliminary, working draft report are provided forgiiil§§
¥ The use of several qualifiers preceding "draft" intends to
emphasize the very preliminary nature of the document as of this date. The
document continues to be a "work-in-progress" and hard copy is provided only to
facilitate your participation in the final editing process. The hard copy is also
provided for you to update your respective Branch Chiefs (Mr. Claude Strauser and
Mr. Tom Pokrefke) on the report status prior to their meeting in early October.

2. The intent of providing the hard copy of this incomplete draft is to allow each of us
to view the document in its entirety. A secondary intent is to provide some form of
evaluation document to the primary team members prior to the 30 September 2002
completion date set for the final draft. Although the team failed to produce a final
draft prior to the 30 September 2002 deadline, the subject report draft "as-is"
represents our best efforts to date.

e - ST R Y The
document reflects approximately 200+ pages of comments, replies, and discussions.
As you will no doubt realize, the report needs some editing. At present there is too
much emphasis on the case st'ﬁdy_xjepq_ftjpg (over 2/3 of the document). What needs
to happen is to have each of the three primary team members put-down their
opinions in writing ~ preferably in the form of short, one or two - paragraph
statements with justification(s) of how that opinion is supported. Until there are
three written independent opinions, not rebuttals or comments, the document can't
be completed "as-is." Having the three, individual written opinions will allow the
team to focus on what is required to produce a final report.

4. Ican be reached at (901) 544-3392 should yéu wish to discuss the report.at é.ny time;
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1. INTRODUCTION

1.1. RIVER ENGINEERING - Navigation Design, Past and Present
The advent of the steamboat in the early 19 century brought about a dramatic

change in travel and commerce along our nation’s inland waterways

traffic, safety on the river became a vital concern for the crews, pas

aboard the vessels (Figure 1-1). Early river engineering design wag employed on major

rivers such as the Mississippi and Missouri Rivers to ensure a safer, dependable and

deeper navigation channel. River engineering de ign .Dl'»;ed the layout and

construction of dike and revetment works, including willow mattress construction for the
stabilization of eroding banks in bends, and wooden pile dike construction, for the

management of sediment within the channel.

Figure 1-1 Early Steamboat Accident on the Mississippi River.

These edrly designs (Figure 1-2) relied heavily upon intuition, experience, and prior

European construction. Learning from the mistakes and successes of this early American
river engineering, an historical knowledge base was established. The knowledge base did

not contain equations or complex design procedures. Instead, it involved real world
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Figure 1-2 Early River Engineering N avigation Demgn on the MlSSlSSlppl River, St.
Louis Harbor, Robert E. Lee Map,

results of both successful designs and failures in thé actual I‘lB‘I‘ A desire to work with

the forces of nature rather than contend against th as always the underlying premise
for design.

The problems that river engine haV':'__::_(;iealt with in the past continue today.

Frequent dredging, required in rive s:that repetitively shoal with sediment, is

costly. River engineers are resp@?'ﬂ ble for secking design solutions that attempt to

minimize dredging in an env1r AMGH t 1 y sensitive manner. River engineers have also

hmgs have not radically changed from the way early river engineering

. Past historical knowledge combined with intuition and experience is still
at the forefront of design (Figure 1-3). However, what has changed is the amount, type,
and detail of river data now available for the engineer’s use. Within the last decade, new

technologies such as the multi-beam hydrographic survey system for the collection of
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historical knowle ge and as much prototype information as possible. The prototype data

e form of hydrographic surveys, photographs, conversations with pilots and
ers, field inspection, etc. Construction decisions were made from a summation
of all of the above.

The basic river engineering procedure summarized at the conference involved:

1. Studying and understanding the problem at hand

2. Examining time and budget

1-3



Collecting past and present prototype data

4. Formulating a list of conceptual design alternative plans

5. Presenting these plans with various interest groups, including the
environmental, navigation, and the public community

6. Choosing a design that is the most acceptable with all of the above

7. Preparing plans and specs

8. Collecting pre-construction data

9. Performing field inspection of construction

10. Collecting post-construction data

1. Evaluating the reaction of the river after constructio ata monitoring

12. Adding or modifying a design if required

To date numerical models have not provided the river engineer with predictions of
the general three-dimensional bed response of the river, Thisis in part due to the complex

nature of the three-dimensional bed response and quations to define that

response. The river boundary is ever changing in:di tonal shape due to the continual

movement of water and sediment. Unlike ot mneering fields such as highway or

structural engineering, where static forces he norm and established scientific-

based design procedures have been devi deal with these forces, there is a lack of

scientific design guidance within 1d"of river engineering. Thus, the river engineer

has had no choice but to rely llowing the basic procedure as described above for

achieving design success

However, in soin rge physical movable bed models have been used to
assist the engineer i esign process. In most other cases, they were not. The 1989
workshop underscog common problems the engineer faced, time and cost. Budgets
g reduced, which directly influenced every decision the river
fegard;ng a particular problem, from the amount and type of river data
collected, to whéther a model study was employed.

When time and budget permitted, and the river engineer wanted to obtain a
general feel for the trends and tendencies of a particular problem, large movable bed

models were used for design assistance. The three-dimensional nature of the models
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helped to sometimes fill the void created by the lack of available scientific design
procedures available. The river engineer would use the model to observe the general bed
response and in many cases the general surface flow patterns from a particular design.
Minute details and exact replication of the river were not desired and were not expected

from these models. The model gave the river engineer a general ide ow different

design plans would affect the flow and bed response of the channel. odel'served as
another piece of data to help the engineer in making a final design

Further detail was sometimes required when changes raulic structures
were proposed, such as changing the location of a navigatien or a new bridge or for
In these cases, the

an undistorted fixed-bed

‘plan of the model study. This was due

physical river changes, practicality of

Afinal design and construction using a phased approach. The
respond gradually after the first construction phase, monitor the
ceed into the next phase. The ultimate goal was the completion of
asure of improvement. Rational evaluations could then be made for each
e desi gn, if required.

¥ utilizing this phased river engineering design and construction approach, a
factor of safety was established. Through careful analysis the engineer was able to
determine when any phase of design did or did not perform as anticipated. Rock

structures and revetments could be cost-effectively modified in the river when required.




Rock structures have been extended, re-angled, degraded, and in some cases removed as
a result of the phased approach.

In summary, the river engineering design of the past and present in the United
States is based upon a historical knowledge base. Intuition, experience, and observations

of the river are the cornerstone of design. When budget and time is sufficie

traditional phased-construction procedure.

1.2. DEVELOPMENT OF THE MICROMODEL

structures. The large-scale models had

osed on the Corps of Engineers in the early nineteen
-scale models being cost prohibitive for their routine use.

ing development to engineers, especially those at the St. Louis

District ¢ Engineers (MVS) because MVS in conjunction with the Waterways

Experiment Statfon (WES) had obtained considerable success from the large-scale
models. Bendway weirs, chevrons, and other river engineering structures on the

Mississippi River all came about from the use of the large-scale models.
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Thus with the favor and experience of using the large-scale models, MVS looked
for other economical alternatives for studying river engineering problems. Afier a great
deal of research and experimentation, MVS developed an approach that uses much
smaller models for analyzing channel response (Davinroy, 1994). This approach or

methodology was referred to as micromodeling. A U.S. patent was to MVS in

1997 for the micromodel technology.

Once MVS had claims of success in using micromodels t  the Mississippi
River, other districts contracted with MVS for model studies. performed by
MVS included studies for the Memphis District (MVM), tbe. Rtk Jsland District (MVR),
the Vicksburg District (MVK), the New Orleans Dis _ , the Mississippi Valley
Division, and the Northwest Division. The work perfo¥

was unsolicited and based on the immediate needs‘f each respective office.

icipating in initial site visits and review of facility setup

Review and guidance in proposed studies

At present, three micromodel facilities have been established within the Corps of
Engineers Mississippi Valley Division. These facilities are located in the St. Louis
ﬁ--m) District (1994), the Memphis District (1998), and the Rock Island District (1999). By
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MVD policy the St. Louis District Applied River Engineering Center (AREC) is the
established authority for micromodel technology within MVD. This policy also places
responsibility on MVS to ensure that all micromodel studies are conducted in a consistent
manner. This responsibility includes review of proposed model layouts, of the model

calibration, and of the study reports. Approval for transfer of the micromodel. t¢

to other offices resides at the Mississippi Valley Division. Currently, only'

and MVR districts are approved by MVD for conducting micromodel studi

1.3. JOINT VENTURE EVALUATION

Memphis District (MVM). A list of the joint
technical advisors appears in Table 1-1.
The study effort assigned to the JV

context of advancing micromodel applicati

; defining a consistent approach for conducting micromodels and for

results and by defining areas of micromodel applicability (or capabilities

and limitation‘si}f.\.cquiring the fundamental knowledge needed to investigate micromodel
capabilities and limitations proved to be a daunting task becanse of the complexity

associated with mobile boundary hydraulics, sediment transport, the empirical approach



to loose-bed modeling, and the way in which river engineering studies are accomplished.

p—
' In order to reducethe ...~~~ DT — .
'Ttaﬁ)le I-1 Joint Venture Team Members and Roles o
Team Member Offic Role
e
i“‘ Roger A. Gaines MVM
: David Gordon' MVS
I Stephen T. Maynord ERDC
Robert D. Davinroy' MVS hnical Advisor
\\‘. Claude Strauser MVS echnical Advisor
“\‘,‘ Charles Nickles ERDC ‘Technical Advisor
\ Tom Pokrefke ERDC Technical Advisor
\\\ Robert Occhipinti’ Technical Advisor
‘\\ Dewey L. Jones Technical Advisor
\
AT
complexity, the study was diwid several components, each targeting a finite aspect
of loose-bed modeling.
The JV study congisted ee principal components. Component A sought to
establish a mechapismif ¥Hparing model results to prototype data in a consistent
' The original team member from MVS was Mr. Robert Davinroy. Mr. Gordon was subsequently
substituted as the MVS team member by MVS MEMORANDUM dated 8 January 2001. Mr. Davinroy
f"\] remained on the evaluation effort as an additional technical advisor from MVS.

? The original technical advisor from MVD was Mr. Malcolm Dove. Upon Mr. Dove's retirement, Mr.
Occhipinti assumed the role of MVD technical advisor.
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1.4. CONSULTANTS
1.4.1. General

Early in the JV study, three consultants provided an independent assessment of

the proposed research and the micromodel methodology. Two of these consultants were

trom an academic background while the third had previous practical experien

Mead Hydraulics Laboratory. Each of the three consultants had previous ex

loose-bed models. Table 1-2 lists the consultants.

Name

Role

Robert

Ettema

Review previous
micromodel reports, provide
cursory assessment of
micromodel approach, serve
as continuing academic
advisor through JV effort

Review previous
micromodel reports, provide
cursory assessment of
micromodel approach

Warren

Mellema

rivate Consultant, formerly
ith Missouri River Division, Corps
of Engineers Mead Hydraulics Lab

Review previous
micromodel reports, provide
cursory assessment of
micromodel] approach

The JV team selected one of the panelists, Dr. Robert Ettema, to continue as an

advisor for the duration of the effort. Dr. Ettema provided his expertise in developing a




framework for evaluating micromodels (Ettema, 2001) and by participation in various
team meetings and discussions. Later, the IIHR was contracted separately to conduct a
series of fixed-boundary (flat-bed) flume studies to investigate scale and distortion
affects. The fixed-boundary flume studies are described more completely in subsequent

sections and in Ettema and Muste (2002).

1.4.2. Consultants

The three consultants were asked to provide an assesgnt the micromodel

methodology and the proposed evaluation. The  gonsulbints reviewed previous

micromodel reports and participated in a one-day c

posal. Each of the consultants

(Parker, 1999) specified which

important no sional parameters associated with loose-bed modeling. Ettema leads

into his ey y providing general impressions about the proposed evaluation plan

&ws (paraphrased):

The proposed study will require a consistent theoretical framework based
on similitude and laboratory-effect considerations. As is explained
subsequently in this report, micromodel capabilities cannot be evaluated
effectively without such a framework. Nor, for that matter, can the issues
listed... be posed or answered appropriately in the absence of such a
framework. Quite possibly such a framework remains to be developed
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early in the study. Also I [Ettema] would urge that the word "theoretical”
not be thought of as being purely academic; the capabilities and possible
extended application of micromodeling cannot be evaluated in an abstract
or ad-hoc manner.

An 1mportant facet of the proposed study should be an evaluation
of the levels of accuracy needed for designing river-training works.
target levels of accuracy and reliability obtainable with microme
should be consistent with those levels. The early micro-scale mod
the Mersey and Seine estuaries were useful in part because great ac
was not needed in designing the channel-training structures m
might also be added that the records are unclear as to the actual,
of the models. :

A simple truism in modeling is that model result
as the knowledge of the people interpreting them.:
knowledgeable the modeler, the less exact need be the'm
all hydraulic and computer modeling. Reynclds and on-Harcourt
used micro-scale models, but arguably both mexnialso were among the
most knowledgeable fluid mechanicians of their,d o be effective, the
proposed study should evaluate the level of e ded to design and
interpret micromodels.

Micromodeling is motivated in
imposed on Corps Districts to get engi
cost-effective manner., There is a_gigk t
unrealistic estimates of the capabj
micromodel use is constrainéd to t

the substantial pressures
formation in a timely and
those pressures give rise to
icromodels. ( I)my [Ettema),

1) placed in relatively wide, essentially
For other applications, the modeling
to stand the risks incurred with uncertain

wing dams, dikes, bend
two-dimensional flow.

ly can yield preliminary, qualitative, and approximate
nto the larger geometric-scale processes associated with flow and
sport processes.  Their wise use, though, requires due
considersition of similitude criteria and consequent scale and laboratory
effects. Additionally, their wise use requires a sound knowledge of the
processes being modeled and of the appropriate levels of design accuracy
and reliability needed for the river-training works whose performance they
are simulating. As with all hydraulic models, the bottom line for
micromodels is that the limits of their applicability fundamentally depends

I-12



on the extents to which they meet similitude considerations and on the
A level of risk the model user is prepared to assume.

1.4.2.2 Warren Mellema (1999)

Mellema (1999) offers the following observations regarding the potential uses of

the micromodel. These discussions are based upon Mellema's "ba experience,

and observations over the years and are not based on operating mo the scales and

distortions used in micromodels."”

1. Navigation Channel Design - Micromodels
demonstrate general locations of scour
and level of these deposits and scour ho

the model are fixed.

2. Dredging Studies - The mi
demonstrate the temporary im
however, there is no know
Mt because the time scale of
model would be indete; :

of a dredge cut within a channel,
ransferring this to the prototype,
ent transport along the bed of the

3. Small Rivers - Bed'Scougix]f scour is the primary issue, an undistorted
vertical scale 1s tally ‘required. Scour tends to respond to the
vertical scale op e underwater angle of repose of the bed
material.

Locks - This issue appears to be more directly
: velocities and structural and channel alignment, and

"be an area where a micromodel can be used as an
rtical distortion should be kept to a minimum.

Structures - The impact of closing off major chutes,
icularly those where considerable flow passes at normal discharges
may have potential to be observed and evaluated in a micromodel. If
however, the major transport mechanism in the chute consists of
suspended sediment, the model must be capable of transporting and
depositing suspended sediment at model velocities.

6. Build Islands out of Dredge Spoil - The model could potentially be

\ used to demonstrate the impact of constructing islands out of dredge

o spoil, however, the stability and ultimate location of these deposits
would probably not be directly transferable to the prototype.
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7. Side Channel Openings - Scour and deposition in side channels is
highly dependent upon the sequence of flows to which they have been
subjected (i.e. high flows may scour them out, low flows may result in
low velocities and deposition). The impact of high flows passing
through a chute can possible be demonstrated with such a model,
however, since the model does not carry any significant mater;
suspension, it is doubtful if the deposition phase of the process
demonstrated with any degree of reliability.

Mellema (1999) also provides the following summary and conch

various river issues.

The highly distorted scales make transfi

and hydraulic data in order to
esults with other studies and

investigations, This is
results.

4. Modelers shotid
reproduce a’set ¢
accomplished
however,

plicates interpretation of model results when
r flows. If the model is in fact a miniature river, it
same degrees of freedom as a river. If these degrees
e constrained or removed one no longer has amodel of a

cromodel constructed and applied to date obviously has an
ab111ty to demonstrate the impacts of how bed forms are formed in a
micromodel environment, and as such, appears to be a great tool for
demonstration purposes. Its use as a design aid is still being evaluated,
and this entire experience should be a giant step forward in answering
some of the 1ssues surrounding its reliability as a design aid.
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1.4.2.3 Gary Parker (1999)
Parker (1999) suggests that the micromode! should be thought of as a process
model rather than one that satisfies strict similitude. Parker gives the following reasons

for this:

1. In addition to heavy distortion, the bed appears to be sign '
as well.

2. The bed sediment was selected because it appeared
rather than because of any criterion involving similiti

3. Although [Parker] did not obtain precise dat
that the Froude number in the micromod
that prevailing in the corresponding field s

4. Model calibration was implemented
rather than through strict similitude.

o~ interpreted with care.

Parker suggested that a stug 'wo models, one with conventional distortion

has” recently been shown that self-formed meanders can

the point of cut-off in a model not much larger that the
¢éls. .. Although the shape of the bends are definable different
igld-scale alluvial bends, most of the processes are clearly similar,
luding point bar formation, deep scour on the outside of banks and
features that resemble scroll bars. All this is achieved in a flow that is also
ely turbulent. The micromodel is thus a useful tool that is waiting to be
verified further.

It was encouraging to find that Davinroy had devised a means to
reduce the exaggerated scour in micromodels. This was done by modeling
an impermeable structure in the field as a permeable structure in the
model. The permeability partly compensates for the exaggeration in scour
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depth due to the distortion. The physical basis for this empirical
conclusion is sound: the permeability acts to suppress vertical velocities
by allowing for a cross flow.

While I [Parker] was at the AREC,. heard...some rather cavalier
disparagement of the principles of similitude. In particular 1 [Parker]
heard the opinion that as long as the micromodel was able to reproduce
field bed morphology the precise criteria of similitude mattered not
... am sure that the statement was an exaggeration for the sake of r
a point. It 1s, however, not particularly helpful. The laws of Newt
physics apply to micromodels until someone can conclusiv
otherwise.

While I [Parker] strongly believe that the physi
micromodeling needs to be established further, I [Pag
supporter of the concept. Micromodels allow for a z
relevant river processes at a very low cost. They
comparative evaluation of various river countermeasures
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2. LOOSE-BED RIVER MODELS

2.1. GENERAL
Loose-bed physical models provide a tool for the study and analysis of complex
river problems. The term "loose-bed" is used herein to describe a physigalimodel of river

channels that has fixed alignment boundaries and a movable cha

Some of the earliest loose-bed models were small table-top sized
models were used in the study of estuary and coastal sedimen
bed modeling gained more wide spread use in the early 196
increased in order to reduce the scale distortions. Reg
District Corps of Engineers have returned to the small tak models which are known

as micromodels.

The micromodel is an extremely s : physical river model having a

movable bed and varying discharge. The nyicromodelis described further in following
sections. Micromodels are most commg to address river training activities for

purposes of navigation and environme s. The micromodel is not used for more

J,f\ﬂ-‘{
rigorous problems like rate sport. This report presents the results of an e . i ey
. . l—! Q; e ¥ /’ - S o
evaluation of the micromodel. o 4 o e
e o
you have a model.”
.. R
‘When water is run through a movable bed model and the model scours the bed-. 577 v At

[
[

near the outer bank of a bend, the flow crosses over to the opposite side of the channel /y‘

prior to the following opposite bend, or an obstruction simulating a dike creates scour at

¥ In this light, criticisms of the WES models have also been made by other movable bed modeling experts.




the end, those responses should not surprise an observer. The question that must be
answered 1s to what extent does that model replicate the trends, locations, and magnitudes
of response that are specific to the prototype reach being simulated. More importantly,

how well will the model replicate changes to the system in a model calibrated to existing

conditions and used to test alternatives? Evaluators must be open to new

recognizing there are physical laws that govern similarity of flow and sedint

in rivers.

Throughout this evaluation, the statement has been made th
micromodel should only be interpreted by someone knowled
This fact is also true for other types of models, but particul

one has disputed this often repeated statement, and experien Javs a major role in

interpreting loose-bed model results. That statement does’ change the need to test the

veracity of results from the micromodel when ope ding to a standard set of
procedures.
As with any new approach, there is ¢ regarding use of micromodels.

As an example, some claim that micromo tle more than demonstration tools

spectrum. In all likelihood, t

Therefore, a balanced vi ecessary. The present evaluation attempts to

facts.

f'or measure and (2) generally accepted limits or criteria for that
test. Iterii be stated as “How good is this tool?” Item (2) can be stated as “How
good is good endugh?” In movable bed models, whether physical or numerical, neither
question has been fully answered. The objective of this evaluation of the micromodel is
to address “How good is this tool?” The complete answer to the second question “How

good is good enough?” is beyond the scope of this evaluation. However, an important
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aspect of the second question is the consequence of the model being wrong. While
environmental concerns and navigation are of equal importance, the required accuracy of
navigation predictions is generally greater than environmental predictions. For example,

environmental studies can be successful by showing the creation of dlver51ty of depth and

velocity even if the location is not properly simulated. Navi gatlon stu

enerally need
to be more precise in predicting location in order to achieve safe nav
At the beginning of this evaluation, Gary Parker of the of Minnesota

served as a short-term consultant to recommend approaches

to the classical approach of Einstein and Chien ¢

model as a standard of comparison would havg:

om important similarity criteria requires the
Ha-are qualitative or quantitative. Previous published

micromodel reports s the model results are qualitative. However, the MVS

Applied River nter micromodel website states that oL g
rs :,,"" f{ﬂ[g
i S
odeling is an excellent engineering tool for evatuating and pe 7 /
deg fructures to improve navigation on the Mississippi River. It s &
a means to optimize the design of structures such as dikes, s f o ""V"l{rf
dway weirs and chevrons to greatly improve navigation conditions, Al )‘ bt j o
hile improving the environment and establishing biological diversity. ‘; 5 D %
1’/[ [k PV

P

The statements about optimizing and design suggest that the micromodel provides : / o a
some level of quantitative results. The past use of flow visualization in the micromodel

to assess navigation conditions also implies a level of "quantitativeness.” The current
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investigation attempts to address the quantitative versus qualitative nature of micromodel

results.

2.3. AN HISTORICAL PERSPECTIVE

something larger. The stated definition is “Something that accu

or further investigation.”

Vollmers (1989) states that the German BROCKHA yclopedia defines

“scientific” model as:

Simplified reproduction of the original repr
thought to be important. These simpli
model that can be overlooked or
appropriate for experimental investi
of all ... as scientific objects of expé

ting only those properties
Ofis- are meant to obtain a

conducting the study:
applications. Model type
ASCE, 2000) to fairl

bends upon specific study requirements.
hors (Yalin 1971, Bogardi 1974, Kobus 1980, Graf 1984, Kamphuis
1991) characterize physical models into categories depending on their intended use or on
the method employed for model development. In general, physical models have been
classified into two broad categories; those based on “empirical” methods and those based

on “rational” methods. Models utilizing the empirical approach have been described as
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being purely qualitative and some references suggest that they are of limited use ( USBR,
1980). The rational approach to physical modeling is fairly direct. Similitude principles
provide a means for maintaining constant proportions between physical phenomenon in a
model and its prototype. The physical processes in a model must replicate those

processes observed in the prototype. Successful extension of

prototype requires adherence to certain model “rules” or criteria.

Strict adherence to similitude relationships requires that alk:
provide consistent relationships between model and prototype. J |
behavior between model and prototype, all geometric,
should be the same. Similitude relationships and

mechanism to help identify important engineering vart: i 'that describe the physical

relationships necessary to produce geometric, kineth itic, and dynamic similarity. Froude,

Reynolds, and Weber numbers, derived fro nsional analysis, are of primary
concern for models with a free surface. Defi¥agions and definitions of Froude, Reynolds
and Weber numbers as well as othe nless parameters appear in most basic
hydraulics texts as well as in many gther pubilications (ASCE 1942, Janna 1981, Vennard
1981, French 1985, and ASC Various articles discuss similitude and
ysical sediment models (Einstein and Chien 1956,
and 1986, Suga 1973, Watt 1973, Bogardi 1974, Garde

4975, Gujar 1981, Gehrig 1981, Kobus 1984, and Shen

dimensional analysis as related’
Snamenskaya 1969, Yali
and Ranga Raju 1974,3#ni
1986).

Physical rarely replicate all flow processes. This is particularly true of

physical sedi bdels. One distinct disadvantage of physical modeling is that both

exist on the same planet Therefore, gravitational forces, model to

-lmost never scaled (some limited work with centrifuges as in Kobus

model and prototype. Hence, viscous forces cannot be appropriately scaled. A number of
well-known hydraulic laboratories have established model design procedures (both
published and unpublished). However, adherence to similitude criteria for the remaining

properties of Froude number, sediment mobility, Reynolds number, and roughness
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" places models developed using the regim

" semi-quantitative and as implicit or empirical modelg which

. equilibrium approached employed by the

characteristics often depends more on a modeler’s experience and intuition than on a
rigorous procedure. An alternative viewpoint defines similarity based on the model’s

ability to reproduce the prototype’s bathymetric response after an extensive calibration

and verification phase. Such an approach implies that some similarity criteria may often

Gaines (2002) provides a summary of previous physical mo
approaches. One item that should be perfectly clear to anyone wlhio’
previous studies is that strict adherence to similarity criteria i
most loose-bed models. Most loose-bed models plac 1 importance on a

calibration and/or verification phase. The calibration/v

at the small scales used in micromod ch (1964) states that the time consuming

¥ “application of regime relations. Present

rational methodis simply a more rigorous adherence to similarity criteria and generally
requires large models to apply the method than used in the empirical approach. Rational
models are characterized by low vertical scale distortion, low Froude number

exaggeration, and equality of Shields parameter in model and prototype. Neither the
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large-scale models nor the micromodels considered herein follow the rational method of

loose-bed modeling.

2.3.2. Empirical Loose-Bed Modeling
Qualitative models place less reliance on similarity requi

(1949) states,

Instead of arranging the various hydraulic forces involved efinite
requirements laid down in any law of similityd “successful
prosecution of a movable-bed model study reg e combined
action of the hydraulic forces bring about simi respect to the all-
important phenomenon of bed movement, whit} 3 the ggsence of this type
of model study.

Warnock (1949) also states that the verificati qualitative loose-bed model is the
basis for most of the confidence in the mod .

Davinroy (1994), who develop -‘ promodel, uses morphological similarity
Y Warnock (1949). Although less rigorous

litative models attempt to limit vertical scale

in overall bed configuration, which is st
than rational loose-bed models,

distortion and Froude numbetexaggesation. Qualitative loose-bed models have a Shields

parameter that is less than type. Based on a review of the literature, the civil

engineering profession ag the qualitative loose-bed model as a useful tool in river
engineering. Park# ulting on this evaluation, stated “In process models precise

similitude is no ather, the model is adjusted so that the processes and patterns

of morphology;:suct-gs the pattern of scour and fill, are reproduced as faithfully as

possible. Beg ame physical phenomenon are represented in the model as in the
model is still useful as a diagnostic tool.” Parker also stated “They

)} provide a tool for a comparative evaluation of various river

2.3.3. Empirically Based Rational Loose-Bed Modeling
Few model efforts comply with the full set of requirements described by Graf's

(1974) rational model category. However, several laboratories utilize an empirical
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approach to achieve similarity of the major aspects required of the rational models,
namely similarity of roughness, Froude number, and sediment mobility. Models in this
category are generally those conducted in Europe and South Africia (Struiksma, 1980 and
1986, and Zwamborn, 1966 and 1967). Although the foregoing similarity conditions

were sought, the model process utilized for these models involved a veri i phase

where the model was continually adjusted until the model adequatelu‘
prototype bed response. As in the case of other model approaches d
report, a visual assessment of the agreement between model and protetyp
basis for determining whether the model is verified.
approaches is provided in

es (2002).

A synopsis of the European and South African mo
Gaines (2002). Additional model approaches are also described

2.3.4. Other Loose-Bed Modeling

Freeman (1929) discusses early studies by F olds and Vernon-Harcourt which
were similar to the qualitative model but us ] dé; ;cale velocities in models with
huge (greater than 20) vertical scale dist fnon-Harcourt conducted a study of

de

the Mersey estuary in England in a

_th awvertical scale distortion of 60. Vernon-

Harcourt discusses a verification proce ich involves a three-step process. Vernon-

Harcourt's three-step process differ 3. the two-step process used in the micromodel

and most loose-bed modelin t loose-bed models, adjustments are made in the

2.4. THE REALEITY OF MODELING

Ackers (1987) poses the question that remains today when discussing the rational
approach requiring equality of Shields parameter and other criteria stating “Yet many

apparently successful models have been made of sand bed rivers and estuaries which did
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not follow those rules. Were those modelers deluding themselves as to the degree of
simulation achieved, or is the academic approach to scale selection unnecessarily
restrictive or even misleading?” Vollmers (1989) classification of modelers addressed
this same concept in a slightly facetious manner at a 1987 NATO workshop (Shen 1990).
Vollmers divided the workshop participants into two groups: 1) Theéogsticians having

published similarity laws but never run a movable bed model; and
similarity laws to obtain initial data for their models, but wh
experiments are forced to accept numerous compromises th
physically. If one concludes that only those studies '
model and prototype are valid, then most models inc
Past acceptance of model results where the Shields paramé;ﬁ:g as significantly less in the
model than in the prototype demonstrates that v "'d. studies have been conducted with

inequality of the Shields parameter.

2.5. MODEL TYPES EVALUATED

The current investigation sq gifels based upon various approaches and at

s1de the US Army Corps of Engineers. - As a result;

ies conducted by the Waterways Expenment Statlon

is not possible to distinguish the cause effect relationship for each individual
factor (Biedenharn, 1995). While it is not the intent of the present study to relate
channel response to these factors, each of these factors has a direct influence on

variations found in the prototype. Even with the most rigorous sediment model,
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variability in the prototype data causes problems when comparing model and prototype
data. The problem becomes more acute when parameters that cause variability in the
bathymetry are not included in the modeling process. For example, the micromodel does

not simulate hydrograph variability that may be a major cause of variability in the

prototype bathymetric data.

verification process employed by the Waterways Experimei (WES) generally

utilized only one prototype survey to assess model reproductio ' totype conditions

(The WES meodels are also referred to as large-scale models). Their verification began

with a specified prototype condition which was mol

was then operated (and adjusted) to reproduce prote discharges and sediment loads

necessary to reproduce a second, later prototyy metry. Verification was assessed

through a visual qualitative interpretation and prototype bathymetry. Franco

Both larg;:-scale models and micromodels included herein utilized a visual
assessment of the state of model calibration by comparing model bathymetry to prototype
bathymetry. However, several noteworthy differences exist between model approaches

used with the large-scale models and the micromodels.
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2.5.1. Basic Methodology of WES Movable Bed Models
The large movable-bed models employed by the Corps of Engineers at the
Waterways Experiment Station (WES) in Vicksburg, Mississippi, as stated previously,

were classified as loose-bed models that used an empirical modeling

models utilized relatively large horizontal scales (typically 1:120 to
low vertical distortion (typically 4 to 10 in the sand-bed models
bed models). By taking an empirical approach, the models |
Froude similitude criteria during the design or operati '
stated that the primary step in the development o .
selection of suitable scales and bed material which woult
sediment, flow similar to the prototype. To acco
characteristics of the prototype based upon hy:
required. In addition, experience in the
hydraulic models was needed for pro | verification.  Figure 2-1 is a typical
movable-bed model used at WES.
The distortion or cxaggerati f'thie vertical to horizontal scale ratio in the WES

models was necessary to gené

(1963) recommended tha

satisfactory bed movement in the models. Franco
n should be as small as practical primarily because it

tends to affect the relat of velocity, width-depth ratio of the channel and curvature,

ution of energy within the channel. Franco goes on to state

‘hese models were used in both indoor and outdoor facilities. A rectangular
ed and constructed according to a chosen planform or bankline alignment of
the prototype. WES also constructed some movable-bed models in flumes with fixed
water systems in an effort to reduce model construction costs. The movable-bed portion

of the model within the flume was then molded or formed from a chosen prototype
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dle Mississippi River at
zontal & 1:100 Vertical

g comparative range lines or

cross sections ani the model at intervals consistent with hydrographic surveys (typically 4
feet apart on the model). The model bed was then interpolated and contoured between
these sections by skilled technicians and model makers. Figure 2-2 is a photo illustrating

the molding process and the contouring of the model bed.




rance and exit conditions

Bank alignment and overbank roughness

Erosion resistant boundary(ies)

8. Regulating Structure elevation and condition.

In addition to the factors listed above, a ninth, very important factor integral to the

model design was the adjustment of rails to provide a supplemental slope on the model to
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aid in achieving the desired mobility of the model bed material. Each of these nine

factors are discussed in detail.

