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PREFACE

This study addresses rock erosion in emergency spillway channels, a
problem area of the Repair, Evaluation, Maintenance, and Rehabilitation (REMR)
Research Program being conducted by the US Army Engineer Waterways Experiment
Station (WES).

This fourth report of a series summarizes work performed during FY 88.
Results of work currently in progress and ongoing research programs will be
topics of a final report to be completed during FY 89, This study was under
the direct supervision of Mr. J. S. Huie, the Problem Area Leader, and
Dr. James H. May, the Principal Investigator, Engineering Geology and Rock
Mechanics Division (EGRMD), Geotechnical Laboratory (GL). General supervision
was provided by Dr. Lawson M. Smith, Chief, Engineering Geology Applications
Group (EGAG), EGRMD; Dr. D. C. Banks, Chief, EGRMD; and Dr. W. F.

Marcuson 1II, Chief, GL. The REMR Program Manager was William F. McCleese,
Structures Laboratory.

This report was written by Dr. May and represents a portion of the
writer's doctoral dissertation at the Center for Engineering Geosciences,
Texas A&M University (TAMU). Appreciation is extended to the doctoral commit-
tee chairman, Dr. Christopher C. Mathewson; and to the committee members,

Drs. Robert R. Berg, Patrick A, Domenico, Earl R. Hoskins, Wayne A. Dunlap,
and Thomas N. Adair. Recognition is given to Mr. Garrett Jackson, University
of Arizona, who served as laboratory assistant during much of the testing.
The technical contributions of Mr, John B. Palmerton and Mr. Dale Barefoot,
GL, Mr. Kerry D, Cato, TAMU, and Drs. David M. Patrick and Christopher P.
Cameron, University of Southern Mississippl, are also acknowledged. Mr. Randy
Oswalt and Mr. Bobby Fletcher of the Hydraulics Laboratory; and Dr. Robert H.
Denson, Mr. John Boa, Mr. Ken Loyd, and Mr. Donald Walley of the Structures
Laboratory helped develop the materials used to simulate rock and provided
technical assistance for the flume tests. This report was edited b-

Mrs. J. Walker, Information Technology Laboratory.

WES gratefully acknowledges the helpful suggestions, constructive criti-
cisms, and information provided by the Soil Conservation Service, US Depart-

ment of Agriculture, and the Corps of Engineers Districtcs and Divisions.




Commander and Director of WES during preparation of this report was
COL Larry B. Fulton, EN., Dr. Robert W. Whalin was the Technical Director
during this study.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI (met-

ric) units as follows:

Multiply By

acres 4,046,873
acre-feet 1,233.489
cubic feet 0.02831685
cubic yards 0.7645549
degrees (angle) 0.01745329
feet 0.3048
feet per mile 0.1893935
miles (US statute) 1.609347
tons (2,000 pounds, mass) 907.1847
yards 0.9144

To Obtain

square metres

cubic metres

cubic metres

cubic metres

radians

metres

metres per kilometre
kilometres

kilograms

metres




GEOTECHNICAL ASPECTS OF ROCK EROSION IN EMERGENCY
SPILLWAY CHANNELS

GEOLOGIC AND HYDRODYNAMIC CONTROLS ON THE
MECHANICS OF KNICKPOINT MIGRATION

PART I: INTRODUCTION

Background

1. Prediction of initiation, rate, and intensity of erosion in earth
materials is not a precise science, and a significant amount of erosion-
induced damage has occurred in unlined emergency spillway channels at flood-
control and water-storage projects built and managed by the US Army Corps of
Engineers (CE), other Federal Agencies, state, and local interests (Cameron et
al, 1986, 1988a, and 1988b). The potential for severe erosion of the bedrock
(and associated soils) in unlined emergency spillways to cause undermining or
failure of spillway structures and catastrophic release of reservoir waters,
damage to dam embankments, spillway channel bank failure, and sedimentation in
the spillway exit and main channel prompted the CE to include this problem as
a work unit 1. the Repair, Evaluation, Maintenance, and Rehabilitation (REMR)
Research Program being conducted by the US Army Engineer Waterways Experiment

Station (WES).

Work Unit Objectives

2., The objectives of this work unit include the following:

a. To identify and document the geotechnical and hydraulic parame-
ters influencing the rate and mechanisms of erosion in unlined
emergency spillway channels.

). To 1identify and document channel response to emergency spillway
flow and to assess the nature, magnitude, and severity of down-
stream impacts.

c. To develop methods of predicting erosion in unlined emergency
spillway channels.




d. To develop cost-effective remedial and preventive measures to
minimize the problem of severe erosion in unlined emergency
spillway channels.

e. To maintain and continually up-date an observational data base
which documents important erosive spillway overflow events at CE
projects.

f. To provide timely technology transfer in this problem area to CE
personnel and other interested parties in Federal, state, and
local agencies.

ScoEe

3. This report, the fourth in a series, provides further documentation
of the causes-and-effects of bedrock erosion in emergency spillway channels,
the relationship between spillway channel erosion and erosion in natural
stream channels, provides detailed analyses, and attempts to quantify the phe-
nomena and processes ldentified and discussed in earlier reports, (see Cameron
et al. 1986, 1988a, and 1988b). These phenomena and processes encompass the
geotechnical and hydraulic factors which control spillway channel response to
overflow events.