1. Discharge Scale. Discharge in the models were controlled through the use of
a pump, weir or venturi meter, and associated valves. The ability to vary the
discharge was required because the models used variable hydrog
important observation by Franco (1978) relates to the type of hydr
in model operation. Franco notes that many hydraulic laborator

physical models based on the dominant discharge concept where.a sin;
rate is used for all model simulations. He advocates us

river stages and discharges...” (Franco, 1978).
In selection of a discharge scale relation, care w.

rated considerably
above that range. Therefore the model dlscharge scale:had to be variable to

mobile as compared to the prototype
exponentially reduced in the model
the maximum prototype dtscharg"
relation approached the Froude:i
Depending upon the particu
discharge factors was differg

An example of this,
relationship to the protz
model with distortio
discharge of th
represent the.proto

arge scale factor for the model scales.
model, the application of these applied

onential, non-linear model discharge scale
as presented by Franco (1978) on a coal bed
(Figure 2-3). The graph shows that as the
increased, the scale discharge ratios applied to
creased exponentially. It should be noted that this
: graph paper resulting in an exponential (or power)
od s are generally too small to develop the forces required to
del bed materials, especially at lower flows. The additional
ove the sediment must be provided through discharge scale
hat are greater than the theoretical scale derived from the model
: nd vertical scales. However, over the range of model discharges,

was always more distortion (increase) of low flow than high flows
ive to the Froude criteria.
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Figure

1000

DISCHARGE IN THOUSANDS OF CFS

1:30000 1:40000 1:50000 1:60000 1:70000 1:80000 1:90000
DISCHARGE SCALE RATIO, MODEL TO PROTOTYPE

2-3 Discharge Relation Curve, “fES Coa d Model, Scale 1:120 - 1:80

Prototype discharge hydrographs were simulated using distorted model
discharges while maintaining
model. This was accomplished by installation of a movable tailgate in the
model exit area.: For all intensive purposes, this tailgate was used to
reproduce the portion of the river downstream of the modeled reach to create
backwater and maintain ‘selected stages in the model based on the stage
hydrograph. s ta lgate, in combination with the changing scale discharge
releases at the uppér end of the model, was moved upward or downward to
mamtam desired model water surface elevation at a preselected location in
F1gure 2-4 from Franco (1978) shows the discharge scale ratio

e from a sand bed model with a distortion of seven (7). The graph

Time Scale. Franco (1978) noted that time scales in the WES models should
" be adjusted in order to reproduce sequences and durations of stage and

discharge in the prototype. The time scale should indicate a relation between

- the time required for bed development in the model and in the prototype. The

WES models utilized time scales between 5 and 10 minutes to equal one day
in the prototype, depending on the bed material used. The vast majority of
the models operated at WES used a time scale of 6 minutes equal to one,
prototype day. These times were based primarily on prior model work.
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STAGE IN FT-LITTLE ROCK GAGE
o

-10

DISCHARGE SCALE RATIO, MODEL-TO-

elapsed t1me one could expect ;
particular design alternative o

sometimes run for a part
ultimate model bed resp

ieing particle sizes to smaller sizes would have required even larger
model scales and would change the behavior of the model bed material from
non-cohesive to cohesive.  Foster (1975) described model sediments
predominantly used in the WES models to be a 0.2 mm diameter for sand bed
models (specific gravity of 2.65) and 4 mm diameter for crushed coal bed
models (Specific gravity of 1.3). The sizes of these sediments equated to
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approximately 1.5 inches to 9 inches in prototype diameter, depending upon
the particular model that was in use. The Mississippi River is comprised
mainly of sand and silts. Franco (1978) states “in natural streams, the size of
bed material does not vary in direct proportion to the size of the river and
tends to be larger in smaller streams”.

The method of sediment input used in the WES m
procedure whereby bed material was manually introduced:af
the model. The rate of transport of this material thr
ultimately a function of the energy supplied by the model
during the verification process. The immediate £0.
sufficient model bed material was available to ente
conditions were such to have that occur. Whilg
establish equality in the amount of sedime
compared to the amount of sediment leavi
amount of material input to the model was
sediment extruded from the model. An agre
particularly during plan testing, would
degrade nor aggrade. This was one
model. The other portion of th:
configuration. When the channetl
and the sediment input and:

twas developed

to ensure that
iodel if energy
¢ ultimate goal was to
iced into the model as
e model, during verification the
independent of the amount of
enf'1in model sediment budget,
cnsure that the channel bed would not
ion of the term “stability” of the

uring mode] verification based upon the
t the end of the verification phase, a model

Y
Seu =Sm - r:sp ‘L}

Xr

where
Squ = supplemental slope,

Sm = total model slope required to mobilize the model bed
sediment,

Sp = slope at full scale (prototype)

X; = the horizontal scale ratio, and

y; = the vertical scale ratio.
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For model studies conducted at the WES values for total slope
were reported as:

Sm=0.00065 to 0.0010 for 0.2 mm sand
0 00030 to 0. 00050 for 4 mm crushed coal

Typically a model operates very near the critical tractive fo;
prototype operates considerably above the critical level. Vertica
an adaptation to increase tractive force in a model. The distorti
discharge scale also aids in increasing the tractive velocity t
movement of model bed sediment. However, in most ;
supplementary slope is also required to develop th
bed movement.

5. Entrance and Exit Conditions. The entrance ¢

model. Baffles or guide vanes constru
materials were used to accomplish this.i:]

far enough downstream from the are: st in the model study to ensure
minimal negative model influence, tained an adequately sized pit to
collect the bed material extruded fro model.

The accurate alignment of the
planform, was critical to the proper
- bed configuration. For this reason, it was
naps, drawings, or photos of the prototype for
nditions in the model. In addition, often some
Nk in the form of folded screen,
2'models to simulate overbank prototype roughness

associated wit
exactly model-

: In most WES models, a small, parallel ponion of the
or overbank was usually included in the model. However, some
ovable-bed models reproduced significantly large overbank areas.

ion Resistant Boundaries. There are many erosion resistant materials
oecur in the prototype in the form of gravel and cobble bars, clay plugs,
rock strata, sunken vessels, debris, etc. The WES models utilized several
different materials in the model to simulate resistance to erosion including
haydite, screen, gravel, and concrete. Figures 2-5 and 2-6 are photos
illustrating some of the different materials used. In Figure 2-5, concrete was
used to simulate both a rock feature and dikes in the model. In Figure 2-6,
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haydite was used to simulate an erosion resistant bar (Boston Bar). The
determination of erosion resistant boundaries in the model was usually made
during model verification based upon either information obtained from the
prototype or upon judgment made by the modeler.

In addition, pile dikes and rock structures of the prototype were
represented in the model. Pile dikes were constructed using appropriately
sized, based on the horizontal scale, cylindrical rods. R

- Regulating Structure Elevation and Condition.
of the WES models was the amount of available
condition of existing channel regulating stfuct

out the general condition
n of this effort.

Figure 2-5 Tower Rock Bar Model Showing Concrete Formed Geologic Rock
Feature (Tower Rock) and Concrete Formed Dikes.



e S
Figure 2-6 Mississipp River Boston Bar
Boston Bar is at Left Center and was Const

Scale 1:600 H and 1:100 V.
Erosion-Resistant Haydite.

e

Figure 2-7 Pea Gravel-Concrete Cgiomerae Represen
Dogtooth Bend Model

ek
ee

ting Bendway Weirs in the
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Figure 2-8 Thin-Walled MRpresenting Che
Model

n the St. Louis Harbor

> rails were placed on either side

9. Adjustments of Rails. A series of adjustab
11 the desired supplemental slope in the

of the model banks, and used to i S

benchmark was rel
vertical measureme

n the model. The rail adjustments to obtain the
- slope were made during the verification process and
tant throughout the duration of the model study. WES
pproach because specific stages were maintained in the
‘of excessive or limited bed material movement could be
g verification. Subsequently, the supplemental slope in the
reased or decreased as needed to obtain acceptable bed material
nt.  Figure 2-9 is a photo showing the location of rails for datum
- adjustments.
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WES for the initial adjustment or calibr
“model verification” (Franco 1963).

adjusted during the verification phas-e' ;

the design of movab

sufficient to mo

the focal obj

6t0 Illusirates the Use of
ariable Datum.

for testing. The procedure at
lel bed behavior was termed
eding nine parameters were

. Franco (1963) states that the

various hydraulic forces and
its ability to reproduce with
nown to have occurred in the
¢ “principal considerations in

draulic forces developed be

terial forming the bed in simulation of prototype sediment
model is capable of defining the problem at hand.” With this as

ve, sediment movement was guided by the following considerations:

1. Model bed movement should occur during all flows that produce prototype

bed movement.

2. During low flows, movement should be mostly
movement in deep channels.
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3. During high flows, sediment movement should be fairly general throughout,
but movement in bends and deeper channel areas will be greater than
elsewhere.

4. Resultant bed conditions are dependent on the point of time in the hydrograph
cycle when a survey is made (surveys made at the end of a high-tflow period
indicate deeper channels in bends and shallower crossings whil surveys made
at the end of a low-flow period indicate shallower chasnels in bends and
deeper crossings).

During the verification a representation of the discharge ang shydrographs are

introduced and maintained in the model over a starting bed configuration that was

configuration was surveyed. The result

the starting bed configuration and adjustments were then made as discussed

he hydrograph was then again simulated and the process repeated as necessary

until the modeler felt that similarity was achieved with the ending prototype survey.
Special attention was given to the input of sediment to ensure that the model had

sufficient (neither too much nor too little) bed material available.
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After the described process was complete, the model was considered verified. At
this point, an “average annual design hydrograph™ was developed in coordination with
the study sponsor and used for all subsequent model runs. These stage and discharge
hydrographs were based upon the particular problem at hand and were empirically

determined usually by averaging a set of historical data. The average ual d sign

hydrograph was then used to establish a base test condition in the model.
The model bed configuration at the end of verification or a partic
survey served as the starting bed configuration for the base te
average annual hydrographs would be run through the mod
achieved (sediment equilibrium and relative channel confi
this occurred, the resultant model bed configuration formed the

This base test bed configuration was the bed normatl

t bed configuration. Sometimes

ive phases or stages of construction where the
channel bed was allowed tan before another phase was installed and testing

continued. When a new

base test t directly to the prototype. However, the desired improvements were also
considered in this analysis. The river engineer then took these bed response indications
from the model to assist in design and construction decisions for the prototype.

Flow visualization was also used in many movable-bed model studies at WES.

Using time exposure or time lapse photography, confetti streaks or lighted drones were
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captured under certain flow conditions in the model usually during the base test and
comparative design alternative tests. In the model study results, the flow visualization
was used for a general indication of the relative effects of the main concentration of flow

for a particular design as compared to the base test. Due to the fact that the model

velocities were distorted above the theoretical values (based on Froude number

similitude), this flow visualization provided general information only and was not used in

designing testing plans or transfer of model information to the prototipe. It was merely

another indication of the plan effects. There was no way to relate the flow visualization

in the WES models directly to any type of navigation cané_h ton or evaluation thereof.

However, general assessments regarding the effe¢ patterns on navigation

(identified by the model flow visualization) were mad ome models (e.g. Dogtooth

Bend and Greenville Bridge model studies). Fi sres 2-10 through 2-13 illustrate flow

visualization used in some of the WES model

River, Vertical Scale Distortion of 3.6
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Figure 2-11 Flow Visualization of the St. Louis Hark or Medel to Assess Flow
Patterns through Multiple Bridge Crossings, Vertica I Scale Distortion of 2.5

Figure 2-12 Flow Visua er Model, Vertical Scale

Figure 2-13 Flow Visualization of the Grand Tower
River, Vertical Scale Distortion o

odel, Middle Mississippi
f4
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2.5.2. Basic Methodology of Micromodels
Davinroy (1994) developed an empirical modeling procedure utilizing small
horizontal scales (e.g. as small as 1:20,000) and a relatively high degree of vertical

distortion (e.g. distortions up to 1:20 were used) to study sedimentation problems

approach has been used in modeling a variety of streams rangijg

tributaries to the Mississippi River (streams less than 90 feet wi

roducing sediment behavior as observed

(1938), and Vogel and Dean (1932) as kg

in the prototype. Further descri ofygeneral micromodel procedure is found in
subsequent sections.

The micromodel approach begiris by selecting horizontal scales based on physical
constraints. The vertical g wever, is not known a priori as it is established during
initial calibration, (r g that vertical scale is a dependent parameter).
i equilibrium concept using sediment recirculation. The

the existence of a unique relationship between bed material

low d€pth and roughness and between sediment material and roughness.

ther investigators noted below have also acknowledged the dependency of depth
on bed ‘material characteristics. Jonte (1949) presents an iterative procedure for
establishing the bed material and vertical scale for a particular model. The method
described by Jonte attempts to relate model flow depth, slope, and discharge at operating

conditions, prototype flow depth, slope, and discharge at a state of incipient bed mobility,
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and vertical distortion through a graphical technique to achieve a satisfactory choice of
vertical scale and bed material composition. The method involves placing trial bed
material in the model then operating the model at constant discharge until a stable bed is
obtained. Slope, discharge and mean flow depth are then determined and compared to

prototype conditions where the bed is at the point of motion. This process i

a number of runs in order to establish the satisfactory combination of sedi
and vertical scale. Glazik (1978) and Gasser (1989) also suggest ¢
distortion as part of model calibration.

The micromode! technique does not utilize established
the design or operation of a model. Instead, micromodeling 4

similarity (Davinroy, 1994, Glazik, 1978, Hecker, 1989, and S

overall bed configuration determines the degree of
prototype. The morphologic parameters commonl

thalweg location and general bed-elevation trends.

including photographs, hydrographic surveys, geological data and any
other pertinent information, which may be available. Particular attention should be given

to any anomalies that may be present such as rock outcroppings or other tertiary
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limitations, either vertical or horizontal, which may affect the characteristic of the reach
being studied.

The model itself consists of several major components: (1) the insert that
simulates the banks of the river, (2) the flume base that holds the insert and houses the

water reservoir, submersible pump and control valve, and (3) the

yuterized flow

controller which provides communication between the computer an

2.5.2.2 Micromodel Insert Layout

Once the background research has been compl

if channel realignment is to be considered during the study. The
ay consist of either a removable section in the insert or just a setback in
line that can be adjusted using oil-based modeling clay. A reference plane and
grid is established on the insert using an appropriate coordinate system such as the
Universal Transverse Mercator (UTM) or the State Plane Coordinate System (SPCS).
The coordinate grid is added to the CADD file describing the model limits.
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Three identical scaled plots of the model insert are used to manufacture the
physical insert. These plots have existing stream boundaries and other model features
such as islands, grid lines, head gates, and tailgates clearly marked. Two of the aerial

photographs are laminated and glued to two pieces of acrylic sheeting. The acrylic sheets

are then glued to the upper and lower sides of a piece of 76 mm thick

polystyrene foam. The foam layer and upper acrylic layer are cut along th

and island lines to form an open trough or channel. These cuts are ve

tailgate structures are then constructed and placed within 100 300 mm from the

beginning and end of the model, respectively. The ta‘:‘"gate consists of a fixed free
overfall. The sides of the model channel are pain to reduce the capture of

extraneous data when surveying the model bed.

Ll Lot
V0% 02,5.2.3 Micromodel Flume and Sefu

I
'

1in “a table-size flume base that measures
Ker

aodel operation. Rotational jacks located within

S The completed insert is pl

s clamps are used to secure the insert to

the flume to prevent movemen

the flume base control the s re model in both the longitudinal and transverse

th a small sedimentation chamber and submersible
flow to the model in: other reservoir is located outside and above the flume base

to provide a cons or flow. A magnetic flow meter is placed on the inlet line to

monitor fl¢ ng operation of the model. The slope of the flume base is initially

adjusted 16 ximately 0.01 in the longitudinal direction and zero in the transverse

direction. The head gate and tailgate assemblies are adjusted to near mid-depth of the
insert to control bed elevations. Existing prototype river training structures are simulated
by galvanized steel mesh and placed within the insert at the proper locations, lengths and

elevations. Because the vertical scale and shift are initially unknown, the first structure
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elevations placed in the model are visually set relative to the maximum water levels to
produce a trial bed response. This bed response is then used in estimating the vertical
scale and shift for setting structure elevations in subsequent runs. Sediment, consisting of

a plastic Urea Type II is then added to the insert to about one-half the channel depth or

approximately 1.5 inches. The material is randomly placed in the fl thout molding

by the modeler. Several different sizes of sediment can be combined’ resent the bed

material of the stream under investigation. Selection of mode ymerit gradation is
based upon past experience with models of similar reaches of a 1d on the size of

the model.

2.5.2.4 Micromodel Operation '
The model is operated using a customized &mputer control system that simulates
a hydrographic cycle. The cycle chosen can b nstant flow, sine wave, triangular
or user defined. In addition to choosing a ¢!
specified. During these cycles water

submersible pump and then transp : g the bed of the model until it exits the

75.2.5 Micromodel Calibration
Calibration of the model usually begins by introducing a constant discharge to the
head-bay of the insert. This flow begins to form the bathymetry of the bed given the

channel alignment, the amount of sediment in the model and the tilt of the flume. After

2-31




equilibrium conditions have been reached and the model bed has stabilized, the slope is
adjusted by adding or removing sediment, increasing or decreasing the tilt of the flume,

adjusting the tailgate elevation or a combination thereof. These adjustments are

continued until the water surface is parallel to the reference plane established on the

dimensional digitizer. During the adjustment process guide vanes, rou

erodible material and baffles are added, and fine-tuned as necessary, untii

throughout the rest of the model.
The constant discharge is run at a high flow of approximat l/min.j to 12 Vmin,

to establish a high flow limit on the hydrographic cycle.

experience and judgment,
After establishing high and low i

he model are not related to time scale in the prototype.

cal scale of the model is determined through a trial and error process
during the calibration phase. All data is referenced to the coordinate plane on the surface
of the insert, which is set at zero elevation. This plane must be shifted vertically toward
the surface of the sediment bed so that the reference plane matches the prototype

reference plane. The vertical offset between the model reference plane on the insert
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surface and the equivalent Low Water Reference Plane (LWRP) of the model is called
the shift factor. The LWRP on the Mississippi River is based on a statistical analysis of
historical river stages and is defined as the stage that is exceeded 97% of the time.
Bathymetry collected in the prototype is normally converted from standard elevation data

improve the ability of the model to reprg

After final adjustments are

comparison. When comparison reveals disagreement between the model survey and the
prototype surveys, small adjustments are made by changing model tilt, entrance and exit

conditions, and boundary conditions. This process is repeated until morphologic
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similarity between the model survey and the prototype surveys is such that the model is
considered to be calibrated and baseline conditions exist.

Consistency between repeated model surveys and their comparison to prototype
surveys indicates when model baseline conditions have been attained. The actual

measure of how well the model data replicates the prototype data depen :

modeler’s interpretation of the survey results. Generally it is evaluated on }
converted model data visually reproduces the prototype survey data ing

elevation and location. The modeler is looking at bathymetric and: flg

opposed to exact depths or velocities.
In reaches where prototype data are available, fl
method of comparing surface flow conditions in the microriig

conditions. Prototype data, which may be available, &

containing ice floes, float data, or Acoustic Doppl

strategies and confers with pertinent technical personnel, as necessary, to reach stated

study objectives. Proposed designs consist of possible structure locations, alighments,
lengths and elevations. Each proposed design is placed within the model, and the model

is operated through several hydrograph cycles until the bed is stabilized. The actual
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number of cycles depends on the relative magnitude of the changes induced by the
alternative structures. Typically five or six five-minute cycles will bring the bed to
equilibrium conditions.

Slight changes may require less time for the model to re-stabilize the bed while

more drastic changes may require more time. Bed re-stabilization ocg en the model

bathymetry obtains a new equilibrium condition. The new equili tion exists

when bed material transport remains relatively consistent over se : -;{cfi‘ograph cycles
and no sediment waves are observed in the model. The resultagit bathymetry is surveyed
using the laser scanner, and the data are compared qualitati baseline conditions.
The effectiveness of the alternative is evaluated, a tive introduced into the

model, and the process repeated.

2.5.2.7 Simulation of River Training
The generalized impact on the ri¥grbed sed by dikes, weirs, closure
structures, and other channel regulating stifig \ in the prototype are highly desirable to
the river engineering community. Thes I structures have been used extensively in
both micromodels and large-scalgimé $ to mimic current conditions or to test new
design alternatives.

During the calibratiimiphase of either large-scale or micromodels, the existing
dikes in the study reac} et in the model according to their actual elevations.
Structure elevatio

the model. Strljc .

WES models are set using the rail datum and vertical scale of

evations in the micromodel are set using the reference datum and
the selected sk vértical scale of the model. If dikes and other training structures
are not set i oper elevations, then the model bed will not respond correctly and
calib 1> adversely affected. Because prototype structure elevations are utilized to
sétmodel structure elevations, dikes in the model can be designed to an approximate
by setting their elevation relative to the existing structures in the model.
Therefore, an approximate design elevation is obtained from the model for use by the

modeler and designer in developing plans for construction in the river.
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One of the most important functions of movable bed models is the ability to make
qualitative assessments on the three-dimensional effect of dike structures on the
bathymetry of a river. An area of concern in the model's bathymetric response to these
structures involves a realistic reproduction of scour patterns. The reproduction of scour

in vertically distorted models requires special attention.

Because the model is geometrically smaller than the prototype, t

associated with a solid boundary structure in the model is relatively

predominantly used in the WES m . fepresent dikes. In many cases, the response

of the bed observed aroungd the ¢tures was not representative of what was actually

occurring in the river, and 2 shows excessive scour around sheet metal
structures and rock stru sted in the St. Louis Harbor model. Other structures,
including the bend s in the large-scale Dogtooth Bend Model, also exhibited
increased scour scour that occurred off the ends of many of the structures was so
great th, om*“ef the concrete flume was exposed. Once the flume bottom was
exposed, d was essentially armored, which then caused the scour to exaggerate
laterally. This created a wider scour pattern that unrealistically represented the bed
response of the prototype. Case studies of both models are presented later in this report

and provide more description of the model studies.
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The same types of problems were noted early during the development of the
micromodels, including the original work done at the University of Missouri-Rolla
(UMR) (Davinroy, 1994). Impervious sheet metal (.01 inch) was first used to represent
prototype rock dikes. As was the case of the WES models, the exaggerated scour of the

models was accepted as a limitation of the model, with the underlying sophy that as

long as changes in the thalweg could be observed, one could general

conclusions about the effectiveness of dikes in the model. H this limitation
would result in extreme difficulty during model calibration dueito ability to control

the exaggeration of scour depths and the lateral extent of the s created by the dikes.

. .
""" odel.
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Developed through flume experi , porous structures proved to be more

effective in mimicking the bed res id dike structures observed in the river.
The micromodel approach current utilizes pervious steel mesh to represent prototype
training structures to simylate: terns and the depositional response observed in

' in the micromodel was reinforced by the effects

porous structures observed in flume studies at ITHR.

tly ‘dampened this distortion. The porous structures enable a relative
rces and shear stresses traditionally applied to the model bed with solid
structures. Structure porosity in models also introduces a presently unknown scale effect
through altered flow distributions. The end result of using porous model structures is a
reproduction of the bathymetric response around these structures that is comparable to the

bathymetric response created by solid rock structures in the prototype.
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2.6. MICROMODELS CONTRASTED WITH OTHER LOOSE-BED MODELS
While similarity laws are not followed closely in qualitative models, there are

differences between the micromodel and most previous qualitative models. The

differences refer not only to the large-scale models conducted at WES but also to loose-

the United

bed medels conducted in Europe, South Africa, and other labor
States. Specific differences between the micromodel and other looSiifier iels are as

follows:

1) Small size- The micromodel is one to two,
most qualitative models. Minimum chg
inches with horizontal scales of up to 1:368 odel depths as low as Y;-
inch are an order of magnitude less th ¢ minimum of 2.5-inches
recommended in Gujar (1981). Tha;:e 1S no” requirement for minimum
Reynolds number used in the micromod e
extreme distortion of relative rou

agnitude smaller than
. on the order of 1.5

ﬂxw

2) Large vertical scale distortion-
ff most qualitative models. Micromodels
commonly use distortion: Recommendations for maximum

distortion in other qualjtiiti

atum determined as part of the calibration rather
Tn converting model bed elevations to equivalent
r a calibration test, various vertical scales and vertical

L the micromodel bed configuration most closely matches #

, The small model depths result in W,L ﬂ
WA
*‘WJ :

eptions, distortion ratios used in m" 47 her’

P

//

[4

Phis adjustment can be done in the micromodel because there is ~ = W c""ﬁ

i

ea

"dence of stage and discharge in micromodel to prototype stage. ..

discharge in the prototype.

Low stages run in micromodel- Typical alluvial streams have dominant or *°
channel forming discharges that are roughly at a bankfull stage. Maximum Y el
stages in the micromodel are about 2/3 of bankfull. One positive feature of

the low stages is that it reduces distortion effects.

6) Calibration of micromodel based on equilibrium bed- Previous qualitative
models conduct verification by starting with a known bed configuration,
running the subsequent hydrograph, and comparing the ending bed
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topography in model and prototype. The micromodel starts with an unmolded
bed, runs a generic hydrograph for many repetitions until the bed reaches
equilibrium, and compares the equilibrium bed to as many prototype
hydrographic surveys as possible to see if the correct trends are reproduced.

7) The small size of the micromodel and the relatively heavy (heavy for plastic)
bed material (SG=1.47) results in steep slopes in the micromo Water

ft/ft. This translates to about 53 fi/mile, which is about 100 time
the Mississippi River. Steep slopes result in significant exagg
Froude number. Froude number exaggeration will be discusse
Recent studies in the micromodel have experimented wi aterial’  having
SG = 1.2-1.3 which should reduce this problem.

8) The small model size and larger vertical sc
sediment, when scaled to prototype dimensions
2-4 ft in diameter. The relatively large particle si

includes no provision for providing simi
done in some other qualitative model tec
stages in other models is one mea:
characteristics.

] eproduction of prototype
ed to achieve similar friction

10) The micromodel uses porou

results help define an acceptable level of morphologic
similarity betweengl and prototype. Because of the complexity that exists in
loose-bed meode
looking 4t ;
medel. Th

ciding where to start is difficult. A logical place to start involves
fous model study results to help establish what defines an acceptable
ent investigation thus began by considering previously completed
models and their ability to reproduce prototype conditions. A comparison of model
bathymetry to prototype bathymetry provided the basis of this analysis.

Although individual model study reports generally included a description of how

the model reproduced prototype conditions, only one report was found to include a
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systematic analysis of several models aimed at defining overall model accuracy (Franco,
1982). Franco's analysis utilized the same visual interpretation of model and prototype
bathymetry used in model verification/calibration. Franco's report documented sand-bed

model studies that utilized a slightly different approach than traditionally used at WES.

Instead of using the subjective methodology of comparing baghyiiktric data used

during model calibration, the present investigation sought to ut; a ¢hantitative
approach in attempting to define morphologic similarity. A bgi cription of the
methodology is described in Gaines, Gordon, and Maynord: Gaines (2002)

provides a more exhaustive description of the method.

2.7.1. Franco (1982)
In the early 1980's, Franco prepared a modél-prototype comparison study of dike

systems in connection with the Mississip L ommission (MRC) potamology

program. This study considered moveable-8gd. mod s8tudies conducted in seven of the
ississippi River. The models included in

and coal-bed models used at WES.

most complex and troublesome reaches
this study were not typical of other

Franco's (1982) comparigg dy intended to obtain some quick, general
indications of the effectivenes proposed for the improvement and stabilization
of those reaches studied

conducted in an existin]

ach of the studies considered utilized sand as the model sediment material,
gnco's analysis of the model results compared with developments in the river
indicated that the types of models used predicted, at least qualitatively, most of the
principal trends that actually occurred in the river with the plans tested. According to

Franco (1982) the degree of accuracy of the models varied and depended to a
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considerable extent on the model adjustment, characteristics of the reach, flow
conditions, and similarity between plan tested and actual construction.

Franco's comparison effort consisted of a visual appraisal of model bathymetric
surveys and a number of prototype bathymetric surveys in a manner consistent with

methods used in verifying other large-scale models. There was no

quantitatively compare model and prototype bathymetry. Excerpts from Fr
report are included in Appendix D.

2.7.2. Gaines, Gordon, and Maynord (2002)
Gaines, Gordon and Maynord (2002) describe co

quantitative expressio | parameter similarity. The magnitude of differences,

calculated for the hologic parameters in the fourteen micromodels, are similar
to those cal the sixteen large-scale models. For example, differences in cross-
section 0 LWRP are -25 percent, -22 percent, and + 13 percent for the Kate-
Aubrey lafgéscale model, the 1:8,000 micromodel and the 1:16,000 micromodel,
respectively.  The corresponding MSE values for these models were 0.331, 0.216, and
0.319, respectively. Values for all thirty model study results are included in Gaines,

Gordon and Maynord (2002).
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A significant observation by Gaines, Gordon and Maynord (2002) is that the
difference and MSE values do not adequately define how well a model actually
reproduces the prototype and that a third method is required. The additional method is

necessary because the difference and MSE values represent averaged reach conditions.

The averaging of values over the reach may result in difference an lues that do
not sufficiently describe the morphologic similarity. Therefore, a thi
by Gaines, Gordon and Maynord (2002) includes morphologic p
for model and prototype bathymetry. These plots provide a g

finge do not provide a quantity

that describes the level of similarity, the plots do pii vide a consistent way to present how
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3. BASIC ENGINEERING ANALYSIS

3.1. GENERAL
ASCE (2000) presents the dimensionless parameters associated with flow of

water and sediment in channels with a bed of cohesionless particles as

1/3
glp, - p)} pRS  p,

pvz (3-1)

I =fy D{

the dimensionless ratios do not cause sjg ant’ effects under certain conditions. For

exampie, the last parameter on the nghfs equation 1 will not be the same in model

and prototype, but the effects of sugf ion in model and prototype will be negligible

i

if the model is large enough ent investigation did not determine the effects of

surface tension in micromo #first term on the right hand side is a particle density
term, which shows that # eight material is used, the particle size in the model
will be larger thas+ip, 0 dtype. The second term is the Shields parameter that is
present in almost m« ed model criteria. The third term p; /p is often ignored
because densifyéi ;e‘ptﬂﬁ'arc addressed in the 1% and 2" terms of the right side of the

equation. erm on the right hand side, D/R, is the relative roughness, which is

extreme distortion of D/R which can be as low as 1/6 whereas the prototype values are 2

to 4 orders of magnitude less. The 5 term on the right side is the aspect ratio which is

another term which can rarely be maintained the same in model and sand bed prototype



rivers. The micromodel distortion of vertical scale and thus B/R is about twice as large
as most previous loose-bed models.

A review of the literally hundreds of references on loose-bed modeling reveals
that guidance for design and operation of loose-bed models consists of similar sediment

mobility and flow patterns yielding similar bed configuration. As will beidiscussed

subsequently, some of the techniques for insuring similar sediment
adversely affect reproduction of flow patterns and thus bed configuration
The numerous working model and research studies pertaini del and

prototype similarity provide insight into the present problem of evé 'ng micro-scale

physical sediment models. However, a fundamental study g Scale distortion

effects is necessary to establish the degree of flexibility pé ithout adversely
impacting model results. Fixed-bed or rigid-boundary flug

of Hydraulic Research (ITHR) provided information

it difficult to défine the level of agreement between model and prototype. Therefore, the
level of expected accuracy (and similarity) from a model must be tempered with
knowledge about prototype variability because this variability defines the basis for the

similarity relationship between model and prototype bathymetry.
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Arguably, prototype variability is partly a function of man’s ability to measure
physical phenomena in the riverine environment. The true accuracy of prototype
discharge measurements is unknown because the absolute volumetric flow rate cannot be
determined. Buchanan and Somers (1969) suggest that capabilities for field measurement

of discharge under ideal conditions is repeatable to within approximately##:5 percent.

Accuracy of sediment discharge measurements, especiall

highly dependent on flow depth, cannot be reliably estimateds

obtain. For example, water discharge data for the

collected for relatively few locations.

Ettema (2000) a: ‘ideveloping a scheme for evaluating use of small-scale

physical sediment

ited mumber of processes where model-to-prototype similarity can be achieved
through a calibration or verification process. Those processes in turn mimic, to varying
degrees, the degrees of freedom existing in alluvial rivers. The degrees of freedom

describe the flexibility by which a river adjusts in response to flow and sediment loading




and to external constraints imposed by the morphology of the banks (e.g., bed rock or
rock outcrops).

Three principle freedoms are apparent from observation of most streams:
adjustment in channel depth, adjustment in alignment, and adjustment in cross-section

shape. The successful prosecution of a physical sediment model entails, 1

these natural adjustment tendencies. However, owing to the high degree :
and mostly unknown processes associated with lateral channel adjustm
typically employ a rigid (or nearly so) planform where meander
progression are restricted. Thus, the thalweg is constrained to t
banks. This confinement partially limits channel respons
only within the channel. Thalweg alignment, therefore, retai
adjust laterally, but the overall channel alignment and
location (e.g. at sharp bends, where the channel i
susceptible to erosion). Where river training stfi
thalweg positional freedom occurs, and in t
constricted reach with limited potential for,
various model parameters (i.e., vertic
constricting effects.

The consequences of con the thalweg’s ability to shift in response to
8 in achieving successful model results. Because

water and sediment may

omponent of physical sediment model studies, a

thalweg alignment is @
| move may create difficulties in model calibration and in
the prototype. This is especially true for highly distorted

ective is to estimate the position and number of flow-training

3.2.1. Important Variables. The important engineering variables for most river

training essentially relate to thalweg behavior. Table 3-1 provides a recapitulation of

factors that influence model and prototype similarity. Consider then the possibilities for
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general thalweg behavior as depicted in Figures 3-1, 3-2 and 3-3 (Ettema, 2000). In
Figure 3-1 Ettema depicts a hypothetical, unrestrained case where thalweg position is free
to adjust vertically, laterally, and downstream within the channel banks. Principle
variables that characterize this case are channel width (W), slope (S,), sediment size (D),

thalweg depth (Y,), lateral thalweg position within the channel ,wiith (T,), and

sinuosity (Co). Figure 3-2 depicts a hypothetical long constrictio

multiple training. structures. Principle variables characterizing

variables of interest for the short contractiog nel width, slope, sediment size,

thalweg depth, Y-, lateral thalweg position,’ mosity, Co. The contracted width,

coefficient (Cc), as a diagnosti

The variables defining th g” depth, alignment, and sinuosity are dependent
variables — their values pn the independent variables that characterize flow,
sediment transport, and:Bpundaty geometry. Ettema casts these independent variables in
the form of nefdi Jﬂl parameters that describe the similarity conditions for

physical sedi fodeling. Variables that influence flow and bathymetry




Table 3-1 Factors Influencing Model-to-Prototype Similarity Requirements

GEOMORPHIC/HYDROLOGIC

SEDIMENT

TRAINING STRUCTURE

Width: ~variability
-bankfuli

Channel:  -cross-

median size

grainsize disthbution

Bed  |density
Material

cohesiveness

non-erodible

incipient mobility

Stream Thalweg:  -straight

State of mobility

-sinuous | 4

~divided
channa,

Bathymetr Alignment
v

- radius of e
curvature

Bed-forms:

- type
Particle | - magnitude
- wavelength

Abutment

Dikefwingdam

Type

- cantral a
ancle of hand

Sorting/Armoring

Discharge -magnitude Q

Fall Velocity

-variability

-duration t

Equilibriun State
-Equitibrium

- Dis-Equilibrium

Flow - mean Vou v
Velodity:  velocity

Rate

- iataral
distribution
« secondary

siurants

Turbulenc - magnitude
-

Transport [£om of Transport

- bed load

- suspended load

Location

- straight reach

- bendway

-side channet

Spacing

!

Alignment

o

- flow field Ra

Lateral Distribution

Hydrauli - boundary Re-
<

Detailed

Features Notches

Porosity

- intensity

Flow ~ main
Deoth channel deoth

- lateral
istribii

Fluid: - T
T

- density t

- viscosity n

- surfaca o
lension

Roughnes - bed
&

- banks

- total
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Constriction in a Channel of Fixed Width (after Ettema, 2000).




S S S SO S S S S S Sl Sy Sy St S SISt SIS,

Contraction Scour Thalweg

T

—e - —_— - 2
_,_- -,
-t "

Z U Dike- e W

=T U{z) T

2
ocal Scour

(S SO 5 ST S SO ST S S O S ST SOl SR SO B Sl %,

PLAN VIEW

2N

.....

z H, Pressure Head I 4

Uy Down Flow
and

Z Yo Horseshoe

Vortex

Figure 3-3 Hypothetical Flow, Sediment,‘a

Short Constriction in a Channel Vidth (after Ettema, 2000).

for micromodels, as shown in Figurg

.O';H:Sosu*(),g,D,u*C,W

where p, o, u defin

roperties of density, surface tension, and dynamic viscosity,
respectively; g is; onal acceleration; u+, us,, and D define sediment material
characteristj ar. velocity, critical shear velocity, and representative particle size,
respectively: d W is channel width. This is a slightly expanded list of variables as
compared to used by Yalin (1971). Ettema applied dimensional analysis with us,,

D, and p as repeating variables to yield the following dimensionless combinations

g, U0 (9s)* pusD pDu,y’ w

u*ch’u’O"D'
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When the channel is contracted as shown in Figures 3-2 or 3-3 Ettema includes

additional variables of

p)a9ussﬂau*01g,Dau*cawaL&laesm:N

where L is the constriction length, / is the spacing interval, e is the fur : porosity, m
is the structure thickness (parallel to flow), and N is the numbir of ‘ghryctures.  Applying

dimensional analysis as before, Ettema derives the fol sionless parameters

m
SO » ) 3 1y T 6 N
u *C gD D
Both of the preceding dimensionless characterize flow and sediment
movement near the bed. Ettema propo ate arrangement of these combinations

to provide insight into the local flg

where V is thé ow velocity and f is the Darcy-Weisbach resistance coefficient.
- the description of dependencies relating to micromodels with each
patgmeter, T, y, &, described as functions of various independent non-
ional combinations. In brief, Ettema’s relationships intend to describe reach

morpholégy imposed by the constriction.

3.2.2. Consequences of Distortions. Ettema (2000) further describes scale effects
that result from the relaxation of four common characteristic parameters: increased

length scale, vertical distortion, inflated bed sediment size, and exaggerated slope.
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Ettema provides calculated examples exemplifying the effect of reduced lengths (with no
distortion in the vertical dimension, e.g. x/=y;) on Reynolds and Weber numbers (viscous
and surface tension effects, respectively). Ettema asserts that reduced lengths alter local
flow patterns and pressure gradients around simulated hydraulic structures, along the

river bed, and along the river banks.

relationship between scour depth and flow depth at bridge piers

certain abutment arrangements mimic the effects of dikes

features, particularly evident in the vicinity

because the angle of repose of bed sedim

draulic radius for the wide channel example), of the channel is very large,
then the functional relationship A (Equation 3-1) in the central region of such a flow can

be regarded as independent of B/y. Thus, if only the flow properties in the central region

are of interest,
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Figure 3-4. Regions within a Wide Chan

the requirement that

The definitioniofa d;: channel in this case varies, but Kuelegan (1938) suggests B/y <
5. Chow{1959) suggests that B/y < 5 to 10. Either case permits a degree of flexibility
. However, certain bounds are implied.

ased upon data from published study reports, micromodels typically have flow
widths of F1.5 to 8.3 inches and reach average hydraulic depths of 0.26 to 1.91 inches.
The typical reach average values of width and depth in the micromodels are about 3.7

inches and 0.7 inches, respectively. These typical values of depth and width yield an
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average B/y of 5 for the micromodels®. By comparison, values of B/y for the Mississippi
River are typically on the order of 50 for the Mississippi River at Memphis, TN for an
equivalent water surface elevation of approximately +20 LWRP. Values of B/y for the

large-scale models was not available for +20 LWRP as used in the micromodels.

Therefore, values of B and y for a water surface elevation of 0.0 LWRP
make a relative comparison of prototype, large-scale, and small-scale mod

The large scale models had average B/y that was 40 percent of the protot)

shifts periodically left and right as it move

helicoidal flow is most prevalent in small_

cross-circulation (in the
in comparison of mode| prototype data.
Determining far the scales can be relaxed is an all important part of
understanding 1 -bed “model design and operation. In loose-bed modeling, the
modeler egree of relaxation by selection of the vertical scale. In previous

model ap s, vertical scale was selected during the initial model design. However,

selection of vertical scale in the micromodeling approach occurs during the calibration

phase.

* The values of B/y based on an equivalent prototype water surface elevation of +20 LWRP,
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A priori selection of model vertical scale yields the advantage of assessing
similarity criteria during model design. Accordingly, the Froude criterion provides an
estimate of model discharges. Channel bathymetry serves to define gross sediment
transport similitude, but similarity in sediment particle mobility is of secondary

importance. This approach defines techniques employed in the

large-scale
models considered,

A disadvantage of selecting vertical scale prior to oper. nodel results

of depth, but other non-linear distortions occur in the mod

is a function of the square root of depth. In realiti:the selection of vertical scale should

flow field (us,)]. Ettem

exaggerates the veloci d associated pressure gradients. One mitigating factor

reduced relative roughness resuits in increased turbulence

: ‘noted by other authors. As relates to bed form, Ettema suggests that a

W/y (or B/y) inhibits development of bed forms. This fact is noted from

observation of models constructed with small widths and relatively large sediment sizes.
Slope distortion also occurs as a result of other distortions. Basing approximate

similarity on sediment transport, which is a fundamental procedure for most physical
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sediment modeling, implies a similarity of us;/u-,. Because u+ is a function of slope, a

distortion in slope is essentially the same as vertical distortion with similar scale effects.
Kahn (1970) and Schuum and Kahn (1972) present a relationship between

sinuosity and slope that indicates than when slope is increased, sinuosity increases up to a

maximum then decreases. Therefore, distortion of slope in a model will likel

model’s ability to faithfully reproduce sinuosity.

3.2.3. Sediment Mobility

Sediment mobility is quantified in most loose-bed mode y the Shields
ding to move the

est. The rational

that the Shields parameter “is therefore the organt variable from the point of

view of movement of bed material.” Zwan

made equal to the prototype, the only parameters that can be varied in the model are ps,
R, and S. Adjustment of these three parameters leads to three techniques often used

jointly in loose-bed models as follows:



a. Lightweight sediment- Typical minimum specific gravity of model sediment

has been about 1.05 but sediment this light has to be carefully handled and
model flooding and startup are difficult. Walnut shells having a specific
gravity of 1.3 have been used. Coal having a specific gravity of 1.3 is
common. The plastic used in the micromodel having specifi grav1ty of 1.48
is relatively heavy compared to other lightweight material se, The use of
lightweight sediment has little direct effect on flow patte
important in several aspects of model similarity. The mo tio of particle
size to depth is larger than the prototype in all loose-b

ad to problems
esistance which

Vertical scale distortion- Vertical scale dlstortxo s the second technique used
to achieve correct sediment movemer . Horizontal scale/ vertical scale is
referred to as distortion and valu

recommendations for dj
based on maintainjng

. Jaeggi (197?) concludes that morphological processes
- on width / depth and that a distorted modei should be

of 1, 3, and 5. The plotted profiles for distortions of 3 and 5
om the case with no distortion and did not vary in a consistent
Suga (1973) reports that distortions used in his lab’s loose-bed

: modeél studies were five or less and concludes that distortion should not be

used when scour depth and location are the main subjects. Foster (1975)
presented cross section plots of velocity from a model with a distortion of
three and an undistorted model of the St. Lawrence River. Foster concluded
“The velocities in the distorted model shifted several hundred feet toward the
outside of the bend from those in the undistorted model.” Channel width in
this reach was 1200-1500 ft. Zimmerman and Kennedy (1978) conducted
research on curved channels to determine the transverse bed slope in bends
and concluded distorted models can be used if distortion is limited to no more
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than 2 or 3.  Chitale (19??) recommends limiting distortion to 6 or less.
While these previous studies have recommended limitations on distortion, the
regime theory requires distortion of models according to the equation

3 2
h,>=L,

results in h; = 464 or a distortion of 21.5 which is generally grea
in the micromodel. Note that as Lr increases, so does the distorti
applicability for equation (1) are unknown but no examples

not obvious is the subsequent conclusion that a mg
have a lower aspect ratio. A large channel oft

affecting flow and bed topography, partic
The rational approach of Yalin (197

than some value that ranges from 1.5 — 6 or 2) regime
( istortion but none of the applications of regime theory in the

deal with I, = 10000 typical of the micromodel. Studies of
itdf bends show pronounced effects on secondary flow intensity that
result of distortion in the vertical scale dimension (Rocha, 1983).

Increase model slope- Increased model slope is the third technique used to
achieve correct sediment movement. This leads to a Froude number in the
model that is greater than the prototype which raises concerns about the
ability of the model to reproduce flow patterns. Increased model slope is
achieved by an increase in model discharge. ERDC coal bed models had
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discharge ratios (and Froude numbers) that were exaggerated at low flows but
close to the flow required by equality of Froude number at high flows. In the
Dogtooth bend micromodel at mid-bank flow, Davinroy (1994) reports that
the Froude number in the micromodel was 6 times the Froude number in the
prototype. Einstein and Chien (1956) allow some exaggeration of model
Froude number but do not recommend a limit. In an example presented by
Gujar (1981), a Froude number distortion of F.,/F, = 28" lassified as
large whereas 1.67 was classified as acceptable. Qi 2l (1986)
recommends a Froude number distortion of less tha A !

reported a Froude number exaggeration of 2.5 wa
provided acceptable results.  Vollmers (1986) "
exaggeration of 1.4 in the loose-bed model of th
distortion of eight.

The earlier models of Reynolds in
conducted with tidal periods according to* g'Frouie criteria (resulting in no
distortion of the Froude number in the modél}’ Tidal models require no
distortion of Froude number to propegly simulate the influence of waves.
Without Froude number exaggeration, the Reynolds’ model was slow with
one simulation in the two feet widg long model lasting three weeks.
Froude number exaggeration is based he concept that Froude number has
limited significance for low ke ‘typlca] of alluvial streams. A problem
arises when the Froude nug exaggerated to the point where it is no
longer insignificant in t ‘ ‘roude number distortion should be limited
by not getting anywhe ritical conditions at a Froude number of 1.0.

g:number effects were small, but not insignificant, up to a
E10.66 The length of the recirculation zone varied increasing
sifrom a Froude number of 0.1 to 0.66. Between data points at a

er of 0.66 and 0.90, the recirculation length changed
. Sherenkov’s best fit line started rapidly changing at a Froude
about 0.75. Summarizing these findings, Froude number

3.24. Performance Categories
Gaines (2002) summarizes several non-dimensional parameters and relationships
that define sets of similarity conditions. These parameters and relationships describe

flow and sediment motion in physical sediment models. Indeed, similarity relationships
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mean little if the parameter being “simulated” is not understood in its full context. For
example, there is a well known phenomena in rivers whereby a looped rating curve
occurs; the so called hysterisis effect. Because all flow field and sediment transport
similarity parameters (and processes) depend upon discharge, similarity must be viewed

as variable; it too is a variable function that changes with time and locat

1984, Gujar, 1981, and Gessler, 1971). As a result, similarity can be con
problem. In this context varying levels of similarity relaxation are possit
level based upon the acceptable deviations allowable for the partic
modeled.

Melville and Coleman (2000) present a framework for br ge scour analysis

according to five “scales” of scour processes (based on work by 4, Hagerty, Mueller,

Melville, Parker, and Usher, 1996). The spatial scales are is follows:

Catchment scale;
Stream section scale;
Bridge far-field scale;

Bridge near-field scale; and

A T

Local scour scale.

phenomena with progre
level features of the
prototype similarity:
response may:be't

nditions are more relaxed (Ettema, 2000). Alternately, focus on local

scour at a speeific training structure, or the localized flow field response, may be
categorized as a "micro” level phenomena (Parola et al. (1996) local scour scale) and
similarity requirements are more restrictive. Thus, similarity conditions can be divided
into categories that define the degree of tlexibility that are permissible for the particular

model objective. Using a similar scheme as the bridge scour analysis presented by

3-18



Melville and Coleman, the following categories or levels of similarity relaxation are

suggested:
1. Far-field,;
2. Near-field;
3. Local-field; and
4. Detailed-field.

At the far-field level, only gross processes are significant as'rélates to physical

sediment transport modeling. Here the dominant v cofie those that influence

general sediment movement, surface flow patte 1 bafliymetric response. The

application of most physical sediment modeling fits with confines of this category

where an approximate intensity of sediment tr rt is achieved and the associated

bathymetric response is evaluated by a cali “p verification process. Similarity

standpoint.
Near-field similarity %
that describe both hydrauli

1s afforded the requiremeii

t this level. At this level, requirements may dictate that the two-dimensional

ids have greater similarity to the prototype than exists at the far- or near-field

gors

levels. A possible example for this level is where the model objective is to estimate the
anticipated quantities of sediment extracted through a water intake. For this case, the
width of the two-dimensional flow field has a major influence on the lateral distribution

of velocity and of sediment -- the lateral distribution of velocity and particularly sediment
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impacts the quantity of sediment available for extraction. Permissible deviations in
similarity are not determined for this level.
Detailed-field similarity invokes the strictest requirement for attaining similarity

between the model and prototype. Conditions for this level are such that intensity and

frequency of turbulent flow features become an important aspect of the
Vorticity and vortex shedding may also be of primary interest. This is the c

three-dimensional flow conditions such as exists at bridge piers or in

similarity requirements remains undetermined for this case.
An alternative approach to classify micromodel
consideration of the intended model purpose. There are fo

follows:

1. Demonstration/Education/Communicati

2. Qualitative Bathymetry Analysis and/,
Patterns :

3. Quantitative Bathymetry Analysi
Patterns

with the use of physical models (or for mathematical models). Uncertainty primarily
results from a lack of knowledge and understanding of complex river processes and

responses. Uncertainty leads to a risk of failure and it is therefore critical to assess the
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risk and incorporate this knowledge in the final design. Broad categories of

uncertainty include:

1. Model uncertainty results when simplified mathematic
physical models are used to describe the complex river beliay

1 small-scale
TOCEsSes.

2. Parameter uncertainty results from difficulties in estimatin
such as roughness and channel forming discharges.

le] parameters

3. Randomness includes natural fluctuation in flo iment transport
parameters.

4. Human error introduced through design .oReré of the model and in the

design and construction of the prototype struchis

Limits for model application are depeng on the variability in prototype

conditions. The values used in defining tl ilitude criteria also depend on
prototype variability. The level of e apcuracy (and similarity) from a model
must, therefore, be tempered with knowt out prototype variability.

Arguably, prototype variabi} ly a function of man’s ability to measure

physical phenomena in th ﬁrivironment. The true accuracy of prototype

discharge measurements is tibecause the absolute volumetric flow rate cannot be
determined. Buchanan :

of discharge under¥dgal ‘¢¢

ers (1969) suggest that capabilities for field measurement

itions is repeatable to within approximately +/-5 percent.

shent discharge measurements, especially bed load, which is
low depth, cannot be reliably estimated. In particular, the
pifand other large river systems) poses significant obstacles to
‘of sediment transport phenomena and even discharge data are difficult to
e ]imited spatial (and temporal) definition of discharge (much less velocity

ns and sediment transport) makes the concept of similarity for a particular

model reach problematic: what discharge should be used, what energy slope exists in the
prototype, and what bathymetry is most representative? This leads to the conclusion that

similitude in open rivers cannot be defined in absolute terms.
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The lack of an absolute definition of similitude, however, does not preclude the
use of loose-bed physical models. Past application of these models (documented by a
long list of successful model study reports) proves their utility in solving complex
riverine problems. Both large-scale and small-scale models provide information useful in

developing problem solutions.

3.3. SCALE RATIO ANALYSIS

alculated

Weighted

Gaines (2002) utilized reach-weighted morphologic parameteg:y
from previous model study results to investigate similarit

values were utilized because preliminary calculations us tic mean values

calculations. The additional consideration of
significant improvement in the way model sj
Because measured model and, prot dta were limited, the similarity analysis

used scale ratios to investigate roughiiess, Shields parameters, and sediment transport

similarity relationships. Gaines r d:that the limited availability and/or lack of data

severely restricted the investigation and precluded a definitive analysis of scale relaxation

or distortion effects. gested that future research should be directed at

determining scale effects in‘the small-scale models because actual measured prototype

and model data is neg 0 more completely understand and interpret model results.

Such research may lead to improved model design and operation and an expanded

nall-scale models met the similitude criteria. Evaluation of the Shields

both large- and
criterion through the scale ratios indicated that the small-scale models provided a degree
of similarity on par with that provided by the WES models. However, Gaines developed
the scale ratios based upon the assumption of Froude scaling. Although the WES models
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more closely approximate Froude scaling than do the micromodels, neither of the models
in Gaines' analysis were based on a strict application of the Froude criterion.
Gaines found hydraulic and sedimentation time ratios to be greater in the large-

and small-scale models than ratios reported by previous investigators (Zwamborn, 1966).

Both large-and small-scale models were found to fall on a single cu#vi Visually fitted

through the time scale data with small-scale model time ratios ap ndte ’_f{ one log
cycle greater than the large-scale model time ratio values.
Roughness similarity was considered through use of

and/or the roughness distortion factor B. Gaines (2002):sh

 roughness ratio
ughness in the large-

scale models to represent a closer degree of similitug small-scale models. The

by Gaines using the ripple factor. :€ai rrected values for distortion indicate that

micromodel vertical-scale distp

While the scale ratio approach presented by Gaines is based on an approximation
using limited available data, the methodology presented provides a tool for evaluating
scale effects resulting in deviation from similitude requirements for the micromodel.

Understanding these scale effects is a significant part of determining the veracity of the
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micromodel and in understanding the limitation of the micromodel. In this light, the
principal scale ratio methodology developed by Gaines (2002) is included in Appendix C.
Future efforts should include documentation of the parameters needed for using the scale

ratio methodology to evaluate scale effects in the micromodels.

3.4. FLUME STUDIES
Investigation of scale and distortion effects in models of na

complicated by the irregular influence of the channel alignment, be

allowed for controlled testing but to a lesser de

flumes because of possible deformations of j

3.4.1. Fixed-Bed Flumes

and scale distortion at a st e structure using fixed-bed (or flat-bed) flumes having

rigid boundaries. Th so included several tests conducted in loose-bed flumes to

investigate how bed ation might influence interpretation of the fixed-bed flume

results, provides the following summary.

is study is part of an overall effort by the U.S. Army Corps of
Engineers to evaluate the potential use and limits of very small hydraulic
models (termed micromodels) for simulating flow and sediment-transport
processes associated with alluvial-channel control. In particular, the study
was conducted to determine scale-effect trends associated with selected
important features of the flow field around a single dike or wing-dam
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placed on a fixed-bed channel. The flow features of interest are channel
thalweg alignment (the path of maximum depth and usually velocity) of
flow around a dike, and the flow-separation region formed immediately
downstream of a dike. These features are of practical importance for
channel control, especially in facilitating alluvial-channel use for
navigation. USACE has made extensive use of micromodels to aid
investigation of channel-control modifications, which commenbsii
the placement of modification of dikes.

The following paragraphs describe the IIHR study and findin e descriptions
include paraphrases from the IIHR report.

The ITHR study's approach utilized flume
framework developed for evaluating the technicz';;l Wil

replicating flow and sediment movement aro

ends uncomplicated by the influences of
alluvial-bed deformation (local | id bed forms). Brief experiments were also

conducted with single dikes bed channel, in order to determine how bed

and porous dikes.

Because micrgmodels have mobile beds of model sediment, the main similitude

models. However, as other similitude considerations are not met,

vitably arise and become more severe as model scale increases. One

scale effécts arise with the use of vertically distorted models, and with amplified
roughness of bed sediment. The results of the IIHR study show that the consequent

distortions in the lateral and vertical distributions of flow, as well as exaggeration of

* Length scale = prototype length / model length
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velocity heads, affect the strength and dispersion of wake eddies and turbulence
generated by a model dike in a fixed-bed flume. These consequences lead to increased
distance, relative to dike length, for flow symmetry to re-establish downstream of a dike

in a fixed bed channel. Commensurately, thalweg alignment and separation region in the

vicinity of a dike may deviate from prototype values. Additional tests j
flumes at ITHR indicate a reduction in these effects result from deformatioﬁ
the vicinity of the dike structures.

The results also show that, through the use of a porous dike, s
models of dikes can be made to simulate thalweg alignment aroy
partly compensates for the exaggerated velocity heads i

primarily on intensity of bed-sediment movement. Dike porosity ever, disrupts the

flow-separation region downstream of a dike. Further, thg results show that local scour

of the bed at a dike has a major influence on thalw. tent and flow-separation in

the vicinity of a dike. That influence can dominate, s ffset;the scale effects described
above, provided that scour depth and lateral e ot grossly exceed scaled prototype
values. Porous dikes are used in micromo der to reduce the depth and lateral

extent of scour exaggeration.

3.4.2. Loose-Bed Flumes
Similar to the fixed-bed:

studies conducted by ITHR, a series of experiments

ic similitude involving sediment mobility and boundary

1 as two primary considerations in the loose-bed flume studies at

The UMK flume studies also included experiments to assess the effects of a single
training structure on channel response and the associated hydraulic response of the flow.
Both solid and porous training structures were tested. The only results from the training

structure experiments reported in Gaines (2002) pertain to the effects of channel size on
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the lateral and vertical contraction effects induced by the various training structures
analyzed.

Interpretation of the surface flow patterns was not included in Gaines (2002).
Because the effects of distortion include an exaggeration of velocity and Froude number

in small-scale model channels, the surface flow patterns are influen e distortion.

For this reason, surface flow patterns in the UMR flume experim eré:fiterpreted
during preparation of the present report. A report of the investi

the relevant flume data are included in Appendix B.

3.4.2.1 Sediment Mobility
Sediment mobility as a model similarity re& involves three distinct

relationships: the point of incipient particle moBility, the general state of sediment

mobility, and the particle’s suspension char. Two dimensionless parameters

provide the means for evaluating the particlés e first is the Shields stress (t*)

i _ Tb _ HS
p}D  pgAD AD

where A = (ps — p)/p. The

number Re- also repeaté

nd dimensionless parameter is the particle Reynolds

i€ reader’s convenience

u.D
v

Res =

wn in a modified form of particle Reynolds number as

R, - WADD

P v
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Garcia (2000) used R, and t* to generate a Shields regime diagram useful for
differentiating between alluvial and gravel bed rivers. This form of the Shields diagram
provides a simplified mechanism for the design and operation of physical sediment
models. Likewise, evaluating model limits can be accomplished by comparing and

contrasting physical sediment model particle mobility data to prototype data;th the

diagram. In lieu of maintaining stringent similarity requirements betwee el*and
prototype for © and R, the Shields regime diagram can be used to asse er‘tnodel
conditions are representative of the prototype. The Shields regime - a useful

technique for revealing whether model transport is in the samg:regi ¢é2as exists in the

prototype.
A first step in investigating the state of sedimen y in the current

investigation required establishing the point of incipientparticle motion. Experiments

were conducted using Kramer’s weak-moveme o determine this point.

Incipient mobility (IM) data determined for the Uréx iment:material are shown on the
ntified as UMR 2” Flume PG IM

;, UMR 6” Flume PG IM (a single

Shields regime diagram, Figure 3-5, as four po
(two points represented by solid diamond
solid triangle symbol) and UMR 27, IM (a single solid square symbol). These
four incipient motion points for Plasti well above the critical curve delineated by
Brownlie’s (1981} fit of Shield dditional data are needed to more completely
' of 7* for the Urea Plastigrit sediment.

eriments where sediment motion was greater than

: m.in Figure 3-5. The experimental data for flume runs with

depicted by UMR 2” Flume (open diamond), UMR 6”

incipient motion are alsq.s|

higher sediment m

Flume (open tridi ). and UMR 12” Flume (open square) labels in the figure. A

noticeabl in the UMR flume data is apparent from the figure. Each flow level

used in the mments produces a commensurate level of Shields stress regardless of

flume size. This occurrence is a direct result of the pseude Froude scaling approach used
in establishing flow levels between the three flumes (e.g., us; = 1). The steady increase of

¥ with increasing depth (after all 1* is a function of depth, H) suggests that vertical
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distortion may be a plausible means for obtaining closer model-to-prototype similarity as
expressed by the Shields similarity criterion.
The 1%, R, data from the current investigation falls within the transitional zone as

do most of alluvial sand-bed rivers at a state of bankfull discharge (Garcia, 2000).

Garcia’s prototype data and large flume data are depicted in Figur s noted in the
at of the

UMR study was that the flume data fell below the suspension curvgidéfined by us=o.

legend. The principal difference between Garcia’s sand-bed river

is the effect of particle shape on
-5 as labeled. The data for sand
disks provides some insight regarding

suspension when plotted with o=u« £

ﬁo ever, no bedforms were visible at any time during the experiments. A
POs: xplanation for the lack of dunes (or even ripples) in the flumes stems from the
consideration of particle shape and relative roughness on bedform development. No
published data were found regarding the influence of particle shape on bedform
development. Most bedform prediction methods found in the literature involve flow

depth.
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Figure 3-5 Shields Regime Diagram (after Garcia, 2000)
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3.4.2.2 Roughness Relationships
A number of previous investigators identified boundary roughness as an important
parameter in model design. Incorrect roughness in a model results in an inability to

reproduce prototype stages. This implies a direct influence on vel d sediment

distributions. Investigation of roughness in small-scale channels (wi fi'thie order of

2 inches) required collection of friction data as part of the UMR fl

(2002). The side wall

correction utilized for computing f, compensates for of a different boundary

roughness along flume walls than exists along the Bg

"y condition (described by the Blasius equations)

0316

f
Re}‘/1

for Re < 10,000

L —20l0g, Rey/f for Re > 10,000
N 2.51

are shown in Figure 3-6 for reference.
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The experimental flume data can be grouped by relative roughness as depicted in
the standard Moody Diagram (Gray, 2000). Lines shown in Figure 3-6 were visually
fitted through the experimental data (The lines through the data reflect the third
parameter of relative roughness). In Figure 3-6 data from Williams (1970) three largest

flume widths (widths of 6, 12, 24 inches) indicate an upward trend in f;, with

UMR Flume and Williams {1970) Flume Data
0.20 ‘ ‘ ; ‘ | i
BN

+R/D 20 - Witliams [ 1g]

0.18

Darcy-Weisbach Friction Factor Corrected for Sidewall Effects, 7,

i
_031§
.

for Re < 10,000 . fa
Re i

;

Loz Bev S | for e 10,000
7 251

M

1000 10000 100000 1000000

/

Flow Reynolds Number, Re

Figure 3-6 Moody Diagram for Flume Data

Re* while the smallest Williams flume (3 inches wide) and UMR flume experiments

indicate a downward trend.
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The data suggest that the experiments having the smallest relative roughness
exhibited friction behavior as found in the laminar and transitional regions of the curve
despite the fact that Re > 2000 which indicates that fully turbulent flow existed in the
flumes. The line fitted to the UMR flume data closely resembles the shape of the laminar

curve depicted by Equation (3-1). Therefore, flume width appear: a role in the

relationship between roughness and Reynolds number. One possibl plariation for the

change in trend derives from the fact that channel width to depth g a major role
in reproduction of two dimensional flow characteristics.

Williams (1970) data, obtained for sand bed conditi s dnd the UMR flume data,
obtained using the Urea PlastiGrit bed material, . c;;ant to assess possible
relaxation of the roughness similarity criterion. The dat&guggest a relationship between
/f» and the particle density as demonstrated by theiglative position of relative roughness
curves for the lowest sand bed experimental .

Although the relative roughness curve shown

. the PlastiGrit experimental data.
#3-6 for Ry/D equal 20 is tenuous
at best, the indications are that reduce density results in an increased friction

factor, f, over sand given the same umber , Re, and relative roughness, Ry/D.
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4. CASE-STUDIES

4.1. CASE STUDY DATA
Sixteen micromodel reports have been published to date. Several other
micromodel studies have also been completed where no formal repéstiwas prepared.

Table 4-1 provides a list of published micromodel studies.

Unfortunately, there are few examples of designs develo . forg: micromodel

studies that have been constructed in the prototype rivers. Ther

Table 4-1. USACE Micromodel In;

Investigation . L
. Horizontal Distorti L .
Name (River/Stream) Scale* (HorzVert. Objective/Description
Mouth of White River 1:12000 Improved Navigation
(Mississippi) Alignment
Clarendon, AR (White) 1:4200 Improved Navigation Depths
Augusta, AR (White) 1:3608 Improved Navigation Depths
. . ) Improved Navigation
Vicksburg Front (Mississippi) 12:1 Alignment
Do . Evaluate features for
Wolf Island (Mississippi) 12:1 Environmental Diversity
8:1 Harbor Entrance
L . Improve Side Channel
17200 6:1 Depths/Alignment
. . Corrected Currents Dangerous
1:9600 16:1 to Lock Approach
. . Improved Navigation Depths
1:3600 6:1 at Port Entrance
1:9600 16:1 Improved Navigation Depths
Improved Navigation
1:4800 8:1 Depths/Side Channel
L Protection
Marquette Chute (Mississippi) 1:9600 12.3:1 Side Channel Enhancement
Copeliand Bend (Missouri) 1:3600 15:1 Environmental Enhancement
Ballard%¥sland (Illinois River) 1:3600 15:1 Side Channel Enhancement
Schenimann Chute (Mississippi) 1:4800 8:1 Side Channel Enhancement
Morgan City/Berwick Bay 1:7200 6:1 Improved Navigation Depths
(Atchafalaya) ’ ) & Alignment
New Madrid (Mississippi) 1:20000 17:1 Improved Navigation Depths

* Herein scale is model/prototype ratio




this.  First, the micromodel technology has only recently been developed. Second,
funding constraints have prevented construction on many of the projects. Therefore, it is
difficult to describe the model's ability to predict the bathymetry and flow patterns

actually observed in the prototype in response to plans derived from model results.

only five designs have been constructed. Of these five, only one design wa

as modeled. The remaining four designs that resulted from micromodel

predict prototype response cannot be made. However, a

construction conditions follows.

4.1.1. Big Creek (Case Study 1)° .
The Big Creek micromodel study was initiat .A in 1995 and the structure that was
designed during the study was constructed in efore, after nearly five years, a
reasonable assessment of the project can be.m Unfortunately, due to the lack of
prototype data before and after constru guantitative assessment is impossible.
However, a qualitative description is eéd below through the use of numerous site
visits and photographs of the reac

Big Creek is a gravel tream located in rural Lincoln County, Missouri,
approximately 50 miles of St. Louis. Shortly after a new bridge was
constructed over the st upstream lateral erosion problem developed that

threatened the structy thern abutment. Local reports indicated that the stream

® Gordon, D.C., Davinroy, R.D., “Bridge Abutment Erosion Problem Solved with a Small Scale Physical
Sediment Transport Modeling Approach,” 7% Federal Interagency Sedimentation Conference Proceedings,
2001.
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high water events and additional erosion on the bridge abutment could cause a
catastrophic failure to the structure.
In 1995, county officials sought the expertise of the U.S Army Corps of Engineers

to solve the problem and preserve the structure. To address the problem and design a

solution, the Corps of Engineers decided to use a micromodel. Thi ing technique

allowed county officials and local farmers whose land was being affegied b4 e erosion,
to view the model and discuss possible remedial actions. The fin as the result
of a cooperative engineering effort between the Corps of Epgi Lincoln County
Officials, and local landowners.
Ehgineers and Lincoln

ce the severe abutment

Average Slope = 6.4 fmile or 0.12 %

Average Channel Depth at Bankfull Flow = 10 feet
Average Channel Width at Bankfull Flow = 150 feet
Average Width to Depth Ratio = 15

Deepest Channel Depth Encountered = 19 feet

4.
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4.1.1.2 Problem Description
In 1995, Lincoln County highway commissioners presented to the U.S. Army
Corps of Engineers a very common problem that faces many local governments. Big

Creek was rapidly eroding a bridge abutment and the nearby banklines at a bridge

tailing and threatening the structural integrity of the bridge
Historically, Big Creek had been a somewhat stable stream.

increased runoff from land use changes that have occurred in the

Figure 1 shows the degree of bank erosion that has occurred.
the stream was more significant where adequate vegetat
between the crop fields and the stream.

In the early 1990°s, a new bridge crossin

had caused a majority of the flo

The scour experienced along

t'descending bank.
shows a complete overview of the study conditions. Conditions of the

stream 1n the vicinity of the bridge crossing were described as follows:

1. The right descending bank was actively eroding and did not contain any
natural vegetation. This feature extended from the bridge abutment to a point
500 feet upstream of the bridge.
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Fock Dluff

Figure 4-1 1994 Aerial Photograph creek at Lincoln County Highway 729

2. The banks, 500 feet p of the bridge, were heavily wooded and stable.

A large point bar,wa

wated along the left descending bank upstream of the
bridge. The growth of the point bar was directly related to the
migration of ht descending bank. This depositional area indicated that
the majgrity'éfflowwas concentrated along the right descending bank.

4. The 88t d g bank immediately upstream of the bridge was a wooded,
pk BHIfY line. This condition was evident to a point approximately
‘eam of the bridge.

e crossing was severely misaligned with the channel thalweg.

istream of the bridge, the right descending bank was heavily vegetated.
A*small point bar was located along this bank. The majority of flow was
concentrated along the left descending bank.

The left descending bank downstream of the bridge was vertical and devoid of
vegetation. This condition was evident from the bridge to approximately 700
feet downstream to a small outcropping of trees.

The study was performed by the Corps of Engineers to address the existing

sediment ftransport response occurring in the vicinity of the bridge crossing. This
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included investigating the bridge abutment erosion, the detrimental flow alignment
through the bridge opening, and the excessive bank erosion. The goal of the study was to
develop improved flow conditions through the bridge opening and protect the bridge

abutments through the use of channel reguiation structures.

4.1.1.3 Big Creek Micromodel

granular plastic urea with a specific gravity of 1.4. ‘
with sheet metal inserts and the bridge abutme
oil-based clay. In all model tests, an averag
hydrograph was a repeatable triangular re

Data available from the p":ﬁ

surveyed cross sections, contours g the bridge crossing, aerial photographs,

rable comparison of several surveys of model

: model was considered calibrated. This base test

data collected fr ise test indicated that the flow lines and sediment transport

trends of the4 | the prototype were very similar.

4 Recommended Solution

Several alternative design plans were tested in the model. The procedure for
analyzing each alternative involved implementing the desired plan, running 5 consecutive
design hydrographs, observing the sediment transport through the channel, and surveying
the bed of the model. Through these tests, it was determined that the most cost-effective
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design solution to the problem was the implementation of a level crested 25 foot long
dike at elevation top of bank, strategically placed 600 feet upstream of the bridge on the
right descending bank. The model indicated that the structure redirected a majority of

flow and shifted the thalweg toward the left descending rock bluff bank. The design also

shifted the flow lines and the thalweg to a nearly perpendicular alignmeést to the bridge
crossing which eliminated the scour against the right descending bridg

The designers determined that a 30-foot long dike shoul

design also called for revetment to be placed on the right deseending bank upstream and

downstream of the dike as well as on the left descénding bank adjacent to the dike. This

measure would ensure bank stability throughg area of constriction caused by the

st.d

structure. The left descending vertical ban ownsiream of the bridge would also be

stabilized with revetment to protect th ridge abutment from any back eddies that

would develop from the new flow patt

photograph taken from the top of the bridge facing upstream before the

tion of the dike. Figure 4-4 was taken from the same location 3 years after
construction. The photos show a substantial shift of the thalweg from the right
descending bank towards the left descending bank. The thalweg cut a new path through

the depositional area, which isolated the remnants of the old point bar along the right



descending bank. The right descending bank downstream of the dike has begun to
naturally repair itself with vegetation. The area near the endangered bridge abutment has
filled with sediment, which indicates that it is now a depositional area with slower
velocities. Additional maintenance to the bank and bridge abutments after construction

has not been required and only periodic monitoring of the streambed has been ne

Before the proje
dike should b

This project would not have been possible without the support of the farmers who
own the land adjacent to the creek. These landowners had already lost land due to the

lateral bank erosion caused by the new bridge and were extremely skeptical of any
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structure designed to remedy the problem. In fact, they intended to deny access to the
stream from for construction purposes. Only after engineers enabled the farmers to
observe the micromodel in action did they accept the design and allow access to the

construction site.

»

pstream- from thé‘Bric.lge (irossing.

Figure 4-4 2000 Post Construction Photograph with the Same View as F}gure 4-3



4.1.2. Lock and Dam 24 (Case Study 2)’
[n 1996, micromodel methodology was used to evaluate dangerous outdraft flows
at the upstream approach to Lock and Dam 24. A number of design alternatives and
modifications were studied and tested to alleviate these adverse flow conditions at the
Lock. The study area consisted of a 6.5-Mile reach of the Upper Mississippi River,
between Miles 277.5 and 271.0 near Clarksville, Missouri (Figure 4-53).

The study recommended two structural changes for alleviati
problem. The first change involved a 200-foot extension of the exi
structure located upstream from the lock chamber. The secon

construction of 4 bendway weirs placed along the left desc

existing dike. The design was intended to create a longer and ¥ area of slack water

downstream of the dike to give tows a low velocity aféa to maneuver and therefore
reduce the outdraft problem. :

A majority of the project was constructed 1 1998 and 2000. However, due to
depth constraints, three of the weirs have not ::_trﬁcted to their full design length.
An initial evaluation of the micromodel stu been made although the full design

has not been fully implemented.

4.1.2.1 Problem Descripti
Outdraft has been def he condition whereby natural or man-induced
crosscurrents developed. in - adversely affect a vessel while in a low-powered
state. Outdraft conditio perienced at all lock chambers on the Mississippi River.
The degree and severi utdraft is different at each location. Generally, it is caused
by the lock cham as an obstruction to flow, which causes current patterns to

deflect ar chamber and head through the adjacent gate openings in the dam.

! Davinroy, R.D., Gordon, D.C., Hetrick, R.D., “Navigation Study at the Approach to Lock and Dam 24,
Upper Mississippi River, Hydraulic Micromodel Investigation,” U.S. Army Corps of Engineers, St. Louis
District, 1998,



Outdraft at Lock 24 was magnified due to a combination of the existing river
alignment and a rock bluff that extends along the right descending bank from the lock
chamber to Mile 274.1. This protruding bluffline deflected currents and directed them
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location of the Lock and Dam in a rive;

Tows approaching the loc

the tow by pushing the head of

stern from drifting tow e riverwall, Figure 4-7 is a plan view aerial diagram

describing the proces:
to use the helper boat, the tow must be aligned or the head
the landwall several times with the help of lock personnel. If the

In 1969, a stone dike was constructed upstream of the Lock and perpendicular to
the right descending bank. This dike was later extended in 1971. The dike was

constructed in an attempt to alleviate outdraft conditions and create a waiting or holding
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__Downbound 15 Borge Tow _

e T

Clarksville, Missouri =~ %

N,

ck 24

upstream. The downstream eddy or flow shadow formed

area for tows approaching for

by the structure maintains a low: velocity region. Model test results discussed later

indicated that this dike lo i was crucial in the overall solution to the outdraft

problem. Most tows aj ro ing the lock will travel downstream of the dike and then

back up into this regi ore making their final approach into the lock chamber. This

allows the pilot vy align the tow before entering the lock chamber. While within

stern is positioned in the slack water near the bank, the bow is
positioned out in the faster currents, and the entire tow is turned at a skewed angle. The
t the s toward the lock, usually with the assistance of the help boat.

ck records have indicated that through the period between 1980 and 1991, 55

percent. of downbound tows experienced outdraft of which 36 accidents occurred. Of
these accidents, 23 involved damage to the Lock or Dam. The economic and safety
impacts of this navigation problem are of great concern. In 1993, a detailed economic

analysis was conducted by the St. Louis District In the Lock and Dam 24 Major
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Rehabilitation Report, the impacts of reducing delay times by eliminating outdraft were
estimated at approximately $1,020,000 annually. For the twelve-year period in this
study. the average cost for the repair of damages to the Lock and Dam as a result of
outdraft was $12,877 per accident, while the cost per accident without outdraft was

51.841.

Another cost associated with the outdraft problem was transpo

caused by the closure of the lock due to repair of the miter gates from

greatest cost would result from an accident that causes major" ges to the miter or

tainter gates, resulting in a loss of pool. The minimum cloyre due to this occurrence was

estimated to be 14 days with navigation delays estim roximately $82 million.
4.1.2.2 Study Purpose and Goals
The purpose of this study was to d ble remedial measures to improve

navigation conditions at Lock and Dam was accomplished by the utilization of a

hydraulic micromodel.

The goals of this study we

echanics causing the outdraft problem.

medial measures in the micromodel with the objective
1 t positive, economical, and environmentally friendly
e outdraft problem.

other engineers, lockmasters, river industry personnel,
vironmentalists the results of the micromodel tests and the
nprovements.

nvestigation of Outdraft Velocity Patterns

Historicaily, a somewhat modest amount of velocity data had been collected near
the Lock. Traditional velocity measuring systems were used in an attempt to study
outdraft.  Unfortunately, the resolution of this data had limited the depiction or

visualization of the outdraft flow patterns. With the more recent advancements of data
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collection and remote sensing methodologies, the opportunity existed in this study to
obtain additional velocity data with greater resolution.
Figure 4-8 show velocity vectors surveyed upstream of the Lock during three

consecutive days in April of 1982. Although the density or resolution of the data points

was limited, the surveys showed that velocities near the lock cham ere directed

toward the gate openings. The most severe skewed angles of vel oeburred just
upstream of the riverwall. However, reliable velocity patterns tha the outdraft

problem could not fully be determined from this data alone.

_ river conditions. Since the resolution of the historical data was
ata further characterized the velocity patterns. The data indicated that
eflected off the right descending bank near the apex of the rock bluff protrusion

oximately 600 feet upstream of the end of the landwall. This discovery served a

vital role in the eventual calibration of flow within the micromodel.
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Figure 4-10 Flow | olor Enhanced Aerial Photograph

ote sensing technique, combined with the ADCP data and the historic

velocity data, enabled engineers to determine location and reason for outdraft current
patterns. It was apparent that the rock bluff protrusion, located approximately 600 feet

above the lock chamber, was the primary influence to the development of exaggerated
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outdraft conditions upon downbound approaching tows. This observation was later

shown in the flow visualization of the micromodel base test.

4.1.2.4 Lock and Dam 24 Micro model
The micromodel was constructed according to 1994 aerial photography of the

study reach. The scales of the model were 1 inch = 800 feet, or 19 0 hortzontal and 1

Figure romodel Base Test Flow Visualization Showing Dangerous
Outdraft Flow Patterns

Thirty ::gitematiV'e design plans were then tested in this study in an attempt to
improve flow conditions at Lock and Dam 24. The effectiveness of each plan was
compared to the base test conditions. Impacts or changes created by each alternative
were evaluated by analyzing both the flow (using flow visualization) and sediment
response of the model. A qualitative evaluation of the ramifications of each plan to both

downbound and upbound tows was made during team participation meetings at AREC.
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Engineers and navigation industry port captains and pilots carefully examined and

discussed each alternative.

4.1.2.5 Recommended Solution

Using the model study test results as a guide, team representatives from the St.

Louis District and river industry determined the most economical and pra

to the outdraft problem at the Lock. The team concluded that four ber

thymetry from the
cending bank near the dike
extension. Flow visualization in the model indig; this design would create
increased slack water between the dike and th amber which would reduce the
outdraft flow patterns (Figure 4-12, flow vi ). These patterns would provide

favorable flow conditions for both upboun vnbound tows entering and leaving

the lock chamber.

4.1.2.6 Results

The dike extension tructed in 1998 while portions of the 4 bendway
Unfortunately, the contractor was unable to build the

ue to the lack of depth near the Missouri bank. The

weirs were built in 200
weirs to their designed
insufficient depths. annel prevented full construction of these three structures.
“few.high water events, the as-built structures should begin to scour the
fﬁéicﬁt depths are generated off the ends of the weirs, the remainder of
the structuresiwill be constructed. Until recently, Pool 24 had not experienced an
extended duration of high flow that would rearrange the bathymetry of the riverbed to

generate the proper depths for completion of the weirs.
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Flow Pattern Moved Away from
‘Lock Creates Safe Slack Water

Lock 24

‘Slack Water

tecommended Remedial Design

Immediately after the dike ext

pilots reported positive results. Th

Lock personnel also reporti

indicate that the highe .. ws are no longer directed toward the lock chamber. Post

data was collected in 2000 and is shown in Figure 4-13.

1e flow patterns discerned from the ADCP data collected in 2000 (Figure 4-13)

clea monstrates distinctive similarities to those predicted by the micromodel flow

visualization of the recommended design (Figure 4-12). This ADCP data compared to
the preconstruction ADCP data (Figure 4-9) indicates that the dangerous flow patterns
that had caused the outdraft problem have been dissipated. As also shown in the post

construction data, the flow patterns in the model displayed a correction to the detrimental
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currents that had deflected off the right descending bank. The micromodel also correctly
predicted the position and size of the eddy downstream of the dike. Although these
methods of recording flow patterns are different, the similarities between the ADCP
velocity vectors and the time elapsed stream lines from the model are clearly shown in

these Figures.

I

UYL

N

S

AR NE A Uaax 33
s at Lock 24, Po , 2000

River. This effort was made possible by the authority of the St. Louis District Avoid and

Minimize Environmental Program.

¥ Gordon, D.C., Davinroy, R.D., “River Restoration Measures in Four Secondary Channels of ‘the
Mississippi River, An Interagency Success Storv,” ASCE Wetlands Engineering and River Restoration

Conference Proceedings, 1998.
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The agencies assembled a team of experts to formulize ideas and strategies for the
purpose of developing aquatic diversity within the side channel at Mile 39. Design
alternatives were tested by the team in the Micromodel at the AREC in St. Louis, Missouri.

The use of the Micromodel enabled the team to address the complex sediment transport

interaction problem between the side channel and the main navigation:channel of the

Mississippi River. Team members assembled at AREC on numerou jons to jointly

experiment with the Micromodel.

4.1.3.1 Problem Description

Sante Fe Chute was considered a high priorit e-Corps partnering agencies

main river channel for
ture at the upper entrance.
1de channel are relatively high. At
lower river stages, most of the bed becomeE
that become disconnected from the mai

reach are gencrally homogenous

environments with areas of fast:

Z
Figured4-14 Sante Fe Chute, Middle Mississippi River
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4.1.3.2 Sante Fe Chute Micromodel

The Micromodel was constructed according to 1994 aerial photography of the
study reach. The scales of the model were | inch = 600 feet, or 1:7200 horizontal and 1
inch = 100 feet, or 1:1200 vertical for a 6:1 distortion ratio.

After the model was calibrated, team meetings were held in wa arious

alternatives were conceptualized with the primary goal of creating d1v
elevations. Various modifications to existing river training works as well
additions were tested in the model, including closure structure rer

dredging, chevrons, and traditional dikes. Those designs tha dxap

model where then studied in greater detail using the, 'Micromodeling

methodology. A total of seven structural design alternatives were: el tested to study

their impacts on bed development in both the side chagnel and main channel. The

side channel. Navigable depthg
closure structure had be:

The design event hosen by the team for implementation in the Mississippi
River encompassed a tihg dike scheme that created sinuosity in both the flow and

sediment patterns: ¢'side channel (Figure 4-15). The alternative produced the most

positive effec the flow and streambed of the side channel in the most cost effective

manner.
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1997 (Figure 4-16). However, du ding constraints, the dikes were built

significantly lower (10 feet) then r ed by the Micromodel study. Recent field

monitoring of the design ingthe ‘river has demonstrated that the riverbed has partially
developed the predicted bed fi with the structures at a lower elevation.

Through the use this Micgomodel, it was possible for a team of biologists and

engineers to devel fective, reliable design solution to the first side channel

restoration projs ddle Mississippi River. The hours spent together on the
Micromodel p invaluable dialect and understanding among the interagency
team member§ t precedence for additional environmental engineering efforts on the

TIVEr.
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Engineers, New Orleans District ini

study of the Lower Atchafalay

? Case study descriptions extracted from:

Gordon, D.C., Davinroy, R.D., “Sedimentation and Navigation Study of the Lower Atchafalaya River at
Morgan City and Berwick, Louisiana, River Miles 124.0 to 118.5, Hydraulic Micromodel Investigation,”
U.S. Army Corps of Engineers, St. Louis District, 2001.

Gordon, D.C., Davinroy, R.D., Austin, J.W., “Small Scale Physical Sediment Transport Modeling

Approach Used to Solve a Chronic Dredging Problem on the Atchafalaya River at Morgan City,
Louisiana,” 7% Federal Interagency Sedimentation Conference Proceedings, 2001.
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Louis District, and the Corps of Engineers Coastal and Hydraulics Laboratory. The
primary goal was to qualitatively evaluate the impacts of these measures on the resultant
bed configuration (sediment transport response) and hydrodynamic response (flow

patterns) within the study reach.

4.1.4.1 Problem Description
The Atchafalaya River is a primary distributary channel of the Mississippi River
in which the Corps of Engineers maintains a 12-foot deep by 125-; wide navigation

Figure 4-17, is located

channel. The Berwick Bay reach, shown in the aerial pho

traffic.

5 oty = _ : BV o, v

Eri s ST = R Ay :

igure 4-17 Aerial Photograph of the Atchafalaya River at Morgan City and
Berwick, Louisiana

This particular stretch of river has been one of the most troublesome reaches on
the Atchafalaya River in terms of dredging cost, frequency, and volume. The New

Orleans District must maintain navigable depths between river banks within Berwick Bay
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to ensure adequate depths for the ports, facilities, and boat docks that are located along
the riverfronts of both cities, Although Berwick has sufficient depth to maintain
navigation, Morgan City is faced with a large depositional area that accumulates enough
sediment fo halt navigation into the port facilities. The District currently dredges at this

location approximately twice per year. Nearly one million cubic yards of ma

removed from this site in 1999,

Another concern in this reach of river is safety. Berwick B:

navigation width of approximately 320 feet. Until the establis

control system by the U.S. Coast Guard in 1974, this brids
in the United States.

Historically, the flow and direction of ¢

navigation spans has forced tow pilots to make

f their vessels well upstream of the bridges. A

pose of this study was to qualitatively assess the present day sediment

transport and flow response trends of the Atchafalaya River. The primary goals were to
evaluate design alternatives that would reduce the deposition and dredging associated
with the reach, and to provide improved flow conditions for navigation through the

bridge crossings. Improving flow conditions included examining ways to reduce
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velocities and generally redistribute flow patterns in the Atchafalaya River channel by the
use of underwater weirs. Qualitative assessments of each design alternative included the
examination on the ultimate effects to sedimentation, flow patterns, and navigation within

the main channel of the Atchafalaya River.

4.1.4.3 Morgan City/Berwick Bay Micromodel

Schaffer were also included in the model. The scal

feet, or 1:7200 horizontal, and 1 inch = 100 feet, or

igure 4-18 Multi-Beam Bathymetry from the Atchafalaya River used to Calibrate
the Micromodel
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4.1.4.4 Recommended Solution

Examination of the model results indicated that the most effective design
consisted of 10 bendway weirs located within a one-mile reach of river and at a depth of

—20 feet below the low water stage. The resultant flow patterns and bathymetry
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developed by this design in the model are shown in Figures 4-20 and 4-21. The model
results demonstrated that the design proved effective at reducing the elevations in a
substantial portion of the depositional area along the left descending bank. The design
also shifted the thalweg towards the center of the channel at the upstream portion of the

reach (Figure 4-22). The weir field effectively created a smooth transit

the bridges. The length, angle, position, and elevation of each

Flow visualization demonstrated a significant redi ion of current patterns

across the channel width. The design indicated that the flow patterns were more evenly

distributed across the entire channel width and were n r concentrated along the

right descending bank with the recommended alternative.
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Figu sign Alternative Flow Visualization

Figure 4-22 Bathymetry Trends Dloed b ndWay elrs, Selected
Alternative
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4.1.4.5 Results
The historically complex nature of this reach of river has caused river engineers to
use exfreme caution when studying designs that significantly modify the flow patterns in

this dangerous and busy reach of river. Therefore, the results of the Micromodel are

being utilized in a three-dimensional numerical flow model at the Uni versity of lowa to
quantitatively evaluate the flow conditions induced by the bendw:

results from this model will then be applied to a computer navi

approvals are obtained from the towing industry and the oast Guard.

4.2. MOUTH OF THE WHITE RIVER (CAS DY 4) °

In 1997, micromodel methodology + a sedimentation and navigation
improvement study of the Lower Mississippi River at the confluence of the White River

(Mile 599). Various channel impro nt design alternatives were qualitatively

each. The members of the study team represented the

Districts, Mississippi  Valley Division, and various

1" Gordon, D.C., Davinroy, R.D., “Sedimentation and Navigation Study of the Lower Mississippi River at '
the White River Confluence. Miles 603 to 596, Hydraulic Micromodel Investigation,” U.S. Army Corps of
Engineers, St. Louis District, 1998,
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4.2.1.1 Problem Description

The White River serves as an entrance to the McClellan-Kerr Arkansas River
navigation system. The new Montgomery Point Lock and Dam is currently being
constructed on the White River approximately 3000 feet upstream of the confluence with

the Lower Mississippi River. There have been several navigation problems -

problem has existed for years, and may be getting more severe e

The strong velocities on the outside of this Mississippi River bend at the

adside to the high Mississippi River
4). This dangerous but necessary

tows into the banklines. Adding to the

another b séistahce, or using the upstream eddy as a guide for navigating into the

mouth.
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| Velocity Vectors, fps
2-4
4-86
6-8
8-10
10 - 12

Big Island Doppler Data Collection
Collected March 7, 2001
River Stage = +32.5 at Helena

LWRP Correction = -2.2 //

Figure 4-23 ADCP velocity vecto
bendway weirs. High velocity flow
near the Whi

;!lected before construction of the
re lacated on the outside of the bend and
River confluence.

o

Diagram of the typical procedur
entering the mouth of the White River.

Figure 4-24
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L | |
Figure 4-25 1997 Color Coded Bathymetry of th:
white colors represent the deepest areas of the ri

redistribute flow pattefh

weirs. Protection o nfluence with a dike structure, realignment possibilities, and

reduction of the e so evaluated. Assessments of these alternatives included a
qualitative . n to the ultimate effects to sedimentation, flow patterns, and

navigation n the main channel of the Mississippi River.

4.2.1.3 Mouth of the White River Micromodel
The micromodel insert encompassed the Mississippi River channel between Miles
605 and 587 and was constructed according to aerial photography of the study reach. The

scales of the model were 1 inch = 1000 feet, or 1:12000 horizontal, and 1 inch = 100 feet,
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or 1:1200 vertical, for a 10 to 1 distortion ratio. Flow was not simulated in the White
River because historic stage and flow records have indicated that the Mississippi River
discharge dominates most of the year. The problems this study addresses have been
evident mainly when the Mississippi River is at high stage. At this stage the White River,

for purposes of this study, was considered a backwater area with no sim

on of flow or
sediment transport. The bed of the White River above the conf]
according to a 1996 hydrographic survey of the study reach.

The model was considered calibrated after it was conchided th

patterns formed in the model were similar to those of h totype. It was then

ice photo of the confluence area. Even though the modern day alignment has changed

o gave a general representation of flow

S ; :
“5:-'1' o . - i g
visualization photo and a 1977 ice flow photo.

gure 4-26 Micromodel flow

Ten alternative design plans were tested in the model to improve flow and
navigation conditions at the confluence of the two rivers. The designs included
traditional dikes, bank realignment, and bendway weirs. The effectiveness of each plan

was cvaluated by qualitatively comparing the resultant bed configuration and general

4-35



flow patterns to that of the base condition. A qualitative evaluation of the ramifications
to both upbound and downbound tows was made during team participation meetings in
St. Louis, Missouri. Engineers from the Memphis, St. Louis, Vicksburg, and Little Rock
Districts, Mississippi Valley Division, Waterways Experiment Station, and those

involved in the navigation industry carefully examined and discussed each a

4.2.1.4 Recommended Solution

Using the model as a guide during alternative testing and team

be built downstream. It was determined that this design

impacts ej;,_. structures were noticed almost immediately. The tow pilots that regularly

operate in the'zgach have reported significant improvements in the general flow patterns
and the navigabﬂity of their vessels. Corps’ engineers witnessed nearly vertical faces
along the point bar adjacent to the weirs, which signified a widening of the channel.
ADCP data in Figures 4-28 through 4-32 show plan view the resultant velocity vectors

and velocity isovels before and after construction. The Figures clearly show that the
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higher velocity flows have been moved away from the bank and to the areas off the ends

of the weirs near the center of the channel.

Figure 4-27 Resultant b hymetry and flow patterns created by the i:ecommened
bendway weirs‘i --thé"mgg:romodel, The model showed that the thalweg and highest
flow patterns were shifted towards the center of channel as result of the design.
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Doppler Data ‘
02 /
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Figure 4-29 ADCP velocity vector data collected after construction. The main flow
is shown off the ends of the weirs and toward the center of the channel.
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Figure 4-31 ADCP velocity isovels downstream of Weir 7 collected before
construction (top left) and after construction (top right and bottom). The view is
looking upstream and shows the high velocity flows have shifted to the area off the

ends of the weirs and toward the center of the channel.
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Figure 4-32 ADCP velocity isovels upstream of Weir 7 before construction (to p left)
and after construction (top right and bottom). The view is looking upstream.

4.3. GENERAL

Application of loose-bed physical mg nvolves a qualitative assessment of

model results relative to the prototype un onsideration. This qualitative assessment

includes a degree of subjectivity on the part of the modeler. Because individual opinions

differ, loose-bed models are o he subject of controversy. The various empirical

it is site and situation specific.

the support for micromodel use stems from past model study results.
Therefore, case studies provide the primary basis of proponent views. While past model
success plays an important role in evaluating the tool, there are some areas where
opposing views exist. The opposing views arise primarily from comparison of model and

prototype, from the extreme deviations in similarity criteria that exist in the micromodel
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and in interpretation of model results. Current micromodel methodology dispenses with
any regard of similitude other than a similarity in channel bathymetry. Indeed, no
simililitude criteria are used in micromodel design or operation. Nevertheless, Parker

(1999) emphasized that the laws of Newtonian physics apply to micromodels just as they

do to the prototype and similarity considerations can not be ignored. romodels must

also be considered in light of their ability to reproduce the physical p at drive

the bed response.

4.4. PROPONENT VIEWPOINTS

pattern of formation in an alluvial river chan These models are always considered

qualitative. The critics also state that ¥ 10del is unsuitable for use in the design
of river training structures. Whether or: this is a true statement, there are no
alternative models, other tools, Idance available to the engineer for designing these
structures.

Overall knowledge, diment transport is limited -- There are no equations or
models that can accurat dict sediment transport rates or the resultant bathymetry of
ariver. Therefore, W

structures?

Trad

their mérﬁhology requires many different tools in which the user must account for an

array of interrelated parameters. The micromodel is a dedicated tool for the use of
studying changes of in channel bathymetry. The micromodel, like all other models, can

only be as useful as the knowledge of the modeler. Any problematic reach of river
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requires an experienced river engineer or designer to design the proper solution, whether
or not a model is used.

Ettema (1999) states: “Micro-models have their place as a design aid for river
engineering.” He also states “As with all hydraulic models, the bottom line for micro-

models is that the limits of their applicability fundamentally depend upon

which they meet similitude considerations and on the level of risk the
prepared to assume.” This risk is also assumed during the design

structures without a model. The risk the modeler takes is considerabl

The design process consists of a team of river engineers using ¢

intuition with a limited amount of data to develop a

equations or specific guidelines to follow.

an just using their experience and intuition. For example, the
designer of the Big Creek project suggested that a 50-foot dike would
solve the problém. However, the model suggested that a 25-foot dike would achieve the
desired results and would therefore be the more economical solution.

As with all types of models, the micromodel requires the operator to have

previous experience in the field of physical sediment transport modeling and in river
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engineering. The models simply help the river engineer and associated team members
formulate plans and conceptual designs through a number of meetings and experiments.
A model provides a means of studying and understanding the morphologic characteristics
of a reach of river through the investigation of the data available and through the

workings of the model. The model and data tend to complement each #ther and afford

the modeler as well as others a greater clarity of the reach dynamics |

Most dikes, weirs and river training structures are desi using the strictly

where a qualitative analysis must become quantitative. All sediment transport modeling

overlaps this point. During a model study, the del ust use quantitative reasoning to

therefore 'be quantitative. The modeler (or the designer) must therefore be the one to
recognize the differences and select the appropriate way to use each type of analysis.
One area of concern in any model's response involves reproduction of scour

patterns. The reproduction of scour in vertically distorted models requires special
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attention. The micromodel approach utilizes a pervious representation of prototype
training structures to achieve scour patterns observed in the prototype. In this way, a
favorable scour and depositional response can be achieved on a micro scale. In the early
years of micromodel development, non-impervious sheet metal (.01 inch) represented

prototype rock dikes. Observations of exaggerated scour when using solid st Tickires in

the movable bed models conducted by WES lead to the adoption of the

structures in the micromodel.

and rock structures tested in the St. Louis Harbor mod

great that the bottom of the concrete flume was exXpo nce the flume bottom was

exposed, the end result was armoring of the bed and's stic bed response.
For typical dikes, an exaggerated respon served as the scour hole off the
end of the model dikes wrapped aroun cam of the structures. This was
opposite of conditions observed in the structures, including Bendway Weirs,

scour occurring off the ends of the exposed

micromodels, includin "':gjmal work done at the University of Missouri-Rolla

(UMR) (Davinroy, ] t”ﬁrst, as in the case of the WES models, the exaggerated

scour of the models was accepted as a limitation of the model, with the underlying

s changes in the thalweg could be observed, one could still make
general con. ns about the effectiveness of dikes in the model. Later, however,
through flume experimentation, porous structures proved to be much more realistic and
effective in mimicking the bed response of solid dike structures observed in the river.
Confidence in a model comes from the modeler’s confidence in understanding the

reach of river under study. If the reach is highly variable or if current construction has
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b

destabilized the river, then the modeler cannot have much confidence in understanding
the mechanisms at work in the channel. The model is a tool which helps the modeler
understand the dynamics in the reach. This learning process takes place mainly during

the calibration phase when the modeler works with the model to achieve bathymetry

trends similar to those of the prototype. By modeling the sediment tran sport and trying to

get the model to form the appropriate bed conditions, the modeler dyﬁamics at

work in the river. Without this understanding, the model is usel experience the

valuable. For

modeler builds while working with and studying a reach of

river reach that a modeler gains during calibration bu

recommended design alternative. Therefore, itiis the modeler that must have the

experience and judgment necessary to effecti

3 4:34 illustrate flow visualization used in the Vicksburg Front Micromodel study:.



s a map showing the GPS float survey. The seeding of floats in
GPS float survey of the prototype conducted by contractor for ERDS in
burg Front did not represent individual floating particles captured
throughout the reach under study. Instead, a comparatively small amount of
floaters were introduced at the upper end of the study reach and at few other
selected locations downstream and then the single paths tracked along the

river.

4-46



T [

BEsomvsw -

), 5 f‘&h

,..‘_,./mtm«
o ST

snapshot of hundre
photo frame, wh

a snapshot but as individual float pathlines or tracks
r a relatively long data collection period of 5 days. For the
ne Vicksburg Front Micromodel Study, the seeding resolution
o _uced somewhat m order to better deﬁne critical flow. In this

CP, the direction of the main current was directed off the rock
otru on near Mile 436.5 L and directed toward the right descending side of
avigation spans of the bridges.

. In the time exposure methodology used in the Micromodel, because of the high
‘esolution of floaters, streaks were parallel and did not cross path lines. In this
manner, relative flow distribution was captured, as observed in Vicksburg
Front Micromodel study. In the GPS float survey of the prototype, because of
the poor resolution established by the low seeding, pathlines were not parallel
and crossed at numerous areas of the survey, including Mile 439.2 near the
left descending bank, two areas near Mile 437.8 near the right descending
bank in the side channel, one area at Mile 437 near the right descending side
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of the channel, an area in the left descending side of the main channel at Mile
437.4, an area off the right descending bank at Mile 436.6, and multiple
pathlines crossing in the main channel near Mile 435.4. In addition, many
floats that were placed in their respective starting positions in close proximity
with each other deviated in their directional pathlines by a wide margin.

As an example, two floats near the middle of the channel near Mile 439.3
were at the same relative point, yet the float pathlines that developed:
parallel and veered off from each other by as much as 500 f&
example was observed at the upper end of the reach in the main |
Mile 439.8. Two floats in this location were placed within
other approximately 900 feet off the left descending bank, yet
each other by as much as 720 feet near Mile 437. The
illustrate a great discrepancy in the direction of flow and
the true recording of flow magnitude.

survey with low
que performed by
WES in the St. Louis Harbor study in the early 1990s. Figures 4-36 and 4-37 are

photographs illustrating a particular flow visua

floating tracers were tracked using photographig:tim exposure. The flow and stage

different positions. In both tests, n

in the most upstream part of the

in several locations, bu
though the flow cond exactly the same in the model. These tests verify that a
tfloat survey condug; manner is highly suspect in capturing true flow distribution

and thus subjec neous interpretation of flow.
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4-37 Flow visua];zlatlon at
.:Louis Harbor Study, 19.2
Feet Stage

Figure 4-36 Flow visualization at WES, 4
St. Louis Harbor Study, 19.2 Feet Stage ..

4.4.2. Comparison of A
Survey. .
ADCEP is a standard fiel

USGS, and others.

Doppler Current Profile (ADCP) vs. Float

. collection method of water flow used by USACE,
stic transducers are mounted on a vessel and generate

pulses of sound frequency. As the sound travels through the water, it is

épplied and thus the transducers reflect the velocity of the water along

{f_r
acoustic beam. When tied to a compass and GPS, the three-dimensional

f t};e
velocity is recorded. A vessel mounted with ADCP can thus collect near
real-time velocity profile data at any given location of the river.

The particular vessel and ADCP system used to collect data through the
Vicksburg Reach was the MV Boyer. The MV Boyer has a proven track record for

collecting accurate velocity data with the ADCP. Calibration of velocity with the Price
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Current Meter using the ADCP system of this vessel has been within 2% to 5 %, well
within the accepted values and standards established by the USGS. are these % for
velocity or discharge????? These figures and previous| para. are not consistent with

many, many papers presented at the EWRI conference concerning velocity with

ADCP!!!! Several of the USGS "experts" on ADCP expressed contrary

A total of 56 transects were collected in the Vicksburg Front reach i tober of
1999 during a stage of XX on the Vicksburg gage. Figure 4-38 is a # €W map
showing magnitude and horizontal direction of the ADCP data
transects at a depth of 5 feet. From this data, the main path li )

along the thalweg can be clearly visualized and is shown in fi
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or differences that reinforce the observation that the float survey is

ese differences are described as follows.
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1. Except for a few floats hugggfg thi

within the majority of the main nitvigation channel, between Mile 437.5 Mile

-43). This was a very critical area for the

rvey. The one critical float that was used in
@ difference in direction of flow along the main
at survey and the Micromodel was actually outside the

path line gff
combined” wi

mtially in path line direction from another float placed in
;y the same position, make the float survey highly suspect.
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2. The relative magnitude of velocity
Figures 4-44 through 4-46 ar '
depth collected at low flow ¢
surface at high flow. Resulfs:i
recorded from the float surv

s of the float survey is suspect.
rative profiles of the ADCP at 5 feet
“to the float survey collected near the
ate that the highest magnitude of velocities
the critical reach between Mile 437.5 and
Mile 436 were actua an ADCP values collected at low flow.
Velocity magnitud d’on any river or stream along the thalweg will
always be comparatively vaher as flow, stage, and energy increases. Thus,
the float suryey val is critical reach are highly suspect.

comparisons between the Micromodel flow visualization,

type, the float survey conducted at WES, and the ADCP

In summary,

the float survey of

oo

exemplify tk
Vicksburg

ere major flaws in using the float survey technique conducted at
ont for defining both the direction and magnitude of flow. The disontinuous
seeding and w resolution of floaters used in the GPS survey limit the ability to

collect any reliable velocity data.
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Figure 4-44 Velocity Comga%
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Figure 4.45 Velocity Comparisons, ADCP vs. Float Survey
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ADCP Velocities versus Float Survey Velocities at River Mile 436.5
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Figure 4-46 Velocity Comparisons, Al P vs..Float Survey

4.5. CONTRASTING VIEWPOINTS

described an adeq -

-%Z
i

€ comparisons subsequently

cation) has the following

sduces ‘the problem that led to the study being conducted

3. Has no extreme departures in depth and channel
problem area.

4. Reproduces flow splits.
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The evaluation of previous studies considers these four characteristics of an
adequate verification as well as other factors. Evaluation of these studies is given in

chronological order in the following paragraphs.

4.5.1.1 New Madrid, Mississippi River (1996)

This is a complex reach with a bar in the middle of a mild bef

conditions”. Of the 4 requirements of
verification has large departures in depth.j
the prototype compared to —20 in the
adversely affect the flow distri

alternative tests were placed

ach is not complex. The Sante Fe verification was subject to

in traditional micro models. In traditional micro models the

itional constraint on the micro model was that the stage had to overtop the
te dike, which was at +20 LWRP. Although stages are not given in the report it
seems likely that the dike would have to be overtopped by at least 10 ft (0.008 ft in
model) to provide enough flow in the chute to test chute alternatives. The report gives no
information on this topic. This added constraint of stages of about +30 ft LWRP would

require more discharge than in traditional micro models. This additional discharge may
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have been the reasons for deviations in the base test where model bed elevations at RM
37.8 reached —70 LWRP whereas bed elevations in the prototype were between —20 and —

30 LWRP. Of the 4 requirements of an adequate verification given above, this

verification has large departures in depth in the problem area. However planform

Unknown flow split in model is another weakness of this calibration.

4.5.1.3 Marquette Chute (1997)
The main channel reach at Marquette Chute is a mild bend an

verifications (with and without weirs) were good.

4.5.1.4 Mouth of the White River (1998)

The low radius bend just upstream of the conflue with the White River makes
this a complex reach. Problem leading to model study quately represented in the
model. The micromodel verification test compari t with the prototype was satisfactory
upstream of the mouth but at and downstress mouth the model bathymetry
fe below the confluence of the White

ions ‘were —20 to —30 LWRP whereas the

differed significantly from the prototype. Atzon
River at RM 598, lowest model bed elé

prototype bed elevations were —80 LY hese differences made it impossible to use

the micro model bathymetry in gation model at ERDC.

i

reach. Figure _ shows a plot of micromodel and 1996 prototype cross section at RM

538.9 in the main channel only. RM 538.9 is the center of the problem reach requiring
dredging in the prototype. Figures _and _ are plots of the actual cross section shape in

model and prototype. The two cross sections are far different as will be the velocity
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distribution. The area behind the islands in the model was significantly deeper than the
prototype indicating the amount of flow behind the islands exceeded the actual flow.
This was a case where there needed to be some measure of flow split in the model to
make certain that the amount of water behind the islands was approximately correct.

This model exhibited little similarity to the prototype.

4.5.1.6 Lock and Dam 24 (1998)

This is a complex reach. The critical issue in this study isi

4.5.1.7 Copeland Bend (1999)

. -
This is not a complex reach because it cotit;
A

gy whether the flow in the model through the dike was too
itude of the error. By not knowing the magnitude of flow

5.1.8 White River (2000)
Two separate models were conducted, Augusta and Clarendon. With the
exceptions of the sharp bends, these reaches are not complex because of mild curvature

and no dikes. Augusta base test looked fairly good with the exception that point bars
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were generally lower in model than in prototype and the sharpest bend at RM 192-193
exhibited too much scour of the bed and had to be armored in the model. Augusta bends
were milder than Clarendon bends. The Clarendon model base test was also fairly good
until the bend at RM 96.3 which had a radius / width of about 2. This bend also had too
much scour of the bed and had to be armored in the model. In this bend, the mi

channel was degraded across the channel width with little indication

development, as opposed to the prototype which had substantial point bat d

trend in the model. The models did not indicate the correct tre

4.5.1.9 Wolf Island Bar (2000)

oss section plot from model and

prototype. Figures _and show the actual cr shape and dimensions in model
and prototype. The velocity distribution oblem reach can not be correct with
this much deviation in cross sectioft: .. ;gohd problem with the verification is the

flow split. The micromodel report g#é: data showing the flow split is about 60% side

see what value was added by this study since the problem is one
of suspended load and the model moves as bed load. The verification was conducted with
and without bendway weirs. The verification was weakest at the mouth of the harbor,
particularly for the with weir verification where the region of bed elevations below —30
was much greater than in the prototype. The verification upstream and downstream of

the mouth looked reasonable. Of the 4 requirements for a verification, the model did not
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reproduce the problem. It is also difficult for this author to believe the micromodel can
simulate eddies such as the eddy at the entrance to the harbor. The use of dye in the

micromodel to infer anything about the movement of suspended sediment is not correct.

4.5.1.11 Schenimann Chute (2000)

This reach is complex only because it has many dikes and #xei e.entrance
region of the model was much too close to the problem area. The ssir g sequence
in the downstream portion of the main channel in the verificatio
compared to the prototype. At RM 59.8, the thalweg w
prototype and on the right bank in the model. At RM: .
bank in the prototype and on the left bank in the m%’ﬁﬁ de

weg was on the right
e 200 ft wide chute in

the prototype was 0.5 inch wide in the model. Wa]l effects“n such a narrow channel are

far greater in the model than in the prototype.

4.5.1.12 Vicksburg Front (2000)

The Vicksburg Front micromo onducted to evaluate proposed channel

improvement design alternatives a hgwn in Figure 4-47. From Davinroy, Gordon,

Rhoads, and Abbott (2000);,° isstssippi River along Vicksburg Front can be

“he proximity of the bend is located just upstream of the

Interstate 20 bridge crossings at Mile 435.8. At the apex
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was first observed in the:

was completely filled inawith sediment. The sediment source was from the adjacent main

s 3 minutes in duration). The side channel completely filled with sediment
aph, or 84 minutes of continuos flow simulation. The side channel
was re-formed m{ the model after this occurred to reflect the conditions of the river and
the test was repeated. This tendency consistently occurred after an hour of flow
simulation. Since this trend was not observed in the river, flow conditions for the base

test and all alternative tests was established as 10 hydrographs per test, or 30 minutes of
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continuos flow simulation. Under these flow conditions, no filling of the side channel
was observed.”
Figure 4-48 shows pathlines from confetti streaks at high flow in the micromodel

base test. Pathline is used for the various types of float visualization in this paper instead

of streamline because most bends exhibit some degree of un éss.  Although

report
ft) above the Low

discharges and water surface elevations are not given in the micromm
model stages at high flow are about +20 ft LWRP which is 6.1
Water Reference Plane (LWRP) which is the datum based on

, typical

vater level which is
exceeded 97% of the time. Bankfull stage along this portiaﬂ-d
the order of +30 ft to +35 ft LWRP.

> Mississippi River is on

-48-*H’i flow visualization using confetti in icksbug Micromodel

5.1.12.1 Particle Image Velocime try (PIV) in Vicksburg Micromodel

sequent to completion of the Vicksburg micromodel and as part of this
evaluation, the model was rerun using PIV to determine surface velocities in the
micromodel. The PIV techniques are described in Gaines (2002). Water level data
collected during the PIV measurements averaged +19.5 ft LWRP, which is in agreement
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with previous micromodel experience. Figures 3-49 and 4-50 show the pathlines and
velocity vectors at high flow from the Vicksburg model PIV. Figure 4-51 shows both
PIV and confetti pathlines from the micromodel and similar trends are shown.
Mississippi River discharge corresponding to +19.5 ft. LWRP is about 600000 cfs and

average channel velocity is about 1.5 m/sec.

400
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T e s ey
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Figure 4-49 Pathlines fro

0.1845 m/s
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Figure 4-50 Velocity vectors from Vicksburg micromodel PIV
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Mile

MICROMODEL CONFETTI

* Mile #35

“ft. long vanes suspended in the water which prevented significant

“s¥ind. The float shown in Figure 4-52 is the same design as used in the

11 May, +18.2-ft LWRP on 12 May,+17.2-ft LWRP on 13 May, and +16.2-ft LWRP on

15May. The majority of the measurements were made on 12 and 13 May during which
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average discharge was about 50000@:efs verage channel velocity was about

4 ft./sec. Flow out of the Yazoo River ng these measurements.

ace Velocity at Cross Sections: GPS vs. PIV

4.5.1.12.3 Compariso

study was condueted. The velocity across the cross-section has a greater magnitude in the
model at all three river miles that is expected because the model discharge must be

exaggerated to provide acceptable bed movement. Comments on each cross section are

as follows:
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L.

River Mile 434.5: The micromodel base test cross section at RM 434.5 is
significantly higher than the bed in all three prototype surveys (Figure 4-56)
and has the thalweg against the left descending bank whereas the prototypes
have the thalweg about %-1/3 of the channel width away from the left bank.
The velocity across the cross section (Figure 4-53) was different in
micromodel and prototype GPS but was consistent with the differences in
cross section shape with maximum in the micromodel ne left bank and
maximum in the prototype about a third of the way from 3

smnlanty of the side channel on the right bank 1
taken shortly after the model channel was r
most significant difference between the:
micromodel or 1994 and 1997 prototype’sury -a:the height of the middle
bar which is about 10 ft lower than in the . The velocity plot at
RM 437.5 (Figure 4-54) shows dlffercnce etween micromodel and
prototype. The GPS prototype data show a lesser velocity over the shallow
area on the submerged middle bag gher velocity in the deeper side
channels. The PIV velocity from del shows about the same ratio
of velocity over the middle bar n the left bank as the prototype
GPS velocity. However, miéts velocity ratio of left bank/right bank
velocity was far greater than type.

River Mile 439.5. The: el base test cross section compared well
with the 1994, 1997, ai 00 prototype surveys left of the island (Figure 4-
58) except for th W. area approaching the island. On the right side of
the island, the n}&gm widel was shallower than all three prototype surveys.

The velocity pl “toure 9 only covers the area to the left of the island. As
at RM 437.5,:#g ‘M 439.5 is concentrated more on the left bank in the
i ‘the prototype which likely explains the tendency for
del along the right descending bank at Mile 437 that was
prototype.

at the survey was
___.t_he micromodel. The

shoali

not

S, PIV, and Confetti Comparison of Surface Velocity

cks from the GPS float measurements are shown on Figure 4-59 along

the PIV measurements. The confetti streaks were plotted along with the GPS tracks
.4-60.  Both the confetti and the PIV tracks from the model show the same
tendency compared to the prototype data. At the beginning of the bend, the prototype
currents begin deflecting to pass around the bend well before the flow does in the
micromodel. About 1-2 channel widths upstream of the [-20 Bridge, the prototype GPS

floats are crossing toward the left descending bank whereas the confetti and PIV in the
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micromodel are aligned with the banklines. Both model PIV and model confetti differ
significantly from the prototype GPS data. Some of these differences, but not most, can
be attributed to the lower middle bar height present during the 2000 prototype GPS tests.
The differences are primarily the result of the skewed velocity distribution in the model

shown at RM 439.5.

4.5.1.12.5 Analysis of Data and Sum mary
Comparison of the velocities across the cross-section in Figures ¢

- Gordon, Rhoads,
ificant at the I-20

and Abbott (2000) report. Differences in flow patterns are als

it

Bridge. At the two upstream sections (RM 437.5 and 39.5), model flow is more

the value of 12 used in the Vick
similarity of friction and lack of: !

important in flow distribution." Fhe comparison of velocity presented herein show that
flow distribution in thz

The dissimilarity was li

2. Is the ADCP data relevant?

3. Are the float velocities too low?
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4. After having prepared the ASCE paper, read the rebuttal, and prepared this
response, what are the appropriate conclusions?

4.5.1.12.6.1 Item 1: Do differences in GPS, confetti, and PIV prevent

conclusions on MM flow patterns?

“A float will indicate the actual locus of a point moving wi :
called a path line” (Rouse, Engineering Hydraulics, 1950). fam Rouse “a

streamline is defined as a line which lies in the direction of flow int at a given

ferent lengths. PIV is
somewhat different because it interpolates the entire 0 define streamlines. PIV
in the Vicksburg MM was based on 200 frames af, 30 framés per second and represents

the best depiction of the flow field in the MM > it uses about 7 sec of model data

whereas the confetti is based on probably a )
the model or river was completely stead iation with time) at all points in the

reach, confetti, GPS floats, and PIV wot dentical flow patterns, We all know that

GPS floats at Vicksburg wh
this unsteadiness in differen Short confetti path lines would not show much of

the unsteadiness that is s one compared several different photos. PIV would

show very little o “Hh iness that is present because of the averaging over 7 sec.

Some small dlffere:;

type. The most appropriate information from the micromodel is the PIV data
t-quantifies the velocity and uses a 7 sec averaging window compared to 0.5 —
1.0 sec with confetti. In addition, the confetti pictures in the Vicksburg Front model were

difficult to use because only a few path lines could be defined.

4-73



4,5.1.12.6.2 Item 2: Is the ADCP data relevant?

When [ first started this comparison, I planned to use float, confetti, GPS, and
ADCP to make comparison. My abstract to Estes Park stated 1 would use ADCP, In

preparing the paper, I looked at the stage for the ADCP data and stage for the float and

measurements were taken, the Vicksburg District website showed a ga

Vicksburg of 4.2 ft which is equal to 4.1 ft LWRP. This low water

discounted the quality of the low flow PIV.

Another concern of using the
conference. MVS is certainly cor
measurement of total discharge.
collected during a normal transe
d against such comparisons. It has always struck

e velocity at a point in an unsteady open channel

ntation at Estes Park concluded the ADCP had problems near
er presentation concluded there were problems because of
interference i : the boat.

MVS e)zpfessed concern that their ADCP velocities at low flow were greater than
the float velocities at medium to high flow. Elimination of the ADCP data based on low

stage and Q makes it unnecessary to go into all the factors that could explain this but
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Charlie Little said the Vicksburg gage rating exhibits some loopiness. The ADCP data

were taken on a rising stage and the float data were taken on a falling stage.

4.5.1.12.6.3 Item 3: Are the float velocities too low?

In Maynord (2002), the float velocies were checked by de epm e average
~“That effort

gage reading and

channel velocity based on discharge/area and comparing to surface v
was repeated as documented herein. After some confusion bet

LWRP, the stages on the Vicksburg gage and discharge during the GPS float study were

as follows:

Date Gage reading, ft*

11 May 2000 20.6

12 May 2000 20 550000
13 May 2000 19 525000
15 May 2000 18 510000

*From Vicksburg District web site

**From rating curve provided by Charlie Little a bupg:District, 6 August 2002,

Whether one averages all 4; e 127 and 13" when most measurements

were made, the flow was abiiut 5%

s during the float survey. The average gage

conversation with Charlie Little, average channel velocity at the
Ig gage at a stage of about 19.4 is about 4.5 ft/sec with a range from 4-5 ft/sec.

' the Estes Park EWRI conference, we heard an interesting paper by USGS on
using surface velocity to conduct discharge rating. Our team talked about this same
technique using PIV in micromodel to determine flow splits in divided reaches. The ratio
of depth averaged velocity/surface velocity is a major variable and typically varies from

0.7 to 1.0 with an average value of 0.85 being typical. Using depth average velocity of
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0.85* GPS surface float velocity with incremental areas gives Q = 494,000 cfs at RM
439.5 which compares reasonably well with gage value of 537,000 cfs from the rating
curve.

At first glance these GPS velocities seemed low. After comparing to Q/area,

talking to Charlie Little about historical data, and using new USGS technig; GPS

velocities are correct.

4.5.1.12.6.4 Item 4: After having prepared the ASCE pa
rebuttal, and prepared this response, what are the appropri,
lines through the
ocity to make my

fferent. After looking at the

their conclusion, I can see their position.
What I now focus on, and .
comparison of cross-section plots

These velocities are comparable

60 sec. This velocity
bank in the micromodel

5 Concluding Remarks on Vicksburg Front Flow Visualization

1. If one understands the differences between confetti, PIV, and GPS floats,
comparisons can be made.

2. ADCP data are not relevant to this comparison.
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3. Float velocity magnitude compares well with average channel velocity
magnitude.

4. Focus of this comparison should be cross section velocity at two upstream
cross sections using PIV in model and GPS in prototype.

5. Analysis of model similarity must also consider incorrect filling of side
channel in micromodel.

6. I stand by my conclusion in the Estes Park paper that t
the Vicksburg Front micromodel is not similar to the prot

7. 1 also stand by my statement at Estes Park that
comparisons have not been adequate to show agr
micromodel and prototype.

8. As I stated at Estes Park and will state ig:the fis sicromodel report, the
micromodel should not be used for the . ory of Navigability and
flow patterns. '

4.5.1.13 Ballard’s Island, Illinois R
Calibration of the main channel logk it the micro model: This reach is
relatively straight and not complex. dy and several others contained the

following statement “Clay was plaééi bed of the model to better approximate

banks, so shifting . € points of bank attack and exaggerating the scour.” The
combination of thi

the potential

aphy in the main channel. Chute channel bathymetry varied in model and
prototype. Dardenne Chute was too shallow. A portion of Bolter Chute between
Dardenne and Bolter Islands was also too shallow. After Bolter and Dardenne Chutes

combined, the channel continued to be too shallow all the way to the confluence with

4-77



lowa Chute. The entrance and portion of lowa Chute between Bolter and Towa Islands in
the micro-model represented prototype conditions very well, but the Chute channel
downstream of the confluence tended to shoal more than the prototype. These

differences in depth are most likely tied to the micro-model not reproducing the flow

splits. Since flow splits is a critical issue in this study, the verification was ing

4.5.1.15 Lower Atchafalaya River (2001)

Complex reach because of junctions and distributaries. Tom P

appeared to provide a very reasonable replication of the 199
the trends and meandering of the Atchafalaya River w

micro model.” Pokrefke also stated “Generally speaki

questions the validity or usefulness of such. er does not feel that such flow

visualizations are indicative or able to be r any prototype condition, nor are they
meaningful in any way evaluating th ] 5 of a plan on navigation conditions. In the
Morgan City/Berwick Bay Reach th its upstream, through, and downstream of the
three bridges are critical, and as to be addressed in another type of study.”
e (2002)

cach with flow entering a wide lake containing a dredged

4.5.1.16 Lower Pep
This is a co
channel. From the:basg
being fill

“and Alternatives 1, 2, and 4, the main navigation channel is

nt. If this reflects the trends in the river, one would expect more

dredgin. the amount listed in the report. Flow visualization from micromodel

confetti and

dptype ADCP appear to have no resemblance. With the main channel
filling with sediment incorrectly and the flow patterns differing in model and prototype,

the model is not reproducing the trends of the prototype.
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4.5.1.17 Kate Aubrey Base and Plan Tests, Traditional and 2X Micromodel

4.5.1.17.1.1 General - Bathymetry maps were compared in micromodel

and prototype for base and plan tests. Comparison of the bathymetry in the
verification/base tests was based on the 1975 and 1976 prototype data.because these

years showed the consistent left-right-lefi-right sequence of thalwe

in the prototype. Prototype data from 1973 was not considered be

bathymetry in the plan tests was based on the 1998 : totype data. Data from
1999 and 2000 was limited to low water and were

traditional and 2X micromodels will be addressed s

4.5.1.17.1.2  1:16000 Micromode} ase Test- The verification

test was evaluated based on the 4 criteri*_>
%

which was the problem being ady sssed'#rt the model. The micromodel reproduced the
left-right-left-right thalweg seqti

the four requirements for verification.

4.5.1.17.1.4 1:16000 Micromodel Plan Test - Both the 1998 and 2001

surveys had a continuous navigation channel through the problem area. The 1998 survey

had a middle bar located within the contracted channel at about RM 790.9. The 1998
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survey may have been indicative of the development of the navigation channel and the
2001 survey presents a channel with some additional development time. Both 1998 and

2001 prototype surveys continue to show the left-right-left-right thalweg pattern present

in 1975 and 1976, although it was within the coniracted channel limits. Since this is an

reproduction of the problem, is not applicable. However, the micromode
shoaling occurred in the contracted reach that was not present in the

1:16000 plan micromodel does not replicate the thalweg pattern. At

rejected as an adequate representation of prototype trends. Based: ese differences, the

1:16000 micromodel did not predict prototype trends.

45.1.17.1.5 1:8000 Micromodel Plan Té The 1:8000 micromodel showed

shoaling at RM 791.5 that was not present in ype. The 1:8000 plan micromodel

does not replicate the thalweg pattern. H ‘Beén an attempt at verification of the
micromodel, this outcome would; rtainly been rejected as an adequate

representation of prototype trend n these differences, the 1:8000 micromodel

did not predict prototype trends

4.5.1.17.1.6 Suy is comparison is important to this evaluation for

the following two rea

1 demonstrateed the difficulty of the using reach averaged
n parameters to assess model performance. The reach averaged
“generally showed the plan Kate Aubrey micromodel tests to be in
agreement with the prototype than the verification when evaluating
g position, cross section area, and hydraulic depth. When comparing
nd width/depth, the verification test was in better agreement with the
prototype than the plan tests. The evaluation of a bathymetry map, which has
been the subjective method used for many years, shows the plan test to be far
weaker than the verification test.

2. Far more importantly, this comparison represented the most extensive
evaluation of the micromodel’s predictive performance when using detailed
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before and after bathymetry data. Results show that a model can be calibrated
to existing conditions but not predict prototype performance. This was
exactly what Professor Yalin stated when he said “] regret such a ‘model’ can
not be used for predictive purposes.”
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5. CONCLUSIONS

5.1. GENERAL
As with any model, the potential for misuse of the results is possible. Prior use of

the large-scale physical models (WES or University) restricted who co onduct model

studies because of space, costs, and operational requirements. As & gel results
were produced, processed and analyzed under the direction of, iis. trained and
experienced in physical loose-bed modeling. The advent of
engineering tool removes much of the restriction to a relativ “individuals/entities
because micromodels are relatively small and afford widespread use of these
models by inexperienced modelers is a concern. This also exists for numerical

models. Today's availability of inexpensive computers an deling software provides a

means for almost anyone to open shop as an "expe#t" hydraulic/sedimentation modeler.

Simply having a computer and modeling es not warrant many claims of

modeling competence in government, and“private sector arenas. Likewise,
having micromodel equipment does tee that model results are interpreted
appropriately.

While the concern ab@

The evaluation of any topic raises the specter of criticism. The perceived
criticism can be taken as an affront to the method, technique, or capability of a particular

approach. There may also be a personal connotation on the part of the one who




performed the work whether in large-scale or small-scale loose-bed physical models or
numerical models.
Evaluation of a technology must include an assessment of previous works.

Because the very nature of a qualitative model or approach indicates a lack of perfect

small-scale models reveals differences between model result
completely expected.

In this context, defining capabilities and limitations
consider the fact that the models (and modelers) were ¢
those model studies included herein, calibration or
served as the sole assessment factor when det
testing. The modeler's judgement regarding

incorporated both internal and external con

1:Jimits the model's ability to reproduce viscous

iternal constraints cannot be overcome without

demonstration of the expected results to other non-technical personnel. In this later role,
the model serves only as a diagnostic tool. External constraints often serve as rigid

constraints -- typically, external constraints cannot be avoided or modified without great

difficulty.
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Statements regarding capabilities and limitations for qualitative models should be
tempered by a consideration of both internal and external constraints. Circumstances
may exist where a qualitative model result is desired to confirm a technical opinion or

supposition. In this case, the internal constraints of the model are understood. One

effects, distortions, and a lack of similitude. But, the result ai

conjunction with previous experience of similar problems, measy

em solution makes the

The present evaluation

wledge, a potential modeler can:
¢k of detail needed to assess the

problem at hand, 2) determine wheth t¢ methods are necessary in lieu of the
micromodel, or 3) determine if modsgl: : (numerical and/or physical) in addition to
the micromodel are warrante
In a general sense, the présent evaluation identifies a need to suggest procedural
changes in the applicatj models (numerical and physical) other than the

jn. To the IV team's knowledge, no other model has been

micromodels as degcri
critiny currently focused on the micromodels. Other models
imilar review in order to determine their areas of applicability

hanges are necessary.

AND MUSTE (2002) CONCLUSIONS
vestigators at IIHR reported conclusions derived from the study of fixed bed
riments (Ettema and Muste, 2002). Those conclusions are repeated below for

the reader's convenience.



I.

3.

Thalweg alignment and separation region in the vicinity of a dike in a loose-
bed channel are functions of the parameters

2
Urg Re We V, W LR (Set3)
U ﬁ ﬁ glfy 'Y W'D

Reynolds number, relative roughness, and resistance coef
and R/D) characterize the approach flow distribution in which th 15 to be
placed. Shear velocity ratio (ux,/us;) characterized the state of b
mobility in the approach flow. These parameters, togethe
head, aspect ration, and relative dike length (Vo,/gLf, W/Y;
the flow field around the dike. The Weber number psii

*¢ is the primary
similitude criterion used to operate a model forme dike of*given W/L, distortion

of the other ﬂow parameters in Set 3 may inflyence thalweg alignment and
: y.from natural limitations in

The scale effects became evident as: wing deviations (values in model
compared to scaled prototype halweg alignment and separation
regions:

fio] increases, flow thalweg requires a longer

(i) As X [the horizont:
| length to return to the channel centerline

distance, relati

¥ feet wide]. Figure 32 of the ITHR report indicates
on with X,.

es, the maximum lateral location of the thalweg, T.,
1 an asymptotic value of approximately (W-L)/2.

increases, the downstream flow-separation region contracted from
0 B1/L~4 for the channel equivalent of a micromodel.

3. As X increases, the width of the flow-separation region decreased
asymptotically to the length of the dike (i.e., By/L— 1).

. The flow parameters in Set 3 directly affect the distribution of pressure and

local flow structure around the upstream face of a dike. Through that action,
they affect the strength of wake eddies developed by a model dike. In
consequence, the dike's wake region contracts in extent. The shedding of the
strengthened wake eddies intensifies turbulence generated by the model dike.
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Increased turbulence generation and increased dispersion of turbulence results
in a longer flow length, relative to dike length, for flow symmetry to re-
establish downstream of a dike. Commensurately, it takes longer for flow
thalweg to return to channel centerline.

5. The depth of local scour relative to dike length, ds¢/L, for a non-porous dike,
increased as X, increased from the baseline loose-bed chanzy
comparable to a typical micromodel channel. The valug
with the nominal micro-scale channel was about 3.5 times’
loose-bed channel.

6. Relative to channel width, the lateral extent of local 56
scales reduced. For the non-porous dike in the bas ws€-bed channel, the
local scour extended across two-thirds of )
porous dike in the nominal micromodel g
extended almost the entire width of the ch

for the baseline loose-bed channe
micromodel. A scour hole re-cont

hannel bed so as to direct flow
sising dike porosity, e, decreased
. 44 ofi‘the IIHR report). The same
wred for the baseline loose-bed channel
omodel channel. At porosity e~0.75 to

depth of local scour, ds. (F
proportionate reductions in g
and for the channel typlcal
0.80, dse=0.

8. Increasing dike pe osi e, decreases the length of the thalweg excursion
around a model ¢ ure 43 of the IIHR report). For the channel
comparable to azmicromiedel channel, dike porosity between 0.50 to (.80

produces a thalyeg“éxcursion similar to that for the baseline fixed bed

channel. Ho; =29 dike with this porosity has no separation region. L‘/{ Fial
HE JV EVALUATION TEAM e ff’f;)f/é !

rd

can be used effectively to demonstrate” and communicate
ex Hydraulic and sedimentation issues (level 1). Demonstration of
ilic and sedimentation principles in gross terms requires no specific model
sign. Simply having a flume with flowing water and sediment serves to
ustrate many basic principles. The addition of a model insert that represents a
wticular prototype reach only enhances the demonstration effect. The visual
nature of the micromodel allows scientists that are not familiar with hydraulic or
sedimentation phenomena to "see" how water and sediments interact within the
channel.

- Micromodels provide an opportunity to educate various audiences (level 1).

This follows directly from the demonstration and communication aspects of
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micromodel capabilities.  Often, local sponsors and other non-technical
individuals have a vested interest in river processes. Use of the micromodel to
help these individuals understand the complexities of river hydraulics provides a
mechanism to arrive at desired project outcomes.

3. Micromodels provide a means to qualitatively compare relative bed changes
between alternative modification plans.  Past experience with miéremodels
indicates that after a period of calibration (where the model i
reproduce observed prototype conditions), various alternatives can
a qualitative sense to aid in selection of a recommended plan
The screening of alternatives in this way helps engineers and:
assess which alternatives provide the desired channel resp
comparisons are not used (and cannot be used) to mdlcate ab
dlmensmns in the prototype ‘

4. Micromodels identify general scour and deposmonal trends. The qualitative
application of micromodels identifies overall b r of the channel bed in
response to various alternatives. The qual; ire of general scour and
depositional trends is consistent with level 2;

5. Micromodels provide supplemental for other model results (e.g.

numerical or larger physical model

Examination of main flow
ctlon Flow pattern determination in
osed to the streambed.

6. Qualitative velocity trends amd.
concentrations and general
response to bathymetric chang

7. General navigation stud thymetric and flow pattern response.

idé channel bathymetric analysis and study.

8. Main channe}. a:
: d forms to decrease dredging and to improve or

Rearrangemen
diversify aqua

‘of the three degrees of translation freedom as described
A Framework for Evaluating Micro-Models.”

sediment response trend studies at multiple entrances (tributaries)
lets (distributaries). (Mouth of the White River, Memphis Harbor,

11. Analysis and resolution of outdraft at lock approaches and bridge crossings.
(LD24, LD25, Mouth of the White River, Morgan City, Vicksburg Front)
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12,

13.

14.

15.

16.

17.

18.

19.

Implementation of Bendway Weirs; flow and bathymetric response. (LD24,
SEMO Port, Mouth of the White River, Morgan City, Vicksburg Front)

Innovative design of environmental river engineering structures, i.e. notched
dikes, chevrons, hard points, etc. (Copeland Bend, Bolt ar, JB Bridge,
Cottonwood)

Channel contraction measures to reduce dredging. (
and Augusta; Savanna Bay, Copeland Bend, Bolters Bar, 1
Morgan City)

ivgr, Clarendon

Dike and closure structure modification to i r or flow within side

channels and off channel areas. (Sante Fe
Chute, Savanna Bay, Wolf Island, Salt Lake

Sedimentation patterns within slack wate
Harbor)

Stream realignment at bridge cros

5.4.2. Limitations

1. Unknown dischargeS:tised in the micromodel - Prior to starting the JV
evaluation, .z

routine micromodel operation alleviated these limitations,

Operational sensitivity to position of by-pass line - Prior to the JV
. €valuation, a by-pass in the delivery piping provided for adjustment of water
~ delivered from the pump to the micromodel headbay. Micromodels typically

used flexible piping to convey water and sediment and any movement of the

piping changed the distribution of flow between the by-pass line and the
primary line leading to the model headbay. Changes in this distribution
produced fluctuations in the amount of water delivered to the model. The
primary concern with the by-pass occurred when sediment lodged in the pump
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intake requiring removal of the pump. After the pump intake was opened,
replacing all of the flexible piping in the original positions was extremely
difficult. Therefore, discharges delivered to the model were altered slightly.
Because slight adjustments in any model operational parameter potentially
causes significant changes in model bed response, a stable discharge was
crucial to achieving model calibration. Implementation of a constant-head
assembly in the micromodel procedures alleviated this limitation.

3. Micromodels do not reproduce prototype stages. Stages dir
amount of energy in the model. Stages that are too low (using
LWRP in model to represent a stage of +30 in prototype):
velocity and sediment distributions within the channel s
result, the ability of the thalweg to adjust laterally js#&s
in both micromodeis and loose-bed flume studi
problems arising from incorrect stage pertain té: pping of training
structures. Where stages are too low, structure elevai; s must be adjusted
vertically to achieve the "appropriate” leveliof overtopping flow. Such
adjustments are necessary to obtain a desire ral velocity distribution in
the model channel. These adjust o the possibility for
musinterpreting model data when converting to protatype scales.

Simulation of incorrect stages in the micromagdels coupled with vertical scale
distortion leads to a velocity dist '
channel (model) as opposed to a wi.
Therefore, model shear and v ;
conditions. The narrowand:dec
precludes full develop f
distributions. Micromo
thalweg cannot adjust
of flexibility that 0

1. Observations
et this.  Additional

t represent prototype discharges. Current operation of

Eﬂow meters into routine model operation revealed that the cycllc
graph provides only a limited representation of a true hydrograph cycle.
roblem with the cycle lies in the control valve hardware -- the valve
prov:des insufficient resolution and control to obtain the desired hydrograph
cycle. Present discharge hydrographs in the model vary on rising and falling
limbs due to the valve operating characteristics. Lack of control near
minimum and maximum flow settings result in operation of the model at
minimum/maximum flows for a disproportionate period of time.
Improvements in the valve hardware are essential to provide consistent and
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predictable control of model discharges. Such improvements provide the
capability to develop design hydrographs that more closely mimic prototype
discharge trends.

Current discharge control limits micromodels to levels 1) and 2) because the
variable discharge drives development of desired bathymetry. The model
hydrograph should provide a representation of prototype discharge
characteristics. Achievement of more consistent control of dis¢harge does not
translate to the use of micromodels in levels 3) and 4)

5. Micromodels have exaggerated Froude numbers. tion of Froude
number in loose-bed models results from efforts tg:.0 similar sediment

similitude. The higher velocities are jquiredito produce the dynamic
similitude prescribed by us/us. Accordm

additional points on the effect of exaggerated vel c1ty head (V*/2g).

A simplified consideration of the en
exaggerated velocity head.

5+Zl+: . Z2+X—2——+Losses
¥ : 2g

ton, V is mean stream velocity, g is the unit
:.av1tat10na1 constant, the subscript 1 denotes an

¥a function of V2. Therefore, exaggeration of veloelty
Jacts the energy relationship. Contraction losses represent the
and related training structures. Exaggerated velocities have a
i on flow patterns and flow/velocity distributions, particularly
inity of training structures (Ettema's report and observations from
Is and UMR flume work). A similar negative impact occurs in
annels with pronounced curvature (e.g., sharp bends).

number (and velocity) exaggeration limits micromodel usefulness to
levels 1) and 2). Use of micromodels should be restricted to these levels
based upon current micromodel approaches. Where required to provide a
. demonstration tool for levels 3) and 4), micromodels may be used with
extreme caution, but only in conjunction with other model results and
adequate explanation by experienced personnel. Future developments in the
micromodel may enhance model capabilities by reducing velocity and Froude
number exaggeration. Recent use of a lighter weight sediment material,
Polyester PlastiGrit Type I, tends to reduce the slope required to achieve
sediment mobility which in turn reduces the Froude number exaggeration.
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6. Surface velocity patterns are adversely affected by scale distortions and
exaggeration of Froude Number. Increased distortion of the vertical scale
results in model channels having smaller B/y than found in the prototype
channel. Circulation in channels with small B/y ratios is stronger as evidenced
by observations in the laboratory and in small streams. Davinr
presents corroborating isovelocity data for prototype and mo
section in the Dogtooth Bend reach of the Mississippi River (Fi
5-2, respectively). Davinroy's figures depicting isovelocity conm‘
a somewhat stronger circulation pattern in the micromodel t§
prototype.  Although there are similarities between the

model in that both exhibit several higher Ve10c1ty

width, the lateral distribution is different in the mi

the channel
, #i shown in the

he highest thread
of velocity located approximately 250 feet from t position while
the micromodel data show the highest thread of velocu‘y at a distance of 400
feet, a difference of 150 feet. The differente, of 150 feet between these
locations may appear minor. However presents approximately 10
percent of the total channel width.

odel are not adequately scaled.
romodels is closely associated with
ges. Estimates of friction factors and
el sediments and flow conditions indicate
odel channels. In other words, the model

7. Roughness characteristics in th
The lack of appropriate roughne
their inability to reproduce pr
roughness coefficients fo#
that roughness is too low i
1s too smooth.
Because stages (

surface flow pattern:

are not correctly reproduced in micromodels,
«correct. Surface flow patterns have greater errors
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Flow Conditions al +13 feet Above LWRP

Figure 5-1 Cross Section Isovelocities.at Mile 34.3, Dogtooth Bend Prototype,
Mississippi Biver'(Ravinroy, 1994)

-2l

at +13 feet Above LWRP

1

VELOCITY INDEX SCALE

] F I I l ! l

200 400 600 800 1000 1200 1400 1600 1300
Distance from Left Bank, Looking Downstream (fest)

‘Depth Below Water Surface (fest)

Figure 34. Cross Sectional Velocity Index |sovels at Mile 34.3, Micro Model

Figure 5-2 Cross Section Isovelocities at Mile 34.3, Dog Tooth Bend Micromodel
(Davinroy, 1994)
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for prototype reaches containing a high degree of flexibility in thalweg
position (not laterally constrained) and/or having high sinuosity.

Based on flume tests by Gaines (2002) using flow depths typical in
micromodels, micromodel sediment has an average Darcy f of 0.11 that is
equal to a Chezy C of 27 m'*/sec. This value is consistent with values for
model C presented in Gujar (1981) who found C = 25-30 m'*/sec for fine and
coarse sand, 20-25 m'"%/sec for fine bakelite, and 25-35 m'%sec %
bakelite. The micromodel value can be compared to typical Mis
values of C = 50 m"%sec. With a distorted Froude model,
correct friction requires the ratio of C in prototype to model
square root of the distortion. With a typical distortion of 11 afi
= 50 m'"%/sec, model C would have to be 15 m"%sec. W
micromodel is not a Froude model, these values sho
having a typical C of about 27 m”z/sec is too smg
case with distorted models.

The model smoothness issue is a possible expt
are difficult to run in the micromodel and maximum :

T why high stages
s limited to about

t in the model. Similarity
in bends. Although the
roughness, the model is

empirical or qualitative loos
than the prototype. Qi
sediments, vertical scale dj

v,‘_ence ﬁsmg a model Shields parameter significantly
less than the pre ot}ip As uoted in Glazik and Schmke (1986) results from

eter of 0.51 which shows that using 0.061 in the model is a significant
dgation. The Mississippi River and other major alluvial rivers often have
Shields parameter in excess of 1.0. Hecker and White (1989) describe a
loose-bed models used on the Arkansas River where the Shields Parameter
was less than the prototype. Based on personnel communication with Tom
Pokrefke and Charles Nickles who conducted ERDC coal bed loose-bed
models, “beginning of vivid bed material movement,” or a Shields parameter
of 0.076, best described the techniques used at ERDC. Although actual
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depths and slopes used on the coal bed models suggest a Shields parameter
that is closer to 0.061, either 0.061 or 0.076 show a significant reduction of
Shields parameter was used in the ERDC models.

Chitale ((19??) states that movable bed model design is based on
“adequate tractive force to ensure satisfactory bed movement”. Shen (1990)
states that if the rate of sediment movement is not an issue and the only need
is to create a movable bed, a Shields parameter need only;
critical value. The use of loose-bed models for bed simifs
having equality of Shields parameter is consistent wi
Laursen and Alawi (1989) regarding the effects of velgs
and Alawi (1989) found that scour was mdepend
ratios greater than about three to four.

The few slope measurements taken in the»
of about 0.01. At a maximum stage in
hydraulic depth is about 35 ft in typical
hydraulic radius is about 83% of the hydrau epth for a distortion of 11
which is an average distortion value yged in micromodels. Using a typical
vertical scale of 1:800 results in a mgd draulic radius of 0.036 fi. Using a

parameter used in the micromude] of 0 3. ThlS value is compared to
prototype values on the Missigginpi

The micromodel Shlelds‘ Heter is closer to the prototype than in both
the model by Glazik an Schei 986) and the coal bed models at ERDC.
Because of the importance:
approaches of Yéalin
conclude this is a

instein and Chien, some might be tempted to
feature of the micromodel. However, it happens
se of the large vertical scale distortion in conjunction
number distortion.  The experience of previous
Glazik and Schenke (1986) and the ERDC coal bed
a significantly lesser Shields parameter resulting in general
This approach allows the modeler to minimize vertical scale

srimary advantage of smaller Shields parameter in the model than in
type, and almost certainly the reason its use has evolved, is that
ortions in Froude number and vertical scale can be reduced, which should
it in improved reproduction of the flow field and thus improved
reproductlon of the bed morphology. Another factor concerning the Shields
parameter is its effect on the time scale for sediment movement. Small
¥ models having large Shields parameters will respond extremely fast. Such
rapid response reduces testing time but was intentionally avoided in the
ERDC coal bed models.

10. Slope distortion in the micromeodels is too high. Slopes in the micromodels
are highly tilted to achieve a desired state of sediment mobility using the
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PlastiGrit Type II sediment material. Exaggeration of model slope tends to
restrict thalweg adjustment laterally within the channel. This results from
exaggerated velocities and from a prototype channel represented as a narrow
and deep cross-section. The latter results primarily from the vertical scale
distortion. Distortion of slope produces velocities that are not necessarily
reproduced correctly in terms of magnitude and direction. Incorrect
reproduction of velocity magnitude and direction leads toi%in
reproduction of flow details. Current slope distortions used in
limit applications to levels 1) and 2),

11. Micromodels operate on a sediment equilibrium princiy
equilibrium concept for micromodel operation becomes
prototype bathymetry results from a non-equilibrium cot
prototype undergoes constant changes in boungd:
migration, rapid scour or deposition trends, etc.)
may lead to incorrect model results.  The pote)
predictions increases as the rate and magnitude
condition in the prototype increases. Mi
problems where prototype banks do not ch
where the prototype exhibits no long-te

e non-equlllbnum
model use is restricted to
appreciably over time and
n-degradation trends.

18 limit their application to sand-
ansport. The PlastiGrit sediment
and. Simulation of bed response
Capability of existing physical and
hesive material erosion and transport
pirical methods exist to simulate channel

12. Sediment materials used in micro
or gravel-bed streams with active
material behaves in a similar m :
with a cohesive bed is beyond
numerical models. the mec )
is not understood and n
adjustment.

13. Tributary and divi
representation:of
channels.

nnels impose requirements to ensure adequate
sediment distributions between the respective

mentation of micromodel operational and design
itates a better understanding of how the model

16. Suspended sediments cannot be modeled using micromodel techniques.
Sediment material characteristics change appreciably when sizes are in the
clay and silt range. Suspended sediments at prototype scale typically fall in
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17.
18.

19.
20.
21.
22,
23.

24.

25.

the silt/clay particle sizes with some suspended sediments being as large as
sand sizes. However, cohesionless materials in the prototype having a median
particle size of even 1.0 mm would require model sediments in the clay sizes
if the correct horizontal and vertical model scales are used. At such reduced
sizes otherwise cohesionless materials exhibit cohesive characteristics.
Therefore, model sediment sizes are distorted in order to maintain
cohensionless bed transport. The sediment sizes thus us imodels do not
provide any mechanism for simulating suspended sedimg prototype.
This is evident from the Shields Regime diagram (Figure g

Inability to achieve good verification in some prev ero xmodel tests
Conclusions from consultant on applicability t
constrained reaches

Differences in Kate Aubrey plan tests
Lack of repeatibilty of Kate Aubrey tradl § ﬁﬁcromodel tests
Poor replication of currents in Vicks ;
Unknown % flow splits in divided'

g Front model
¢l reaches

Unknown flow characteristics mgh natches/dikes

Water Surface Profile Anaty, ‘channel and floodplain)

¥:Field Scour and Deposition Analysis
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6. RECOMMENDATIONS

6.1. PROTOCOL FOR MICROMODELS
With insight regarding current applications of the micromodel methodology and
potential limitations of the micromodel, the potential modeler muig, decide on the

appropriate course of action: 1) The micromodel provides the

titputs for

analyzing the problem at hand or 2) er means must be sought t #:the problem.
If the decision to conduct a micromodel study is made, the neces dures are then
outlined in order to achieve the desired outcomes.

The following sections describe procedures for £alib n 6f the micromodel that

will serve to develop confidence in the model results.

6.1.1. General
In order to achieve confidence ink =model results, certain steps are
required. First, model design should fp; pted techniques and use a consistent
methodology. Second, analysis of mo should include a quantitative estimate of

model and prototype agreement f tbration condition. Third, documentation of

model design and operatiorn ; e._rsq and their relationship to the corresponding

prototype parameter values i

to achieve calibra
constraints pl

to be solved,

'" The description should include sufficient details to provide a general statement defining why prototype
conditions are undesirable and to provide specific data (e.g. flow paths, velocities, bathymetry, dredging
history, navigation reports, etc.) that define the problem as quantitatively as possible.



6.1.2. Problem Definition. The problem must be defined and study objectives
stated. This includes specific qualitative descriptions of the problem or problems so the
modeler can determine the applicable model limits and establish a general approach for
conducting the model effort. The specific problem location is identified and described

regarding one or all of the following:

Extent of problem
Inadequate Navigation Depth cv L@ .
Inadequate/Undesirable Channel Alignment (navigation, bnd
Undesirable flow distribution through main channels
Environmental adaptations of existing structures
Environmental enhancement objectives
Undesirable Depositional Patterns
Bank stability/Recession

Excessive Dredging Requirements

10 Evaluating changes in/Effects of existing stry
11. Entrance and Exit conditions that may be gl

LN AW~

The problem definition also helps in
should be stated prior to beginning model

blig

location of training structures, e;

and describe the way that the model reproduces the problem(s) as
observed in the prototype.

2. Verify and describe how the model reproduces the thalweg alignment found in
the prototype. Some expression of goodness-of-fit should be provided. This
can be accomplished by plotting the morphologic parameter of thalweg
location by Range for model and prototype data. Calculation of the MSE and
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differences are also required to describe the level of overall agreement for the
model.

3. Check other morphologic parameter values to insure that model values are not
too far from prototype values. This step is important because the hydraulic
geometry of the channel affects the model's representation of velocity and
sediment distributions. Area and depth are principle
considered and emphasis should be given to keeping m

of agreement. The required level of agreement sho
effects that result from deviating from an ideal re
channel characteristics. Until additional research
agreement, recommended tolerances are Yidel parameter values
within one standard deviation of the pjétotyp teach-averaged parameter
values. Where this is not feasible, limited regiy ay be permitted to deviate
by no more than two standard deviations of thé'###totype reach-average value.
As a general guide, model values shoulﬂ-;not deviate from prototype values by
more than approximately 1/3 of the 1 e prototype values at any location
within the model reach.

a required level of

jit scale effects in the model. The use of
.along the banks), the placement of clay
s or to adjust roughness, and the use of
iodel to limit scour depths are techniques
oméﬁels A map of locations digitized from the

4. Document the use of techniqug
artificial bank roughness (
along the bank to provid

; calibration requires only a one-step process. Where prototype

ence that can be placed on the model results. Where surface flow paths

ed in high-risk problem solutions, a third step becomes necessary.

6.1.3.2 Basic Calibration.
A single-step calibration process involves achieving agreement between model

and prototype bathymetry. The level of agreement between model and prototype bed



elevations serves to establish the degree of confidence that the modeler places on model

results. Morphologic similarity can be established by determining model and prototype

values for thalweg position, cross-section area, top width, hydraulic depth, and the width
divided by the depth.

;
o

a 6.1.3.3 Complex Prototype Conditions.

{

A two-step calibration process includes the preceding step but adi
verification process. The second step involves taking conditions after the
timetrame where changes have been observed in the prototype an |
changes in the model. The model response to those changes ig: ed to the observed

prototype changes in order to confirm (or verify) that the adeguately reproduces

model conditions. The second step provides an additional level ‘G£gbnfidence necessary

when dealing with complex flow situations. Typical cos iplex flow situations include a
channel with one or more sharp bends, a channel divig » el confluence, or where

hydraulic structures are present (i.e. bridges, locks and:dams, 6r similar structures). The

verification step also uses morphologic si {0 assess model and prototype
agreement.

Split flow conditions within:the el ‘teach require an additional measure to
assure the proper distribution of flow | he separate channels. LSPIV techniques
provide a semi-quantitative measy; the model flow distribution. Prototype division-

of-flow data provide a means t ine or at least bracket prototype flow distribution.

6.1.3.4 Surface Flow P
process becomes necessary when surface flow patterns

Here, the model response includes the relative

ta provides the third calibration step. The high degree of vertical scale
distortion and he large exaggeration in Froude number influence surface flow patterns in
the micromodels. This influence results in model flow patterns that may be different than

prototype flow conditions'?, For this reason, use of the surface flow patterns obtained

2 The word may is used at this point to signify that the influence is largely unknown by looking only at
model data.
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from a micromodel requires extreme caution. Confirming the general location and
alignment of surface flow patterns in the micromodel with observed prototype flow
pattern data provides a means to overcome the unknown influence of vertical scale and
Froude number distortion on model surface flow patterns.

The significance of the third step increases when the problem i consideration

involves a hazard or risk to human safety. Hydraulic theory stions by

investigators indicates that surface velocity distributions can h

> sole basis for assessing
‘avoided. Other methods

of the seeding can provide &"
video recording also provi

similarities and differenc

interpretation of model results.

13 The hydraulic design of artificial scour protection in the vicinity of a bridge is one example of such a
feature.
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Model design should incorporate an assessment of the Shields criterion for both
prototype and anticipated model conditions. The degree of Froude number exaggeration
should also be calculated. The roughness and slope distortion should also be evaluated.

The Shields criterion and the roughness and slope distortion factors provide a mechanism

for balancing sediment mobility and boundary roughness effects in the mode

the ripple factor, which is a function of the sediment transport, is a useful w
this balance. The current research indicates that increased sediment matertal 3
(e.g., increased Dsg) will improve roughness similarity in the micromods
6.1.5. Improvements Resulting from Evaluation
Early during the course of conducting the evaluatiofi; severe deficiencies in the
micromodel procedure were modified. The two main modi iions included the

adoption of flow metering and the use of a constant-head

ystem for delivering water and
sediment to the model. ‘

Standard micromodel methodology should t#carporate the use of flow meters to
document model discharges and hydrograph s ”

Standard micromodel methodology meorporate the use of a constant-head
assembly to deliver water and sedime model headbay.
6.2. DATA REQUIREMENTS |

Previous model study; ere insufficient to assess even basic similarity

‘to evaluate scale effects. Because similarity criteria

understanding and interpreting model results, future

1) understanding scale effects may permit wider application of the
roblems of a more quantitative nature and 2) understanding the
distortion of slope, velocity, Froude number, hydraulic radius and sediment transport may
produce better overall model similarity than presently exists. The minimum data

necessary to achieve these benefits include the following:
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1. (*) Model reference plane (e.g. flume) transverse and longitudinal slopes.

2. (*) Model water surface elevations (in model coordinates) in at least three
locations continuously throughout the hydrograph cycle so that model water
surface slopes can be documented. If continuous readings are not feasible,
model water surface elevations should be obtained at maxij and minim
discharges as a minimum. Locations of measuremgs
documented in model coordinates (x,y,z coordinates inchés or mm
depending on the method used for surveying the model), :

maximum and minimum discharges used fi
documented in numeric form. The shapg!

4. (*) Prototype discharge in at least two loca and at two water surface
elevations (one near the minimum st&gl to be modeled and one near the
maximum stage to be modeled). Water stitface elevations (e.g. water surface
slopes) are also required to d g conditions for when discharge
measurements were made. :

5. (***)Volumetric sediment tfangpdzfsin the model after calibration (obtained
i er and sediment or other means).

7. otype sediment material. Approximate prototype
ns are available for the lower Mississippi River and can be

other channels.
8 Bathymetry in model coordinates (pre-conversion to prototype

del morphologic parameter values in model coordinates (pre-
cofiversion to prototype coordinates). Locations of ranges to be used in
generating morphologic parameter values can be identified by digitizing left
and right bank points on the model with the Microscribe - or Faro Arm™ and
“then obtaining the cotresponding prototype locations by conversion of the
model range coordinates into prototype coordinates with the convert utility.

10. (*) Model morphologic parameter values (at prototype scale) for comparison
of calibrated bathymetry to prototype values (see 11).




11. (*) Prototype morphologic parameter values for each prototype bathymetric
survey utilized in the study effort.

(*) Denotes required data
(**) Denotes highly desirable data
(***) Denotes desirable data

Sediment transport measurements in the prototype are also ne “ta;assess

on a routine
tandard transport
relationships (e.g. Yang, 1978). Measurement of p totype sediment transport is

desirable to verify/develop coefficients used in th S transport relationships.

Prototype sediment transport data should be acquire constraints permit.

Use of a standard form or forms to it the information provides a
systematic way to acquire and publish the kné listed above. A draft format is
under development and will be provided final version of the report.
6.3. ADDITIONAL RESEARCH:;

Loose-bed models des this report can provide a reliable means for design
and analysis of river traifif reé subject to the limitations described previously.
Through application of models, the modeler can gain insight into various
prototype responses re designs. Projected prototype response can also be
investigated to detg acts on channel behavior. Further research on applications

of small-scg) ed models can enhance methods for applying these models.

fonal data needs to be collected in present and future model studies to
facilitate this resgarch.

The present investigation proposed four categories of similarity depending on the
level of detail required, on the risk to human life, on the relative solution accuracy and on

operational constraints. A Failure Modes and Effects Analysis (FMEA) can help
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identify important criteria needed to define each category. Future investigations should
focus on defining the categories used in the FMEA.

A primary goal of the present evaluation included estimation of scale and scale
distortion effects in the smail-scale models. This goal was not achieved. Data available

effects. A

from the previous model study results were insufficient to asses
minimal amount of data collected from on-going and future mod
the requisite inputs for defining scale studies and relaxation ; “ratios. The
necessary data are included in the recommended micromodel

Variability in prototype bathymetric data has a maj gence on the attainment
of model similarity. Additional investigation of thig variability may yield methods for
weighting individual Range data (temporally and spa order to define required

similarity criteria.

Simulation of prototype discharges mimic prototype hydrograph

tendencies. Where prototype hydrographs variabjé, model hydrographs should be
developed so that model discharges be] milar fashion. The effect of variable

hydrographs on bed development are: ly realized in current loose-bed modeling.

The effects of simplified sine r+triangular type hydrographs versus aiternate

additional study.
Limited testin
W structure porosity impacts model bathymetry. Structure

role in reducing the local scour tendencies and deflection of

represéntation of training structures. Quantitative application of loose-bed models to
achieve optimized training structure designs requires the reproduction of details in the
model. These details pertain to flow and sediment transport phenomena and to structure

lengths and heights. Model sensitivity to changes in structure length and to structure




height must be investigated before advancements can be achieved in structure design
optimization.

Current investigations included a limited number of experiments involving a short
contraction structure. Additional experimentation is necessary to define the impacts of

channel width on flow and depositional characteristics in the vicinity,

contractions.  Further research is also needed to determine the effects of ¢
on flow and bathymetric response in the vicinity of long contractions.

Bed material gradation has a major impact on model roughngs

developed a technique for approximating the

are necessary for model and prototype to.p

correction factor.

Reproduction o

on the roughness chara

Froude similarity employed in model design also directly
levations. Accurate model water surface elevation data are
required f_'s ':mérphologic similarity in native model units (e.g. at model scale,
inches or m eters). Currently, water surface elevation data are limited. A means for
tracking water elevations in the model is required to determine model cross section
areas, widths, and depths in the model.

The ability of the small-scale models to predict prototype response was

investigated for the Kate-Aubrey reach of the Mississippt River. Additional cases where
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model study results led to construction of the recommended alternative in the prototype
should be sought where field data can be collected to compare with predicted model
response.

The current evaluation considered the similarity of loose bed physical models. A

similar evaluation of numerical sediment transport models was not fi the literature.

Comparisons of numerical model results to prototype conditions u;
parameter approach described herein should be accomplished.

performed for the calibrated model conditions and for a predicted m:
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The reports contained in this appendix represent opinions of the
three panelists consulted early in the JV evaluation effort. Copies of the individual

reports are provided for reference only and are arranged in alphabetical order.
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1. Introduction

This report reviews a draft plan of study developed by the U. S. Army Corps of Engineers
to evaluate the capabilities and possible extended application of micro-scale physical
models of river reaches. The models, termed micro-models, are used by the Corps’ St
Louis District to aid in the design of river-control works, especially for relatively large,
navigable reaches of the Mississippi River system. Typical micro-modeling scales, in
round numbers, are about 1:10% horizontal and 1:0.5 x 10° vertical; the horizontal scale
typically is selected to coincide with the scale used by the Corps for its standard aerial
photographs of rivers. The essential issue the plan of study aims to address is the degree
to which micro-models reliably replicate flow and sediment-transport processes in rivers.

In principle, micro-models are not new. For a good century, they have been used to aid
understanding of complicated flow and fluid-transport processes, as well as to help
confirm the performance of diverse hydraulic structures. It is well-known, for example,
that the prominent hydraulic engineer Osborne Reynolds, in the late 1880s and early
1890s, used a micro-scale models at two sets of scales, to obtain insights for locating
flow-training works to ensure satisfactory performance of a navigation channel in estuary
of the Mersey River, England. The models, an early distorted geometry models, were
built at a horizontal scales of 1:3.2 x 10* and 1:1.1 x 10* with corresponding vertical
scales of about 1:1.0 x 10° and 1:0.40 x 10* the models were approximately 1 to 2 m
long (Freeman 1929) Tt appears that the models were used primarily to determine
whether contraction of the flow near the entrance to the estuary would deepen the
navigation channel through a bar at the entrance to the Mersey estuary. Reynolds’
protégé, Levison Vernon-Harcourt continued the work using a micro-scale model to
investigate much the same concerns for the estuary of the Seine River.



What 1s new about the micro-scale models, or micro-models, at the Corps St Louis
District is the application of technologies facilitating sophisticated control, operation and
data acquisition. Whereas the micro-scale models of the 1880s and 1890s were built
small out of necessity (notably because suitable large pumps and laboratories were not
readily available), automated smaliness has become a virtue for the St Louis micro-
models. And indeed, the evident virtues of micro-models are their relatively modest cost,
the short duration entailed in getting insights from them, and their portability. For
engineering projects subject to tight limits on budget and schedule, and with a need to
explain complex flow processes to the general public, these virtues are highly significant
and appealing,

A disconcerting aspect of micro-models, however, is the apparent laxity in the explicit
consideration of dynamic similitude and its constraints; in simple words, the theoretical
considerations attendant to modeling and the processes being modeled seem to be
inadequately defined or taken into account. The only explicit similitude consideration is
that relating horizontal length. In this respect, the criticism eould be leveled that micro-
models really are not proper hydraulic models; whereas hydraulic models usually are
designed and operated with similitude criteria kept foremost in mind, micro-modeling
seems to disregard them or set them aside. This ostensibly weak, or ill-defined,
theoretical basis opens micro-models to the charge that they lack rigor and are merely a
convenient but risky short cut to getting information of uncertain reliability.

The accuracy and reliability of hydraulic models have been (and continue to be) the
subject of much study and discussion by hydraulic engineers. Whenever a new
hydraulic-modeling concept or application arises, or when a similitude criterion is relaxed
in some novel way, it becomes the subject of scrutiny. The scrutiny inevitably entails
consideration of similitude concepts expressing proportionate relationships between key
geometric quantities and forces driving or resisting motion in prominent physical
processes. Over the years, well-documented sets of similitude criteria and suggested
modeling limitations have emerged to help guide hydraulic modeling. For practical
engineering purposes, the scrutiny of modeling should be accompanied by an appraisal of
the requisite levels of accuracy and reliability of information sought from a model.
Guidelines for requisite accuracy in the design of various hydraulic structures have not
been well developed over the years.

An historical irony is that the apparent utility of the early micro-models stimulated the
subsequent rapid development of larger, more exact models of loose-bed rivers and
estuaries.

2. Components of the Proposed Study
The proposed plan of study would comprise three investigative components, which may
be summarized as follow:

A. Become familiarized with current micro-modeling practice, then develop a
tramework for studying model-prototype conformity.
B. Investigate the sensitivity of micro-modeling results to the modet bed material used.



C. Investigate the repeatability of micro-model results.

The details of the three components are described in Appendix 1. Appendix II (Topics) is
an informal list of issues posed by the Corps for investigation during component B of the
study.

3. General Impressions

I would like to lead into my evaluation by offering a few general impressions about the
proposed plan of study:

1.

The proposed study will require a consistent theoretical framework based on
similitude and laboratory-effect considerations. As is explained subsequently in this
report, micro-modeling capabilities cannot be evaluated effectively without such a
framework. Nor, for that matter, can the issues listed in Appendix II be posed or
answered appropriately in the absence of such a framework. Quite possibly, such a
framework remains to be developed early in the study. «Also, I would urge that the
word “theoretical” not be thought of as being purely academic; the capabilities and
possible extended application of micro-modeling cannot be evaluated in an abstract or
ad-hoc manner.

An important facet of the proposed study should be an evaluation of the levels of
accuracy needed for designing river-training works. The target levels of accuracy and
reliability obtainable with micro-models should be consistent with those levels. The
early micro-scale models of the Mersey and the Seine estuaries were useful in part
because great accuracy was not needed in designing the channel-training structures
modeled. It might also be added that the records are unclear as to the actual veracities
of the models.

A simple truism in modeling is that model results are only as good as the knowledge
of the people interpreting them. Usually, the more knowledgeable the modeler, the
less exact need be the model; this goes for all hydraulic and computer modeling.
Reynolds and Vernon-Harcourt used micro-scale models, but arguably both men also
were among the most knowledgeable fluid mechanicians of their day. To be
effective, the proposed study also should evaluate the level of expertise needed to
design and interpret micro-models.

Micro-modeling is motivated in part by the substantial pressures imposed on Corps
Districts to get engineering information in a timely and cost-effective manner. There
is a risk that those pressures give rise to unrealistic estimates of the capabilities of
micro-models. In my opinion, micro-model use is constrained to the single, but very
significant, class of river-training applications for which approximate, information is
sought regarding the impacts of relatively large-scale hydraulic structures (e.g., wing
dams, bendway weirs) placed in relatively wide, essentially two-dimensional flow
situations. For other applications, the modeling client must be in a position to stand
the risks incurred with uncertain information accuracy.



These impressions are offered in a constructive and uncritical spirit. They underlie my
evaluation of the proposed study. 1 admire the enthusiasm of the micro-modeling group
at the St Louis District, and am intrigued by their modeling innovations (e.g., use of very
lightweight model bed sediment and automation of model operation and data acquisition).
I do believe, though, that advances cannot be made without sound knowledge, and that
micro-modeling needs to fit within the broader context of hydraulic modeling practice.

4. Essential Tasks
A sound framework for evaluating the capabilities and expanded applications of micro-
models must be based on considerations of modeling similitude and laboratory
limitations. Without a clear theoretical basis, study components A, B, and C likely will
be inconclusive. 1 would suggest, therefore, that the study be configured to accomplish
the following tasks:

1. Get acquainted with current micro-modeling practice. This task largely has been
done, or at least is well underway. The one-day visit to St Louis on May 1, 1999,
together with the reports provided, help accomplish this task.

2. Develop an evaluation framework based on the key sets of similitude criteria relevant
to water flow and sediment transport in loose-bed channels, and to component
processes such as local scour at hydraulic structures (e.g., piers, weirs, and groins).
The subsequent portion of this report provides some suggestions in this regard.

3. Conduct tests to determine the consequences of selected important scale effects
resulting from relaxation of similitude criteria. This is the hard part.

4. Conduct tests to determine the consequences of selected important laboratory effects.
This part too is fairly hard.

5. Compare qualitative trends and quantitative micro-model conformity with field data
and/or data from larger models. This part requires close consideration of similitude
criteria and laboratory effects.

6. Assess the level of expertise needed for interpreting and tmplementing insights from
micro-models. This task also entails assessing the level of accuracy and reliability of
information needed for various river-training activities.

7. From the outcome of tasks 1 through 6, delineate application limits for micro-models.

Prepare a comprehensive report.

oo

The tasks essentially entail identifying the variables and consequent non-dimensional
parameters associated with flow and sediment transport in loose-bed channels. The key
similitude criteria then are straightforwardly evident. Inevitably, all the key similitude
criteria cannot be satisfied, and compromises are needed. The likely scale effects, or
consequences of relaxing similitude criteria, need to be identified and their impacts
determined by means of controlled tests. The consequences of important laboratory
effects likewise need to be identified and determined. Fore-armed with knowledge about
key similitude criteria, and the impacts of scale and laboratory effects, meaningful
comparisons can be made using data obtained from the field and/or other models. The
level of background expertise needed to effectively make such comparisons, and to
interpret model results, must be assessed in this procedure. The comparisons will
delineate the extent of micro-modeling capabilities. A comprehensive report is needed to



document the study’s findings. Given the perception that micro-modeling potentially
lacks theoretical rigor, it is necessary that likely modeling limitations and uncertainties be
understood at the outset of a micro-modeling project.

A concern immediately apparent from the foregoing list of tasks is that the study may be
overly ambitious. The study raises many issues are of overall importance for hydraulic
modeling and for the processes being modeled. Where possible, use should be made of
existing information published in varioys reports and papers, as numerous studies already
have examined many of the issues. In addition, the ensuing sections of this review report
are intended to help condense the issues to a select number of key concerns to be
considered when evaluating the capabilities of micro-models. The key issues relate
directly to similitude, and lead to considerations of scale and laboratory effects. (The
point here is that similitude is vital for scaling between model and prototype; if you
abandon similitude, you abandon the path back from model to prototype.)
5. Similitude :

The similitude principles underlying hydraulic modeling are fairly straightforward and
readily understood.  Their implementation, though, usually requires a sound
understanding of the underlying physical processes, an appreciation of the dominant
processes, and recognition of a model’s capacity to replicate those processes. It is
important, therefore to establish the accepted ranges for distinct regimes of flow and
sediment-transport behavior; e.g., fully turbulent flow, supercritical flow, dune-bed flow
regime. The forces of interest are attributable to inertia, gravity, boundary drag, pressure,
viscosity, and surface tension. Similitude seeks to keep the ratios of these forces in
proportion, at least insofar that flow patterns and water-surface profiles are accurately
simulated.

The ensuing two sub-sections consider key similitude issues for modeling flow in fixed-
bed and loose-bed channels.

2.1 _Modeling flow in fixed-bed (or stationary bed) channels

Variables. The essential variables involved may be stated functionally as

Sw x,fSw (p:vsG:So:k:BxR’l]ag) (1)

in which here S, the water-surface slope, is taken to be a dependent variable. The fluid
properties specified are fluid density, p, kinematic viscosity, v, and surface tension, o
(which usually does not play a significant role in for river flow). Channel geometry
variables of importance are channel slope, S, channel roughness, %, channel-section
hydraulic radius and width, R and B. And, U is section-average velocity, with g being
gravity acceleration.

Similitude Considerations. The variables can be combined non-dimensionally to give the
foliowing functional relationship and set of similitude criteria:
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in which the following well-known parameters (and similitude criteria) for open-channel
flow emerge:

Fr = \/[—L~ Froude number
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Re = gﬁ Reynolds number
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We = , Weber number
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R’'R
great importance for replicating flow distribution, flow patterns, and turbulence, as well
as bedforms and channel forms in loose-bed channels.

are relative roughness and aspect ratio, respectively. They are geometric ratios of

A common use of fixed-bed hydraulic models is to determine water-surface profiles and
flow patterns in channels too complicated in bathymetry to readily enable calculation of
such profiles or patterns. From Eq. 2, though, it quickly becomes evident that micro-
models cannot be used accurately for this application, because they inadequately simulate
flow resistance; they do not produce fully turbulent flow, and they are subject to
exaggerated surface-tension effects. The ensuing explanation elaborates this limitation.

The Froude-number criterion prescribes similitude for forces attributable to fluid inertia
and gravity, and it usually is the prime similitude criterion for modeling fixed-bed open-
channel flow. But, by itself, it may be insufficient for prescribing similitude of flow
resistance and water-surface profiles. Flow resistance can be described using
relationships such as the Darcy-Weisbach or Manning’s equations. The Darcy-Weisbach
equation, for instance, states

gRS,
U= 3
i (3)

in which ;= slope of the energy gradient of the flow, and the dimensionless resistance
coefficient, £, can be written in functional form as

f= O/R Re, B/R channel shape) (4)



The Moody diagram shows this functional relationship for prismatic conduits. It
indicates zones of laminar flow and fully turbulent or hydraulically rough flow
conditions. The criterion

Re f!'2 [2%—} > 200 (5)

delineates the zone of fully rough flow in a conduit of hydraulic roughness, R. This
equation is one means to estimate the minimum model-scale Reynolds number needed to
ensure fully turbulent flow in a prismatic conduit. Flows in rivers, canals, and most open
channels of civil engineering significance typically are fully rough flows with Re in
excess of 10*. Micro-models with depths of about 1 inch and flow velocities-of about 2
inches/sec convey flows with Re of about 10°; therefore, micro-model flows probably are
in the transition regime for which flow profiles and patterns vary with Reynolds number.
Here, perhaps, is another historical irony related to Reyrolds. His interest in flow
resistance and flow stability led to the first formal distinction of laminar and turbulent
flow regimes. Yet his involvement in nominally the first hydraulic model of a river-
training problem required relaxing the distinction between flow regimes; he did use two
models to examine scale effects, however.

The influences of surface tension on free-surface flow behavior require consideration
Weber-number (We) similitude. It also may be interpreted as a ratio of water velocity, U,
to the celerity of capillary waves, (2rno/pA)*®, with wave length, A, taken as a
characteristic length. Whereas surface tension exerts negligible influence in most free-
surface flows of civil engineering importance (rivers, canals, and drainage systems), it
cannot be neglected for very shallow flows such as in hydraulic models. Based on a
comparison of propagation speeds of gravity waves and capillary waves, water depths in
model channels should not be less than about 20 mm (nominally one inch); with We ~
100. This consideration, together with that for fully turbulent flow, usually sets a lower
limit to the vertical-length scale for a model.

The capability to accurately replicate free-surface profiles has not been a critical concern
for micro-models, as they have been used primarily to investigate bathymetry changes in
loose-bed channels. However, similitude limits concerning flow profiles and patterns
limit the extended application of micro-models beyond providing approximate,
qualitative insights. A key issue to be investigated in the Corps study is whether micro-
models simulate flow profiles and patterns with acceptably close accuracy for the
purposes of designing river-training works.

5.2 Modeling flow and sediment transport in loose-bed channels

Before discussing similitude criteria for loose-bed modeling, it must be acknowledged
that qualitative insights intc the tendency of sediment to erode or accumulate at a site
(e.g., in the vicinity of a river-training structure) can be obtained without express
attention to similitude criteria. A hasty caveat in this regard is that scale and laboratory
effects should not influence qualitative trends. Flow in the model need only be




sufficiently swift to move model bed particles. Also, for example, if a fixed model were
designed primarily for determining the flow performance of a hydraulic structure like a
water intake, the model might still be operated to obtain a qualitative evaluation as to
whether local sediment accumulation or erosion problems might arise. The model’s flow
velocities (based on Froude-number similitude) may be sufficient to move sediment
placed on the model’s bed To increase sediment mobility in the model, model flow
velocities might be increased by trial. In such tests, the model sediment serves essentially
as a sediment-movement tracer, facilitating delineation of potential regions of sediment
accumulation or erosion. The utility of such tentative modeling depends, of course, on
the experience of the modeler, and on the reliability of the information sought by the
modeler” client.

Loose-bed modeting usually aims at simulating and illuminating any or combinations of
the following processes:

1. Flow and, relatedly, bathymetry distribution in a channel;
2. Rates of sediment transport; and,
3. Local patterns of flow and sediment movement in the vicinity of hydraulic structures.

The micro-modeling limitations cited above for simulating flow in fixed-bed channels
also prevail for loose-bed channels. But now the similitude criteria are not meaningfully
expressed in terms of Froude number, though Reynolds number and Weber number
remain directly pertinent. Parameters relating flow and sediment movement now are
needed. The following discussion indicates the variables and the similitude criteria
typically used for flow and sediment transport.

Variables. The significant variables influencing the fairly simple condition of uniform
steady flow of water and transport of bed sediment in a channel with a bed of
cohesionless spherical particles may be expressed functionally as

A :fA(p,V,G,d,ps,B,Raso’g) (6)

Here, 4 is a dependent variable. For the purposes of micro-modeling a river reach 4
might be the overall flow-resistance coefficient, J. thalweg sinuosity, ¢ (zeta), or
volumetric rate of sediment transport per unit width of channel, g;. Particle properties
specified are particle diameter, d (a substituted for surface roughness), and density, p;.
Uniform flow is defined in terms of its hydraulic radius, R, channel slope, S, as well as
channel roughness, which here is characterized in terms of d.

Similitude Considerations. The variables in Eq. 6 can be combined to form several sets
of non-dimensional parameters. A convenient set is

dB o
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Re-arranging the parameters can lead to alternate sets.

The first parameter in Eq. 7 is a dimensionless parameter relating particle diameter and
fluid properties p and v. The parameter is independent of local flow conditions, implying
that strict similitude in modeling sediment movement requires the use of lightweight
model sediment. As water properties v and p cannot be reduced in scale when water is
used to model water, and particle-size limits constrain scale reduction of d, p, often is the
only variable left to reduce. The last parameter in Eq. 7 relates surface tension to
boundary or bed drag.

The second parameter usually expresses the ratio of the average or nominal bed drag to
the submerged weight of the average bed-particle size. It is termed alternately
(depending whose book you read) the Shields number, particle mobility number, flow
intensity, particle Froude number, Fr., and a densimetric Froude number. It is useful for
characterizing the condition of incipient motion of particles on a bed, and for describing
the intensity of bed particle movement.

The density ratio p/p expresses the relative density of particle and water. The
parameters d/R and B/R are as defined for fixed-bed flow.

When the volume rate of sediment transport into a reach is an independent variable, it
may be expressed non-dimensionally and used to replace one of the other parameters in
Eq. 7. For instance the volume rate of sediment transport, gs, may be expressed non-

qs

dimensionally as T
v&(ap/p)d

concern. Alternately, for example, if altered hydraulic radius, R, is the dependent
variable under consideration for a channel-narrowing study, /B may be the dependent

parameter; with d/B and qug——; being adjusted independent parameters in Eq. 7.
v&(ap/p

. This parameter may be the dependent parameter /Z; of

The parameters in Eq. 7 constitute a set of similitude criteria for flow resistance and
sediment transport in loose-bed channels. The increase in number of similitude criteria
increases the difficulty attaining model similitude. Clear identification and understanding
of the essential processes of focal concern therefore are important. Practical concerns
stemming from the difficulty in replicating the material properties of water and sediment
at model scale dictate that some similitude criteria must be relaxed and that models be
designed primarily on the basis of similarity of sediment movement. In quite a few
situations, selective relaxation of criteria may not unduly compromise modeling results,
because replication of extended water surface and bed profiles may not be crucial for
simulating local patterns of flow and sediment movement. The differences in particle
behavior, occurring over the size range of particles considered in a given situation,
prescribe practical limits for loose-bed modeling. It is difficult to get the model sediment
sufficiently fine and light without introducing the usually undesired effect of electrostatic
forces between particles. For particles less than about 0.1 mm in diameter, particle



behavior becomes increasingly dependent on ionic forces rather than gravity. This
concern may set a lower bound on model scale.

The essential similarity of sediment motion usually is assessed in terms of two flow and
sediment-transport conditions that entail slightly different particle-motion criteria. One
condition is the incipient motion and consequent bedload movement of particles
comprising a loose bed. Similitude of boundary shear stress is the basis of a key
similitude criterion for this condition, which subsequently is discussed in the context of
flow over a planar bed, flow with bedforms, and sediment movement as bedload. Micro-
modeling cannot explicitly satisfy the criteria in Eq. 7.

The second condition pertains to the movement, and possible settling, of particles
suspended in a fluid, especially for suspended-particle movement in highly turbulent
flows. The fall velocity of suspended particles is used to develop a critical similitude
criterion for this condition.

As with modeling flow profiles and patterns, the central issue to be investigated is
whether micro-models simulate profiles and patterns of water and sediment movement
(and, thereby, bathymetry) with acceptably close accuracy for practical engineering
purposes. To address this issue, scale and laboratory effects should determined. Also,
the requisite levels of accuracy and reliability should be determined for engineering
design. Virtually all the concerns listed in Appendix II (Topics) revolve around this
central concern. '

6. Scale-Effect Tests
Scale effects are the unwanted side effects produced in a model by variables not scaled in
accordance with similitude requirements. They quickly arise, because modeling usually
does not satisfy more than one criterion for dynamic similitude of flow or fluid transport.
Scale effects increase in severity as the ratio of prototype to model size increases or the
number of physical processes to be replicated simultaneously increases,

As micro-models primarily are intended to reveal local trends in water and sediment
movement, it is important that scale-effect tests be conducted to determine the extents to
which relaxation of the parameters in Eqs 2 and 7 alter trends. In other words, the key
issues to be investigated concern the extents to which flow patterns are affected by laxity
of similitude criteria for Shields number, Reynolds number, Weber number, relative
roughness, and flow aspect ratio (or vertical distortion). The proposed study should
systematically address these issues by means information already published, conduct of
laboratory tests, then comparison with available field data and obeservations.

The similitude criteria in Eqs 2 and 7 form a rational basis for properly posing and
addressing many of the issues listed in Appendix I (Topics). The following responses to

the issues repeatedly link back to consideration of the parameters in Eqs 2 and 7:

1. This question is not properly posed. Froude number is not really an effective
parameter for loose-bed flows.
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9.

10.
11.

12.

13.

14.
15.
16.

17.
18.
19.
20.
2L
22.
23.

24

Work with the parameters in Eq. 7.

Work with the parameters in Eq. 7 For example, it would be interesting to determine
how and when relaxation in similitude of aspect-ratio, B/R, and relative roughness,
/R, influence thalweg sinuosity and flow distribution.

The extent of quantitative use of the model depends on the extent to which similitude
criteria are taken into account. Throw out the similitude criteria, then you also throw
out the quantitative use of model results.

The veracity of the flow patterns depends on the limits to which the parameters in Eq.
can be relaxed.

Several laboratories (notably the Waterways Experiment Station) have the requisite
data, but meaningful comparisons can only be made if similitude criteria are taken
into account.

The techniques entail consideration of similitude criteria, such as in Eqs2 and 7.

This is an overly simplistic approach. May I suggest you see the Technical Note by
Ettema et al. (1997) on bridge scour. Factors like relative roughness play a major role
in scour depths, for instance. v

Work with the similitude criteria to conduct sensitivity tests on scale-effects.

This is a useful way to compare model and prototype behavior.

This is a useful way to compare model behavior at two scales. Similitude criteria
need to be used.

This is both a laboratory-effect issue and a scale-effect issue. The overall issue seems
not well posed, though.

This issue reinforces the point that similitude criteria are important. Abandon them,
and you abandon reality.

This issue is inadequately posed.

This issue is inadequately posed.

Issues related to water slope and associated water drag on the channel bed should be
evaluated in the context of similitude criteria.

Work with the parameters in Eq. 7.

Work with the parameters in Eq 7.

Work with the parameters in Eq. 7.

Work with the parameters in Eq. 7.

Work with the parameters in Eq. 7.

Work with the parameters in Eq. 7.

Work with the parameters in Eq. 7.

. Work with the parameters in Eq. 7

Many of the issues require resolution by means a series of scale models of the same
prototype built at different scales. In this regard, a test series of interest would be to
examine scour at the end of a spur dike extending into the thalweg of a channel bend.

Th

e spur (possibly in conjunction with the existing spur dikes) likely would move the

bend thalweg back towards the center of the channel, away from its current position,
while maintaining a similar bend radius and deflection angle, if the channel were sinuous-
braided morphology. Two questions to be examined might be —

1.

How does one accurately quantify the combination of the local scour at the spur nose

1



and the bend scour for the either existing channel alignment or for the alignment

defined by the spurs?
At what scales and vertical distortion do models no longer accurately replicate the

scour combination?
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7. Laboratory-Effect Tests
Laboratory effects arise because limitations in space, model constructability,
instrumentation, or model operation impede precise replication or measurement. They
also arise from incorrect replication of boundary conditions and prototype materials. As
micro-models primarily are intended to reveal trends, it is important that tests be
conducted to determine when laboratory effects alter trends.

The following laboratory effects should be considered for investigation:

1. Flow and sediment recirculation. The present design of micro-models may not treat
%

sediment inflow rate (or ——q—s—g—) as being independent of conditions in the
Velbp/p)d

channel reach modeled; e.g., a higher sediment load out from the model seems to
result in a higher sediment load entering the model.

2. Water-level regulation in the model. As micro-models are quite short and have
exaggerated flow velocities, water-level drawdown at the model tailgate influences
flow velocities over a substantial portion of the modeled flow. This concern clouds
findings on flow and bathymetry processes in the downstream portion of micro-
models.

3. Angle of bed sediment repose. Eq. 7 does not explicitly include angle of static
sediment repose. For typical alluvial sediments, angle of repose can be related
directly to sediment size. However, this may exaggerate local flow depths, and
thereby concentrate flow in parts of a micro-model channel where a local scour hole
encroaches excessively across a channel.

8. Concluding Comments
First, let me apologize for the length of this review report. The foregoing sections on
similitude and related matters considerably bulked up the report. Those sections, though,
helped me structure my thoughts on the proposed plan of study.

Micro-models have their place as a design aid for river engineering. They potentially can
vield preliminary, qualitative, and approximate insights into the larger geometric-scale
processes associated with flow and fluid-transport processes. Their wise use, though,
requires due consideration of similitude criteria and consequent scale and laboratory
effects. Additionally, their wise use requires a sound knowledge of the processes being
modeled and of the appropriate levels of design accuracy and reliability needed for the
river-training works whose performance they are simulating. As with all hydraulic
models, the bottom line for micro-models is that the limits of their applicability
fundamentally depend on the extents to which they meet similitude considerations and on
the level of risk the model user is prepared to assume.
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12333 Shamrock Road Omaha, Nebraska, 68154
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Dr. Steve Maynord 28 May. 1999
Dept. of the Army, WES

3909 Halls Ferry Road

Vicksburg, Ms. 39180-6199

Dear Steve:

1Y

Enclosed find my comments concerning the Micro-Model and associated topics. [
trust that you will find the comments to be of value to you as you proceed on this
interesting project.

Please feel free to contact me if you have questions regarding my comments. 1
have attempted to respond to the basic issues raised, and have proposed several items for
your consideration. Iam available to assist on the computation procedure of the “Einstein
evaluation procedure” discussed in my comments is such assistance is needed, but did not
attempt to go into detail in the procedure at this pomt in time, plus 1 have more than
utilized my allotment of hours for this project under this proposal.

I would appreciate receiving copies of the other consultants reports when they
become available if possible. It was a pleasure working with you on this project.

Take Carel

[/\ %\Ld JUT—

Warren J. Mellema, P.E.
Consulting Hydraulic Engineer
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COMMENTS: MICRO-MQCDEL CAPABILITIES AND APPLICATIONS
1. General Considerations

A. The general approach used in the overall development of the Micro-Model is an
attempt to reproduce those channel features that are of most interest and importance to the
practicing river engineer  The development and operation of a mobile bed model presents the
modular with a practical dilemma,; that of attempting to construct a model that will reproduce
those channel features most important to him in sufficient detail in a reasonable time and at a cost
without compromising the results. These practical constraints usually force a relaxation of model
scales and distortions, as the often conflicting demands of time, scale and cost simply cannot be
achieved in a laboratory environment

B. The overall problem of the modeler boils down to one of attempting to be able to
conduct tests in a laboratory environment that will reproduce those stream qualities that one
deems most important, knowing full well that certain features in the model do not and cannot
reflect reality. One can feel comfortable with this philosophy as long as the model results which
are known to be out of scale do not interact and unduly influence those channel features that are
most important to us, and that changes in model operating characteristics (discharge, velocity,
sediment transport, etc.,) reflect reality in the prototype. It is the latter that often determines the
fate of the model exercise, for if changes in the model operating characteristics cannot be
validated and correlated to the prototype, the results remain questionable and of limited value.

C. The general concept that various size rivers can in fact be considered as models of
larger rivers;, that small rivers are in fact models of medium size rivers, etc., and when carried to
the extreme, that laboratory models are in fact miniature rivers has considerable merit, and certain
channel characteristics seem to follow basic relationships regardless of their size, and is really the
basis of basic similitude criteria. The question that confronts us is how far down the size scale can
these relationships in fact be carried without compromising the results. Distortion in scales in and
of themselves do not compromise the result as long as these distortions do not begin to interact
with each other and impact those features of most interest to the modeler. Certain channel
features are easily scaled down and mathematically determined, whereas other channel features
and characteristics are not easily determined either mathematically or physically. We can easily
scale down the horizontal and vertical features, use lightweight material, etc , however, as long as
we continue to water as the fluid (which is not scaled), we at some point will approach the limit at
which we can have confidence in the results.

2. Similarity Criteria for an Alluvial Stream

A.  The tssue of determining similarity criteria for and alluvial stream has plagued
researchers for years, and remains a constraint even today. The developers of the Micro-Model
are certainly to be commended for their attempts to approach this issue using some innovative
techniques, using scales and procedures seldom used to date, an a attempt to gain practical insight
mto the impact of mans activities on one of the largest rivers in the world. The question remains,




however, as to how to interpret the results of a laboratory model using micro dimensions when
compared to a river with macro dimensions.

B The selection of scales for an undistorted fixed boundary model involving only the
study of flow characteristics is usuallv a simple, forthright procedure. The major constraints are
the area available, the minimum depth of flow required in the model. and sufficient capacity for
supplying fluid to the model Distortions may be introduced with almost equal factlity. the vertical
scale may differ from the horizontal | or the slope may be distorted Dynamic similarity is
obtained by maintaining a constant Froude Number between the model and prototype. The only
factor normally requiring adjustment by judgment or by trial and error is the roughness of the
model boundary

C. The introduction of a mobile boundary in the model immediately complicates the
procedure. If the scale reduction is appreciable, it is impossible to reproduce a model scale the
physical and dynamic dimensions of the prototype. It becomes necessary to accept the fact that
certain scale ratios must be varied in a manner such that the end result is acceptable. The
allowable variations may depend largely on the factors to be studied in the model.

D. Distortions in the scales are usually necessary when modeling a natural alluvial stream.
Generally if one attempts to model a wide, shallow watercourse and still retain the principles of
true geometric similarity, the resulting model either becomes too large for the laboratory, or the
depth of flow and the sediment size have to be considerably decreased. This causes the model
surface to act as a hydraulically smooth boundary with viscous forces dominating both the water
and sediment behavior. This often happens in very small shallow flume studies.

E. If the model is designed to study only the general pattern of bar formations at the
confluence of two streams, or even to study the effect of channel changes, generally the variations
may be accomplished in the type of material used for the model stream bed, the model discharge,
the model slope, and the time scale. The flow velocity in the model must be adequate to transport
the model bed material, although not necessarily at the corresponding prototype rate. This is
accomplished primarily when selecting the model discharge and slope. The disparity in transport
rates is taken into account by varying the time scale. This latter variation is usually a matter of
trial and error, reproducing known prototype discharges until the model reproduces the known
corresponding prototype channel conditions.

F A model designed to reproduce almost all of the functions of the channel, including
transport rates, involves an extremely complicated design. There are computation procedures
available where these functions can be approximated, accepting certain functions as controls and
varying the other functions to an acceptable degree. It will usually be found that a model
designed on the basis of these computations must be re-adjusted by trial and error procedures. It
may be found that the vertical dimensions of the channel bed forms or of the scour patterns will be
greatly exaggerated, and this may affect the flow characteristics so that the model must be
operated at a vertical scale differing from that initially chosen. A discussion of a moveable bed
model that was designed and operated in the above manner can be found in the following
publication:

N



MRD Hydraulic Laboratory Series Report No |

Operation and Function of the Mead Hvdraulic Laboratorv
LS. Army Engineer District, Omaha

March. 1969

3. Micro-Model Operation and Observations

A demonstration of a micro-model for a reach of the Mississippi River was conducted on
May 18, 1999 in the St Louis District River Engineering Center. Some general observations of
the facility and how it was operated are as follows.

A.  Calibration of the model is based almost entirely on its ability to reproduce some
fixed river topographic condition, and basic model parameters sucl as slope, discharge, velocity,
sediment load, Froude Number, Reynolds Number, etc., are adjusted as required until the desired
bed topography is achieved

B. The model per se in locked into a predetermined plan form, with no opportunity for
three dimensional freedom to meander outside of this boundary.

C. The pre-determined longitudinal scale appears to be closely adhered to, whereas the
vertical scale is adjusted as required to reflect a known bed configuration.

D. Virtually no material is moving in suspension, and nearly all moveable material is
transported as bed load.

E. The actual size of the plastic beads used a bed material was not readily available,
however, if scaled according to the length scale would be approaching boulder size material.

F. There is no attempt to match a given water surface elevation or slope, and the water
surface at the lower end of the flume falls freely over a sharp crested weir. This results in a
drawdown on the lower portion of the model, impacting the lower portion of the model basin.

G. Several locations were observed where no bed material was present on the bottom of
the channel, thus raising the question as to the ultimate depth of scour in these locations .

H. The size and extent of the scour holes around and downstream from control structures
or sharp bends in the model channel appeared to be out of proportion, both laterally and
longitudinally, compared to other model features.

1. There is apparently no attempt to measure and/or record basic hydraulic data on the
individual model runs (velocity, depth, slope, etc.).

it




J. Although attempts are made to reproduce an annual hydrograph, the rate and magnitude
of the rise associated with these variations in discharge appears to be arbitrary, and do not
conform to either the assumed vertical scale or the stage discharge relationships of the prototvpe

K. Calibration procedures used involve adjusting basic parameters as required in order to
produce the desired bed configuration

L. Reynolds Number in the model was not readily available, however, flow did not appear
to be in the turbulent range as would be found in the prototvpe

M. Although the model is stated to represent a closed system circulating both sediment
and water, the use of a collection tank, a collection area at the downstream end, and an approach
area leaves this issue questionable. It is not clear how one knows when equilibrium conditions in
fact have been achieved.

N.  Observations of previously completed model studies compared to the prototype
condittons were impressive, as it appears that through adjustment of model parameters one is able
to force the model to reproduce general prototype bed configurations. The degree to which
changes noted in the model due to modifications in either structural configurations or channel
alignments are directly transferable to the prototype is uncertain.

O. There was no observable dune or ripple movement along the bed of the model, - all
sediment movement appeared to be by sliding of hopping along the bed of the model.

4. Model Reliability

A basic question that needs to be addressed in river process models is the degree to which
the model results are transferable to the prototype. The closer that all natural phenomena are to
reflecting true similitude relationships, the more confidence one can have in the model results.
Models that are forced to reproduce a pre-determined set of conditions are at a distinct
disadvantage, as there is no reliable means by which one can transfer the often highly distorted
relationships that one observes in the model to the prototype. Following are some suggested
evaluation procedures that can assist the modeler in determining if in fact his model results have
any practical significance to the real world.

A. One method that has considerable merit is to separate the hydraulic radius into its
component parts, R and R”, where R’ is a measure of the hydraulic roughness resulting from the
size of the grains that form the bed, and R” becomes a measure of the roughness resulting from
the channel bars and other form roughness, thus R’ + R” = R Total (Area/Top Width). The ratio
R’/R Total between the model and the prototype should be comparable between the model and
prototype if one hopes to achieve the proper roughness relationship between the two  These
relationships are important in modeling streams where considerable sediment transport occurs.
This subject is discussed in detail in the following publication



Einstein & Barbarossa
“River Channel Roughness”
Transactions, ASCE. Vol 117,1952

B A second relationship which can be used to indicate similaritv between model and
prototvpe is the intensity of shear on the bed of the stream. W . and can be determined from

the following relationship-
(,U Y- (gs - 5'1”) d_i’S"
S¢ 2" S
Where W' intensity of shear on the bed
A specific gravity of the bed material
s ¢ specific gravity of the fluid
o35 the grain diameter at which 35% by weight is finer
fo* hydraulic radius caused by the bed grains
<" energy slope

Einstein indicates that for the model and protptype to exhibit similar sediment transport
characteristics near the bed, the value of 'P/) {4, should be unity. Although this is seldom
accomplished in distorted small models, the use of a light weight material as the bed material
greatly assists in minimizing the distortion between model and prototype. An additional reference
that ties these functions together for a number of rivers and models is as follows:

“Moveable Bed Model for Alluvial Channel Studies™
By: Harrison & Meilema
Proceedings, 12 Congress of IAHR, Vol 1, June 1967, p202

C. A third comparison that is very useful is to evaluate and compare the lateral flow
distribution across the channel, both for the model and prototype. This can be normalized by
comparing the unit discharge across the channel as a percentage of the total unit discharge.

D. If channel meandering within the high banks is a major stream characteristic , the
model should attempt to exhibit this also, therefor the model velocity and depths should be able to
transition between erosion and deposition phases of flow. An example of this type of analysis can
be found in the publication by Harrison & Mellema above.

E. If deposition in the dike fields at various flows is a stream characteristic, the model
should be operated at velocities and have material in suspension which will permit this to happen.
The deposition phase should be treated equally and with as much importance as the erosion phase.

F  The model should be able to demonstrate equilibrium conditions from a sediment
transport standpoint. This translates into a situation where the sediment in should equal the
sediment out, and one should be able to demonstrate this by running the model an extended

M; pericd of time with minimal change in bed formations, elevations, etc.




G. The vertical scale should be large enough to make measurements, both longitudinally
and vertically, to ensure that the scour action around river control structures do not dominate the
bed forms. Scour hole dimensions tend to be a function of the vertical scale. and can frequently
dominate the bed forms in the model

H. A model that is verified should be able to reproduce two or more prototvpe
conditions. with no change in the model scale relationships. ( Q. Vel. Length. etc ). Ideally. one of
these conditions should be with and one without channel control structures

[ The model should be long enough to get a steady state profile that pr(;duces normal
depth throughout the length of the model

J. The discharge rating curve relationship between the model and prototype must be
related and in general have the same shape in order to have confidence in the results

5. Issues Concerning Micro-Models

Micro-models of the scale demonstrated raise a host of practical and technical issues.
Several of these issues are discussed below, and relate to the “list of topics” distributed at the 18
May meeting in St. Louis. These comments are based on the authors background and experience
in dealing with moveable bed models.

A Observed velocity distributions in the vertical are probably not reliable or even
measurable, and thus are probably only representative of grain roughness, and therefore not
directly comparable to normal velocity distributions measured in and open channel. This could
easily be verified and evaluated in a straight flume test with runs at varicus Froude Numbers,
depths, etc, all the way down to mico-model values.

B. Tests should be run throughout the full range of flows expected in the prototype, with
the possible exception of high overbank flows. Running tests at a series of steady state discharges
may be more appropriate and easier to evaluate than by running a hydrograph of uncertain scales.

C  Scour hole dimensions in 2 moveable bed model tend to be a function of the vertical
scale and underwater angle of repose of the bed material, thus tend to be exaggerated relative to
the other model topographic features.

D.  Transposing model results from a distorted model that deviates widely from
conventional similitude criteria is most difficult, as all. model features tend to act independently
and do not respond in the same proportion and relationship as found in the prototype.

E. The lateral flow distribution within the model can be forced to reflect the prototvpe for
a given set of conditions, however, subjecting this set of conditions to a higher or lower discharge
would not necessarily reflect what would happen in the prototype  This can easih be
demonstrated bv comparing models of varying distortions



F. A comparison between model and prototype bathymetry should be conducted at more
than one condition (stage & discharge), to have validity. This can best be accomplished byv
comparing a reach both before and atter nver control structures have been installed.

G. Scour hole dimensions oft the end of dikes or around the outside of bends are probablyv
exaggerated in all distorted models. but even more so in the case of a micro-model. This is
partially due to the dis-similar relationship between the relative roughness between the model and
prototype bed material and in the construction material used to represent the dikes.

H. The impact of using and exaggerated Froude Number and distortion used in the
micro-modei can only be accomplished through a systematic series of tests relating the significant
similitude criteria to model results.

1. Lateral velocity comparisons between the prototype and micro-model at various
longitudinal scales would be a useful and beneficial exercise, and.assist in building confidence
between the model and prototype.

J. Comparing micro-model results to undistorted model studies represents a valid
laboratory comparison to better understand the influence of model distortion on model results.

K. The sediment in sediment out concept in a model represents a valid verification
process, and is frequently utilized in model investigations as an indicator of equilibrium
conditions.

L. Micro Models should as a minimum reflect bank full conditions found in the prototype,
as it is often that these high flows influence and are responsible for the actions found in back
chutes, etc., where deposition of sediments is of primary importance.

M. Energy and water surface slopes throughout the model should be stable over time, and
parallel to each other and the bed slope.

N. Models that are properly calibrated should be reasonably stable throughout the full
range of discharges and stages, and should be tested for low, medium, and high flows. If the
model topography changes dramatically or becomes unstable at high discharges, the results are
questionable.

O. Highly distorted models have a limited direct relationship to the prototype, particularly
when addressing issues such as sediment and time. A logical first step is to attempt to scale the
discharge parameters using traditional Froude relationships, and adjusting the time scale until one
obtains the desired result. The time scales for water and sediment in a distorted model are not
directly comparable, as velocity and transport rates and relationships between the model and
prototype do not follow strict similitude criteria. This in turn impacts all subsequent hydraulic and
sediment relationships such as slope, model discharge, hydograph shape, (both magnitude and
- shape). velocity, etc. This does not imply that one cannot run a hydrograph in the madel
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however, there is no rational wayv of determining with the extent of the hydrograph or how to
properly interpret the results ot such an exercise. Bed configuration changes resulting from
changes in the model hydrograph are primarily an indicator of how the model responds to changes
in stage and discharge. however. no direct relationship exists on how to transpose what one
observes in the model to the prototype when virtually none of the basic parameters are properly
scaled according to similitude criteria

P. The sediment grain size in a model should ideally consist of a graded mixture of sizes
that will be transportable at mode! velocities both as bed load and as suspended load. A grain size
mixture that is only transported as bed load does not and cannot accurately reflect sediment
processes in areas where deposition due to material in suspension is likely to occur (back chutes,
etc.). Material that moves primarily as bed load can dramatically influence the overall roughness
relationships in the model, and thus influence the shape of the resulting bed formations. This
condition is more representative of a mountain stream consisting of boulders with steep slopes
and Froude Numbers approaching 1 rather than of a sand bed stream at sub-critical flow
conditions. N

6. Proposed Scope of Study

Following are comments on the proposed studies designed to more fully understand and
identify the capabilities and limitations of the micro-model.

A. Component A of Proposed Study

I Comparisons between previously conducted model studies and prototype
promises to be a worthwhile and rewarding exercise. It is suggested that the selected study
reaches cover as wide of array of prototype conditions and model scales as possible in order to
determine the relationship between modeling techniques (scales, distortions, etc.) and
corresponding results. It would be advantageous if the comparisons not only concentrate of
observed topography, but also attempt to compare and relate the flow distribution across the
channel at key locations in the model and prototype.

2. 1Tt is suggested that comparisons be made of both pre and post construction
conditions in the prototype if such basic data is available, which will assist in gaining insight and
direction into how well the model actually was able to determine the channel response as a result
of the installation of various regulation works. A good record of historical flows since
construction will be required to evaluate this data and make meaningful comparisons

3. An analysis of how and where these past studies fits on the Einstein and
Barbarossa shear charts (see par 4A & 4B) is suggested - in order to determine how and to what
extent the various shear components fit with other rivers and model studies. This analysis is one of
the few known methods which addresses this issue in a forthright and technically sound manner.
and would assist greatly in building confidence in the modeling process

B. Component B of Proposed Studyv
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1. This series of tests should prove to be very helpful and give insight into the
impact of model scale relationships relative to the bed material selected, its impact on channel
roughness. and its impact on the channel topographic features.

2. It is suggested that flume tests be conducted that “bracket” the velocity and
depths that are capable of moving sediment.- i e.: tests should be run that result in little or no
movement. tests at normal or average movement, and tests at high rates of transport. These tests
will demonstrate how these factors impact the bed topographic features, and assist in separating
the roughness into its component parts . They will also assist in giving insight into the correct set
of model conditions (velocities. depths, Froude Number, etc.) to operate and be able to achieve
both scour and fill through the river reach as the case may be. It is essential that all pertinate
hydraulic data be collected to permit one to calculate basic hvdraulic and similitude functions.

3. Tests should be conducted to evaluate the impact of various time scales on the
resulting bed forms. This will assist in determining how to propegly evaluate and compare tests
when using a systematic hydrograph vs tests conducted using only a series of steady state
discharges. Since changes in water depth in a distorted model in effect change the vertical scale
and resulting distortion, the time and extent of a subjected hydrograph can dramatically influence
model results. This is an important question that needs to be systematically addressed in order to
gain some measure of confidence in how to interpret model results and translate these data to the
prototype.

4. It would be advantageous to conduct the above tests using various grain sizes -
in order to possibly arrive at a size and gradation that minimizes the roughness due to the grains in
the model. The size of the particles in the micro-model appear grossly out of scale in comparison
to other model features, and attempts to minimize this distortion would be desirable. Tests to
determine grain roughness can best be evaluated in a straight flume under controlled conditions
where all pertinent hydraulic parameters can be observed and monitored. A visual observation of
the bed configuration is not necessarily the overriding factor in the selection of the proper bed
material in the model.

C. Component C of Proposed Study

1. This component promises to be most enlightening if conducted in a systematic
manner. Since more than one “energy level” will be investigated, it is reasonable to not change or
adjust any scale relationships between high and low flows. This will be an excellent test of the
models reliability to reproduce the prototype at a range of discharges, depths, and velocities.

2. The time scale should be varied to determine if in fact the model has established
equilibrium conditions with the sediment movement and bed form development.

3. If possible, the model should be calibrated against a pre-construction condition,
then structural changes made in the model, followed by a post construction condition, with no



changes in model slope, Q, etc. A model that is in fact in equilibrium should demonstrate »
ability to reproduce Prototype conditions at more than one discharge.

4. It is suggested that all pertinent hvdraulic and physical parameters be measureq
and determined in these tests, monitoring such things as scour hole dimensions, slope, velocity
distribution, etc.

D Suggested Study Component D

give valuable insight into the issue of the reliability of the erosion and scour process observed in
distorted moveable bed models such as the micro-model. The use of various bed grain sizes and
specific gravity of these materials would be logical extension of these tests if possible.

7. Potential Uses of a Micro-Mode]

Distorted river models have been used extensively over the years to evaluate a host of
river related issues, with varying degrees of Success.  The true test of a model is its ability to
reproduce those dominate river characteristics that the modeler wishes to evaluate, and this of
coarse is accomplished by demonstrating its ability to in fact reproduce principle stream
characteristics under a variety of discharge conditions. An alluvial channel ( a channel whose bed
is compose of non-cohesive sediment that has been or can be transported by the flow) by its very
definition is one that transports sediment both as suspended load and bed load, and it therefore
becomes and essential element of the modeling process Uses of a model where the entire
sediment process consists of bed load is therefore restricted to those cases where the suspended

prototyvpe.
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Following are several potential uses of the micro-model, and a brief discussion of the
potential uses and adaptability of such a model. These discussions are based upon the authors
background, experience, and observations over the years, and are not based on experience in
operating models at the scales and distortions used in the micro-model

A Navigation Channel Design

Models of this scale can probably be used to demonstrate general locations of
scour and fill, however, the extent and level of these deposits and scour holes are probably not to
scale and not directly transferable to the prototype. This is particularly true in the scour mode,
and /or in locations where the sides and bed of the model are “fixed” and not transportable.

B. Dredging Studies
The micro-model can probably be used to demonstrate the temporary impact of a

dredge cut within a channel, however, there is no known way of transferring this to the prototype,
since the time scale of the sediment transport along the bed of the model would be indeterminate.

C. Small Rivers - Bed Scour

If scour is the primary issue, a undistorted vertical to longitudinal scale is generally
required. Scour tends to response to the vertical scale only, and the underwater angle of repose
of the bed material.

D. Outdraft Studies at Locks

This issue appears to be more directly related to surface velocities and structural
and channel alignment, and therefore may be an area where a micro-mode! can be used as an
indicator. Vertical to horizontal scale ratios and distortions should be kept to a minimum.

E. Closure Structures.

The impact of closing off major chutes, particularly those where considerable flow
passes at normal discharges may have potential to be observed and evaluated in a micro-mode. If,
however, the major transport mechanism in the chute consists of suspended sediment, the model
must be capable of transporting and depositing suspended sediment at model velocities.

F. Build Islands out of Dredge Spoil

The model could potentially be used to demonstrate the impact of constructing

tslands out of dredge spoil, however, the stability and ultimate location of these deposits would

probably not be directly transferable to the prototype.

G. Side Channel Openings

!/




Scour and deposition in side channels 15 highly dependent upon the sequence of flows to
which they have been subjected - (i.e.” High flows may scour them out, low flows may result in
low velocities and deposition. The impact of high flows passing through a chute can possibly be
demonstrated with such a model, however since the model does not carry any significant material
m suspension, it is doubtful if the deposition phase of the process can be demonstrated with any
degree of reliability.

9  Summary and Conclusions

A The Micro-model technique represents a unique and innovative tool to evaluate and
demonsirate alluvial channel processes. Its use as a design tool is being evaluated. and the
proposed tests will provide valuable assistance in determining the applicability of the model for
various river issues.

B. The highly distorted scales make transformation of model data to prototype conditions
most difficult and in some cases indeterminate. This issue is being partially addressed in the
proposed studies, but still may not fully answer all of the questions regarding this complex issue.

C. Investigations are encouraged to fully document all proposed studies, and gather all
pertinent physical and hydraulic data in order to determine and compare model results with other
studies and investigations. This is essential in order to gain confidence in model results.

D. Modelers should be careful not to unduly “force” the model to reproduce a set of river
conditions. It is recognized that this can be accomplished physically by adjusting such things as
slope, scales, etc., however this complicates interpretation of model results when subjected to
other flows. It the model is in fact a miniature river, it should have the same degrees of freedom
as a river. If these degrees of freedom are constrained or removed , one no longer has a model of
a river, but a laboratory flume waiting for a river to match it.

E.  The micro-mode!l constructed and applied to date obviously has an ability to
demonstrate the impacts of how bed forms are formed in a micro-model environment, and as such
appears to be a great tool for demonstration purposes.. Its use as a design aid is still being
evaluated, and this entire experience should be a giant step forward in answering some of the
issues surrounding its reliability as a design aid.



Gary Parker
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REVIEW OF MICRO MODELS OF RIVERS

Review by Gary Parker
St. Anthony Falls Laboratory University of Minnesota
June 30, 1999

Introduction | was asked to serve on a panel of reviewers of micro models of
rivers. | read the following reports in this regard:
1. Sedimentation and navigation study of the lower Mississippi River at the White River
confluence, miles 603 to 596. Hydraulic micro model investigation. 1998
2. Sedimentation study of the Mississippi River Marquette Chute. Hydraulic micro
model investigation. 1997
3. Navigation study at the approach to Lock and Dam 24, Upper Mississippi River.
Hydraulic micro model investigation. 1998.
4. Physical sediment modeling of the Mississippi River on a micro scale. M.S. thesis by
Robert Davinroy. 1994,
In addition to the above, | visited the Applied River Enginqenng Center of the Army
Corps of Engineers, St. Louis, on May 18, 1999. At that time | had a chance to view
several micro models in operation. This report represents my evaluation of their
scientific validity and engineering usefulness.

The configuration of the micro model The micro model is built into a standard
table with a length and width on the order of meters. The surface of the model is
horizontal except where the river is placed. Aerial photography is placed to the correct
scale over the flat surface. The desired river geometry is cut into the material that
makes this surface. In the models that | inspected no attempt had been made to
accurately model overflow across the entire floodplain. Many of the larger point bars
were, however, modeled in such a way as to altow for some floodplain effects.

The bed of the river is rendered erodible using a lightweight granular material
made of plastic urea. Water and sediment are recirculated using a garden pump and an
ingenious scheme to maintain water surface elevation in the pump sump while
recirculating the sediment. There was no gate at the downstream and of the model.
Discharge, stage and bed elevation could be measured, the last of these with a three-
dimensional digitizer.

Various engineering works‘ were tested in the micro modeis. These include dikes,
bendway weirs, navigation locks and chevrons, as well as the effect of removing existing
structures.

A key feature of the micro models that | reviewed was extreme distortion between the
horizontal and vertical scale, with values ranging from 10:1 to 16:1. In addition, the
models appeared to be strongly tited. This conclusion is based on the following
observation. Although river slopes were not quoted for the reaches in question, my
understanding is that they are likely in the range 1x107° to 5x10%. Even with a distortion
of 16:1, this would yield a slope of no higher than 8x10™, or an elevation drop of 1.6 mm
over 2 m. The bed slope in the models that | saw appeared to be substantially higher
than this.




Strict modeling criteria A more or less standard technofogy has been
developed in for movable-bed physical models of rivers. It is useful to review this
technology to provide a basis for evaluating micro models.

Modeling of steep mountain streams The ideal movable-bed model is
undistorted, and obeys precise geometric and Froude similarity. The sediment has the
same specific gravity as the natural sediment and reproduces the same relative grain
size distribution. The imposition of Froude and geometric similarity ensures that the
nondimensional Shields stress in the model is the same as that in the field for any given
flow. Since bank and floodplain erosion and deposition cannot usually be accurately
moedeled at small scale, these are normally fabricated out of nonerodible material such
as concrete or polyurethane foam.

Such physical models are routinely built and operated. The kind of stream for
which they work best is coarse-bedded (grave! or coarser) steep mountain streams. In
order to see how this works, it is useful to introduce a few terms and cite an example.

Let B denote mean bankfull width, Q denote bankfuil Yischarge, H denote mean
bankfull depth, S denote mean bed slope and D denote the geometric mean grain size of
the material exposed on the surface. In addition, let A denote the scale ratio {model:
prototype). The imposition of Froude and geometric scaling yields the relations

(8)m =(S),

(B)., =A(B),
(H)m =A(H),
(D), =A(D),

Q) =2"2(Q),

where the subscript m denotes model and p denotes prototype. An example scaling with
A =1:20is given below.

Table 1
Parameter Q B H D S
Prototype 120m/s [ 25m 1.5m |80 mm | 0.005
Mode! 67 I/s 125cm |75cm |4mm |0.005

The construction of such a model is quite feasible. Both the model and the prototype
have a bankfull Froude number Fr of 0.83.

The morphology of such streams is typically created by bedload transport. The

overall average dimensionless Shields stress t* and shear velocity u. at bankfull flow are
given by the relations

. _HS AT
T = &h u, = ygHS



where g denotes the acceleration of gravity, R = (ps/p-1), ps is sediment density and p is
water density. The imposition of Froude and geometric similarity ensures that the
Shields stress in the model and prototype are the same. This for the most part ensures
that there should be reasonably good scaling in sediment transport. In order for this to
be true, however, the flow needs to be in the fully rough turbulent regime, according to
which ‘

Re, = Y 70
A%

In the above relation Re. denotes the roughness Reynoids number, ks is the
roughness height, which can be lcosely estimated as equal to 4 D in a gravel bed stream
and v denotes the kinematic viscosity of water. Assuming a water temperature of 20°C in
both the model and the prototype, the prototype value of Re. is 8.7x10° and the model
value is 970. This places both flows in the turbulent rough regime.

Modeling of suspended load in steep mountain strearmgs It thus follows that steep
coarse-bedded mountain streams can often be modeled with an undistorted Froude
model. Although the morphology of such streams is govemned by gravel, they often
transport copious amounts of sand that find homes in the bed in the interstices of the
gravel and in zones of slack water. Precise geometric scaling of the sand is usually not
possible. For example, if the sand size is 0.3 mm in the prototype the corresponding
size in the model at a scale ratio of 1:20 is 15 microns. Material of this size can be
expected to be cohesive, and therefore would not provide a good model of sand
transport in a mountain stream. It is possible to find material with this size that is
intrinsically noncohesive (e.g. silica flour). When used in a hydraulic model, however, it
quickly develops a biofilm and becomes effectively cohesive.

The way out of this dilemma is suggested by mode of transport of sand in a
gravel-bed stream, which can be expected to be predominantly suspension. In the case
of sediment suspension, the ratio u./v; of shear velocity to sediment fall velocity is a
better dimensionless parameter on which to base scaling than the Shields stress. !t is
thus possible to impose the condition

(o))

Using the example of the Table 1, the following can be deduced using a standard
relation for fall velocity and the assumption that the specific gravity of both prototype and
model sand is 2.65:

Table 2
i Parameter U, D Vs U./Ve
| _Prototype | 27.1 cm/s 0.3 mm 390cm/s | 6.95
' Model 6.07cm/s | 0.11mm | 0.87cm/s | 695

That is, sand transport can be modeled using a value of D of 0.11 mm, a sand size that
can be expected to be completely noncohesive.




Models of plains sand bed streams Very different problems are posed by plains
sand bed streams. Gravel bed mountain streams and sand bed plains streams tend to
occupy different regimes, as shown by the figure below, in which

JRabD

Y

Rep =

denotes a dimensionless particle Reynolds number.
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Figure 1

The points labeled Wales, Alberta and (Pacific) Northwest (USA) pertain to gravel bed
streams at bankfull conditions; the rest of the points pertain to sand bed streams with D
< 0.5 mm at bankfull conditions. Sand bed streams in general have much higher flood
Shields stresses, and much lower slopes than gravel bed streams.

Several problems arise in attaining similitude in models of sand bed streams.
The three most essential of them concern slope, depth and grain size. Consider the
example of the prototype case from Table 3, taken from a physical model study of the
Minnesota River.



Table 3

Parameter | Q B H D S
Prototype 800m/s |90 m 40m |[04mm | 0.0001
Modei 1.1Vs 45 cm 20cm [ 2mp 0.0001

The model parameters are based on an undistorted Froude model with a scale ratio A of
1:200, a value that allows a reach with a length of 3000 m to be fitted within a basin with
a length of 15 m. With a slope of 0.0001, the elevation drop between the upstream and
downstream end of the model is only about 1.5 mm. This makes it aimost impossible to
accurately evaluate slope in the model. In addition, bankfull depth in the model is only
2.0 cm, a very shallow flow. Finally, the prescribed size for model sediment is 2 mp, i.e.
at the border between silt and clay. These considerations make such a model
unacceptable.

The problem is not insoluble if one is willing to make compromises. The first of
these is the use of lightweight sediment, such that R is less than 1.65. For example, for
coal or crushed walnut shells R is about 0.40, and for the yrea particles used in the
micro modeling it is 0.23. This is, however, a relatively minor compromise. The more
significant one is the use of a distortion factor in the model, such that the vertical scale
ratio Ay differs from the horizontal scale ratio A4. A strict imposition of Froude similarity
in combination with distorted geometric similarity yields the relations

Ay
(8)n = 35(S),

(B} =2y (B),
(H)m = ;"V (H)p
(Q), = A772(Q),

Note that grain size scaling is not included in the above relations. Since it can be seen
from Figure 1 that sand bed streams at bankfull flow are typically in the range for
copious suspension, the fall velocity criterion

).

can be used to determine grain size in the model.

Consider as an example the case for which Ay = 1:200 and Ay = 1:40, so that the
distortion is 5:1. In addition, assume that the .model sediment is lightweight with a
specific gravity of 1.4, so that R = 0.4. The scalings of Table 4 result:




Table 4

Parameter Q B H D S
Prototype 600 m¥s |90 m 40m [04mm [ 0.0001
Model 119 Vs 45 cm 10 cm 0.42 mm | 0.0005

It is seen now that both depth and grain size in the model are now in the manageable
range. In addition, the elevation drop across the model is now in the range of 7.4 mm,
again manageabie.

There is a price to be paid for the distortion. That is, although Froude similarity is
maintained, the aspect ratic B/H is 22.5 in the prototype and 4.5 in the model. For many
purposes the consequences of this discrepancy are not severe. Consider, for example,
the thread of high velocity in a meandering stream. This thread must cross the channel
from one side to the other as the bend changes sense in the downstream direction, as
ilustrated in Figure 2.

Figure 2

At the same bed slope, the smaller the value of aspect ration B/H the shorter is the
transition in the thread of high velocity from a bend with one sense of curvature to a
bend with the opposite sense. The distortion would thus entail a loss of accuracy in the
flow pattern, and thus a loss of ability to represent flow in bends.

In the case of the thread of high velocity, this loss of accuracy is essentiaily
counteracted by the fact that the slope of the stream is larger in the model than in the
prototype. The higher slope at the same Froude number dictates a larger friction
coefficient, and thus a tendency to delay the crossover of the thread of high velocity.
The relevant scaling parameter is

B
—Fr2s
H

where Fr denotes the Froude number of the flow. It can be easily worked out that this
number is the same in the model as in the prototype in a distorted Froude model.

This happy circumstance does not carry over to the details of the flow around
smaller hydraulic structures such as weirs, dikes, bridge abutments and bridge piers.
For example, the distortion exaggerates the vertical component of velocity, and thus
distorts the shape of the scour holes around such structures. Consider the flow arcund



the spur dike lustrated in Figure 3. The bed is at the angle of repose over only a
relatively small fraction of bed area in the prototype; this fraction increases in a distorted
model as B/H decreases. The result is a scour hole in model that scales up to have a
larger area than that in the prototype.

| Scour hole in prototype |

Scour hole in distorted modeT]

.

Figure 3

Pessimism should be tempered, however, the observation that the scour hole in a
distorted model, exaggerated though it may be, still occurs in essentially the right
focation.

Tilted models and process models It is common to increase the bed slope .of the
model in excess of that predicted by strict distorted Froude modeling. The usual reason
for this is the use of sand as the bed material in a model of a field sand bed stream.
Because the depth-slope product is reduced by a factor Ay*/A4 in the model but sediment
size is reduced only modestly or not reduced at all, the Shields stress in the model is
often much less than that in the prototype. As a result, the slope is further increased
until an active mobile bed is achieved.

This extra adjustment in slope usually requires an adjustment in flow discharge
so as to achieve Froude similarity. This in tum renders the dimensioniess bed friction
coefficient C;, given by the relation

C, =Fr?s

larger in the model than in the prototype. The result is a model the similitude reiations
for which become confused.

There is no easy way around this dilemma. It is useful, however, to consider
such a tilted model as a member of the class of process models. In process models
precise similitude is not sought. Rather, the model is adjusted so that the processes and
patterns of morphology, such as the pattern of scour and fill, are reproduced as faithfully
as possible. Because the same physical phenomena are represented in the model as in
the prototype, the model is still useful as a diagnostic tool. it must be remembered,
however, that even after calibration for a specific flow, further change in flow conditions
may change the bed of the process model in a way that differs somewhat from that of
the prototype.




Implications for micro models Based on the above comments, the micro
model must be thought of as a process model rather than one that satisfies strict
similitude. This is for the following reasons.

* In addition to heavy distortion, the bed appears to be significantly tiited as well.

* The bed sediment was selected because it appeared to perform well rather than
because of any criterion involving similitude.

* Although | did not obtain precise data, | am fairly sure that the Froude number in the
micro models is significantly higher than that prevailing in the corresponding field
sites.

* Model calibration was implemented by matching bed morphology rather than through
strict similitude

In light of the above considerations, the results of micro models must be
interpreted with care. | offer the following caveats.

* The fraction of the bed that is above the angle of repose in the micromodel is liable
to be considerably higher than that in the field. This is due principally to the extreme
distortion. Results based on the model study may lead td, for example, the overuse
of riprap to stabilize the bed.

¢ The way in which sediment accretes on bars may not be accurately represented.
This is because fully turbulent flow is not achieved in some of the micromodels, a
feature caused not by the distortion but because of the very small scale of the model.

* The high distortion, and resulting nearly vertical banks may exaggerate the tendency
of the thread of high velocity to collide with the banks, so shifting somewhat the
points of bank attack and exaggerating the scour depth.

These comments are not meant to imply that micro models are useless. |t has
recently been shown (Smith, 1998) that self-formed meanders can develop up to the
point of cutoff in a model not much larger than the micro models | saw. Although the
shape of the bends are definably different from field-scale alluvial bends, most of the
processes are clearly similar, including point bar formation, deep scour on the outside of
banks and features that resemble scroll bars. All this is achieved in a flow that is also
barely turbulent. The micro model is thus a useful tool that is waiting to be verified
further.

It was encouraging to find that R. Davinroy had devised a means to reduce the
exaggerated scour in micro models. This was done by modeling an impermeable
structure in the field as a permeable structure in the model. The permeability partly
compensates for the exaggeration in scour depth due to the distortion. The physical
basis for this empirical conclusion is sound: the permeability acts to suppress vertical
velocities by allowing for a cross flow.

Comments for the development of micro models While | was at the Applied
River Engineering Center | heard some rather cavalier disparagement of the principles of
similitude. In particular, | heard the opinion that as long as the micro model was able to
reproduce the field bed morphology the precise criteria of similitude mattered not a whit
I 'am sure that the statement was an exaggeration for the sake of making a point. It is,
however, not particularly helpful. The laws of Newtonian physics apply to micro models
until someone can conclusively prove otherwise.



—_———— T

With this in mind, | recommend that the following type of study be pursued to aid
the development of (and determine the limitations on) micromodels. A reach of a
medium to large sand bed river should be modeled in the conventional way using

. lightweight bed material and a distortion of no more than 4 or 5. The same reach shouid

be modeled with a micro model in the way that such modeis are presently implemented.
Detailed measurements of bed and water surface slope, flow velocity and sediment
transport rate should be taken in addition to measurements of bed topography. The
resuits should be compared with each other and field data. This comparison should be
done for a variety of flows. A comprehensive evaluation of the relative merits of
standard distorted modeling and micro modeling should be performed. Based on this,
guidelines and recommendations for future implementations of micro modeling should
be devised.

A point of some concern is the downstream end of the model. In the absence of
a means to accurately measure bed slope, it is impossible to determine the effect of
adding a tailgate. | believe that a tailgate is necessary to minimize backwater effects.
These are (likely) not nearly as large in the model as in the prototype because of the
(likely) considerably higher Froude number in the model. It is always good practice,
however,to avoid a free overfall at the downstream end of a river model.

While | strongly believe that the physical basis for micro modeling needs to be
established further, | am a strong supporter of the concept. Micro models allow for a
representation of the relevant river processes at a very low cost. They provide a tool for
a comparative evaluation of various river countermeasures. | intend to develop a
somewhat similar micro model table in order to introduce the undergraduates at my
university to a) meandering, b) braiding, c) alluvial fans, d) scour in bends, e) flow
bifurcations and f) bed aggradation and degradation.

Reference

Smith, C. E. 1998 Modeling high sinuosity meanders in a small flume. Geomorphology,
25(1-2), 19-30.













APPENDIX B

LOOSE-BED FLUME EXPERIMENTS - UNIVERSITY OF MISSOURI-ROLLA

(B-1) Experiments

Flume experiments conducted at the University of Misgof
included the use of three flume widths, 2-inches, 6-inches, and 12-i
provides a detailed description of the experimental equipment and pte
(2002) also describes findings pertinent to friction coefficients afidsed
characteristics for the PlastiGrit sediment material.

The experimental design used the 12-inch flume a
evaluating the effects of vertical distortion in the smalleg
flume width of 12-inches was the largest width feasd; ,
and with available funding.

The experimental design utilized a pseudo yprgximate) Froude similarity
criterion in specifying scaled discharges between, the three flumes. Expenmentatlon
intended to provide commensurate sediment mdhj ity within test series, and pseudo
Froude scaling provided a starting place for . ng scaled discharges between the
three flume sizes for each series. In other w number was held approximately
constant for each series of testing in the 12 inch;and 2-inch flumes.

For experiments involving trainj ctures, Froude numbers ranged from 0.50
to 0.81. The minimum Froude numbei‘ .éf'fe? in the 12-inch flume does not provide
conditions necessary to fully mj distortion of Froude number found in
micromodels. Typical micromods oude numbers in the 0.5- 0.6 range while the
value of prototype Froude ritémb: ge between 0.1 to 0.2. However, observations
from the UMR experiments r a valid assessment of wall boundary effects on
surface velocity patterns iny wﬁmy of a single training structure. Nonetheless, the

olla (UMR)
ities (2002)
Gaines
nt transport

prototype condition for
ﬁl}mes. The maximum
ties available at UMR

Froude numbers used in the UMR experiments encompass
ity experienced in micromodels, the wall boundary effects
ower Froude number found in actual prototypes have a

Observations

sarge Scale Particle Image Velocimetry (LSPIV), dye traces, video recordings,
posure photography, and visual observations provided the basis for observations.

trface flow patterns obtained during loose-bed flume experimentation at UMR
identify several scale effects that result as channel width decreases. Wall boundary layer
effects become more pronounced with the smallest width tested (2-inch wide flume).

The lack of streaklines within about 0.33 inches from either wall identifies the extent of
the boundary layer that develops against the wall. This effect, though present,
substantially reduces in the twelve-inch wide flume. The relative size of any boundary
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layer at the wall of the twelve-inch flume compared to the training structure length is
several orders of magnitude less than found in the two-inch flume width. Six-inch flume
results are similar to those obtained for the two-inch flume (using the twelve-inch flume
as the baseline condition), but wall boundary layer effects are less than found in the two-
inch wide flume. Overall, streaklines from the six-inch flume experiments were in much
closer agreement with the twelve-inch flume results than were the two-inch flume results.
Except in the most general terms (e.g., deflection of streaklines near a training structure),
there were several cases where the two-inch flume streaklines had no resemblance to the
twelve-inch flume streaklines.

Use of porosity failed to reduce the wall boundary layer observed in the two-inch
wide flume. As a result, the training structure was only partially effective -- the wall
boundary effect negated about one-half of the structure's length relative to the flow.
Further investigation using photos of the two-inch wide flume without training structures
indicated the presence of the wall boundary layer. The wall boundary layer in the two-
inch flume extended about 1/3 of an inch from the wall (2/3 of anl inch total or 1/3 of the
entire flume width).

Although structure submergence potentially alters the streaklines in the vicinity of
the training structure, the wall boundary layer remains a dominant factor in comparing
streaklines in the two-inch flume to those observed in the twelve-inch flume. Because at
least 1/3 of the width experiences the wall effect in the two-inch flume, velocity
distributions have a high probability to incorrectly represent prototype conditions.
Relative comparisons made using streaklines from the two-inch channel seem to convey
more quantitative information than possible given the likelihood for incorrect
representation of prototype conditions.  Similar results occur for the six-inch flume
width; however, the wall boundary effects are markedly less than exist for the two-inch
width. Therefore, some minimum channel width appears reasonable when streaklines
become necessary to interpret model results.

Based upon the flume experiments at UMR, the flume studies at IIHR, and
observations from actual micromodels, a minimum width of about six-inches should be
considered where streaklines are to provide qualitative information toward assessing
relative differences between alternatives. Greater widths are highly desirable. In
addition to reduced wall boundary layer effects, the greater width generally results in
lower vertical distortion and lower Froude number exaggeration. Lower Froude numbers
are highly desirable to reduce distortion in velocity patterns. This is especially true for
curved channels where additional forces (e.g. centrifugal forces) affect the velocity
patterns. Achievement of lower Froude number exaggeration requires the use of a lighter
sediment material. Recent introduction of a Type I PlastiGrit (Polyester with Specific
Gravity=1.27) provides one means to reduce Froude number distortion by allowing the
use of flatter slopes while maintaining active sediment movement.

Experiments at UMR included a single solid training structure and a single porous
training structure. The three training structures are illustrated in Figure B-1. All tests
utilized structure elevations above the water surface (e.g. no tests included structure
submergence).  Structure porosity was scaled based upon a head versus discharge
relationship as discussed by Gaines (2002) (Figure B-2 and Figure B-3). The scaling
resulted in increased porosity with decreasing channel width and training structure length,

B-2



o f——5 Holes @ 0.25° £i3 .25 |l d,;:ﬁ .
D 0.0.0.0 0|O—- O 010 ——

"= 0 0 0 C O CEOAD <£
000 0000 SNONONE; O
OOOOOO |- 0.25" Dra, OOO O
O OO0 O O O Of »="TO O OO O

S PO OO NG NONG; .00 @

I (OO NGO NN NG OO O O oy va O .

« | OO O O OO 000 Of =

1O O O 0 0 OO SHONONE; O

3 PLONONGNONGNE) GNONe O

N FORGNONGHONGNE O 0.0 O O
0.0 0 0 0O .00 C

L OL0CL0-000 0000 ohs
O O O OO0 O—]0000——-10

12-inch Flume 6-inch Flume 2-inch Flume

Figure B-1. Porous Training Structures - UMR Loose-Bed Flume Experiments
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Specific Observations

All experiments conducted with the training structures exhibited an influence of

scour pattern at the dike on the resulting surface flow pattern. Following are observations
made from the experiments (see also Figures B-6 through B-11, Appendix C, Gaines,
2002).

1. Experiments 1013 - Single solid structure, Froude number approximately 0.7 to 0.78,
T+ approximately 0.26, and mean flow depth approximately 0.65-0.71 inches. Figure B-1
depicts streaklines for these experiments.

a. Twelve-inch flume: Streaklines approach the dike and do not deflect until
approximately 1/4 to 1/2 the length of the dike. Approximately 1/2 of the dike
length is impacted by straight (or nearly so) streaklines.

b.  Six-inch flume: Streaklines approach the dike and deflect at a point
approximately one dike length upstream of the dike position. A circulation
pattern upstream of the dike exists along the entire dike length. No part of the
dike is impacted by straight streaklines as found in the twelve-inch flume.

¢. Flow is deflected approximately 1.5 to 2 dike lengths upstream of the dike.
The presence of wall boundary layer effects are evident from the lack of
streaklines adjacent to the wall -- streaklines appear no closer than 1/2 dike length
from the wall.

2. Experiments 1014 - Single solid structure, Froude number approximately 0.6, T»
approximately 0.2, and mean flow depth approximately 0.425 inches. Figure B-2 depicts
streaklines for these experiments.
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a. Twelve-inch flume: The flow does not deflect until approximately 1/2 times the
dike length. Circulation occurs over 1/3 of the dike length adjacent to the flume
wall.

b. Six-inch flume: Streaklines begin to deflect approximately one dike length
upstream of the dike position. Circulation occurs over 1/2 to 3/4 of the dike
length.

¢. Two-inch flume: Wall boundary layer is evident with an approximate thickness
of 1/2 of the dike length. Deflection of the streaklines begins approximately 1.5
to 2 dike lengths upstream of the dike position.

3. Experiments 1015 - Single solid structure, Froude number approximately 0.5, 1«
approximately 0.1 to 0.12, and mean flow depth approximately 0.33 inches. Figure B-3
depicts streaklines for these experiments.

Y

a. Twelve-inch flume: Deflection begins about one dike length upstream, but
transition is very abrupt. Circulation occurs over one-half the dike length.

b. Six-inch flume: Deflection also begins approximately one dike length
upstream of dike position, but transition is less abrupt than for twelve-inch flume.

¢. Two-inch flume: Wall boundary layer again about 1/2 dike length in thickness.
Deflection of streaklines begins approximately two dike lengths upstream of dike
and appears to be smooth (not abrupt as observed in the six-inch and twelve-inch
flumes).

4. Experiments 1017 - Single porous structure, Froude number approximately 0.75, 1+
approximately 0.26 to 0.3, and mean flow depth of 0.6 inches. Figure B-4 depicts
streaklines for these experiments.

a. Twelve-inch flume (e= 0.3006): Minimal deflection until approximately 1/3 of
dike length. Only about 1/2 dike length shows defection by presence of
circulation region -- streaklines for inner 1/2 of dike length show only slight
deflection as particles "pile up" and go around the dike. No wall boundary layer
visible.

b. Six-inch flume (€=0.3252): Circulation region approximately one dike length
with streaklines showing deflection over full dike length (approach is about a 45
degree angle).

¢. Two-inch flume (e=0.4293): Strong presence of wall boundary layer evident
from separation of streaklines from wall by about 1/2 dike length. Deflection
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more pronounced (about a 60 degree angle approaching the dike) and begins at
1.5 dike lengths upstream of the dike position.

5. Experiments 1018 - Single porous structure, Froude number approximately 0.6 to 0.7,
T+ approximately 0.2, and mean flow depth approximately 0.45 inches. Figure B-S depicts
streaklines for these experiments.

a. Twelve-inch flume (e= 0.3006): Deflection of streaklines begins
approximately 1/3 of dike length upstream of dike position. Circulation occurs
over 1/4 of dike length.

b. Six-inch flume (e=0.3252): Deflection of streaklines begins approximately one
dike length upstream of dike. Circulation occurs over 3/4 to one dike length.

¢. Two-inch flume (€=0.4293): Wall boundary layer is about 1/2 of dike length in
thickness. Circulation region extends over the full dike length.

6. Experiments 1019 - Single porous structure, Froude number approximately 0.5, t*
approximately 0.08 - 0.12, and mean flow depth approximately 0.3 inches. Figure B-6
depicts streaklines for these experiments.

a. Twelve-inch flume (e= 0.3006): Flow diverted entirely to open area opposite
of the dike. The dike resulted in deposition upstream and downstream of the dike
with minimum flow depths of approximately 1-2 millimeters. This run was
repeated three times with the bed leveled at the start of each run. The same
discharges, slopes, and operating conditions were used for all three runs. The
same result occurred for each of the three repetitions.

b. Six-inch flume (e=0.3252): Flow deflection begins approximately one dike
length upstream of dike axis. Circulation region extends over 2/3 of the upstream
dike face. Streaklines at inner 1/3 of dike length have minimal deflection until
immediately upstream of the dike structure.

¢. Two-inch flume (e=0.4293): Wall boundary layer evident from photo and
video. Deflection begins approximately 1.5 dike lengths upstream of dike and is
more streamlined (less abrupt) than for the six-inch run.

No experiments were conducted with Froude number lower than approximately 0.5
because sediment transport ceased with lower discharges. The preceding experiments
used a Type II PlastiGrit (Urea) sediment. Gradation of the sediment was the
commercially available 16/20 size (Dso=1.16mm). Specific gravity of the Urea plastic is
1.47.
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Figure B-6 LSPIV Imagery/Time Lapse Photographs of Run 1019, (a) 12-inch
flume, (b) 6-inch flume, and (¢) 2-inch flume.