4. These reports are intended to serve as a mechanism for communicating
research results, ideas, and concepts to interested CE personnel and their
counterparts in other Federal, state, and local agencies. CE District experi-
ence, case histories, and site visits, as well as technical input from other
concerned agencies, continue to provide vital elements of the working observa-
tional data base and serve as the foundation for development and refining of

research tasks.

Objectives of Laboratory Research

5. The primary objective of this research is to determine the signifi-
cance of geologic and hydrodynamic controls on the mechanics of headward or
knickpoint erosion. This was accomplished by:

a. Viewing the spillway erosion problem as a "continuum" from trac-

tive force scour of individual grains to turbulent dynamic block
scour and contending that block failure mechanisms are most cri-
tical in determining the rate of headward erosion.




Showing that knickpoints cannot develop very easily in a homo-
geneous media, but ideally need a harder more resistant layer
overlying a softer more erodible layer.

Breaking the complex headward erosion phenomenon into a basic
two-layered system for analyses.

Designing mixes to simulate rock of various strengths for physi-
cal modeling tests.

Modifying a hydraulic, tilting, recirculating flume to accommo-
date layered samples.

Laboratory testing of a simulated two-layer rock system in the
hydraulic flume under controlled flow conditions.

Using a designed hydraulic drop structure as an analog for
determining the influence of venting on knickpoint migration.

Comparing laboratory results with observations made in the
field.

Documenting block failure mechanisms in laboratory tests by use
of video recorder.

Calculating critical turbulent flow particle velocities.




PART II: KNICKPOINT EROSION

6. Knickpoint migration or headcutting is the most severe form of
structure-threatening erosion in emergency spillway channels. The term
"knickpoint" refers to a point along the longitudinal profile of a stream
channel at which there is an abrupt change in gradient. It is also the most
unpredictable form of erosion because it is controlled mainly by the geology
at a particular site. Ongoing complimentary erosion studies, carried out at
WES, analyzed geometric and hydraulic parameters in respect to severity of
erosion (Cameron et al, 1988a)., The absence of a statistical correlation
among the variable parameters is ascribed to different geological conditions
at the data base sites. Structural and stratigraphic discontinuities were not

included in the regression analyses,

Review of Related Research

7. Numerous research efforts have dealt with the subject of erosion,
but only a few of these can be applied directly to the problem of violent,
turbulent knickpoint erosion which is associated with short-lived emergency
spillway flow events, Spillway erosion is controlled by a variety of complex
geological and hydraulic factors including:

a. Flood frequency, magnitude, and duration.
b. Channel design.

. Channel gradient.

s [0

. Rock discontinuity.
. Rock erodibility.

o

8. The preceding factors are interrelated and often act in concert
(Cameron et al. 1986, 1988a, and 1988b). The processes associated with turbu-
lent block scour are not as well understood as those dealing with tractive
force scour. Guy, Simons, and Richardson (1966) used flumes to determine the
effects of the size of the bed material, temperature, and fine sediment on the
hydraulic and transport variables in alluvial channels,

9. Schumm (1985) states that an understanding of the geomorphic con-
trols on erosion processes in fluvial systems is critical. The natural ero-

sion susceptibility of a stream system can be increased by human-related




activities such as channelization, overgrazing, blasting, and road construc-
tion (Smith 1979; Whitten and Patrick 1981).

10. The US Department of Agriculture is conducting hydraulic model
testing for the design of vegetated channels at its Stillwater, Oklahoma,

laboratory (Figure 1). Methods have been derived for applying tractive force

Figure 1, One of the grass-lined hydraulic models
used for erosion studies at the USDA Research Lab-
oratory at Stillwater, Oklahoma (WES photo file)

concepts to the design of grass-lined spillways (Temple 1980, 1982, 1983,
1984, 1986). Studies at the US Department of Agriculture Sedimentation Labor-
atory at Oxford, Mississippi, have related local channel instability to an
early-Holocene silt unit with well developed polygonal structures that cause
near-vertical bank angles which result in bank instability (Grissinger and
Bowie 1984). The hydraulic parameters associated with an overfall were
studied by Robinson at the Soil Conservation Service (SCS) Laboratory at
Stillwater, Oklahoma (Robinson 1987). The US Department of Agriculture has an
ongoing study that 1s designed to determine the critical factors causing
crosion in emergency spillway channels (Soil Conservation Service 1973, 1984a,
1985b). WES has been working closely with the US Department of Agriculture
Emergency Spillway Flow Study Task Group which has published four spillway
performance reports documenting emergency spillway flows which took place in

Mississippi, Kentucky, and Arkansas in 1982, 1983, and 1984 (Soil Conservation
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Service 1984b, 1985c, 1986). The major factors influencing spillway erosion
according to these reports are:

. Major channel slope changes.

o e

. A road or trail in the spillway paralleling the flow.

. A thin layer of soil over hard rock that may be "rafted" away.

e 1o

. Overshooting during construction blasting.

11, The Bureau of Reclamation used fuse-plug embankment models to study
the erosion process. A fuse plug is an embankment designed to wash out in a
controlled and predictable manner when the flow capacity exceeds the normal
capacity of the service spillway. The fuse plug flow is primarily determined
by gravity and inertia forces (Pugh and Gray 1984).

12, The ratio between the model and the prototype is determined from
the Froude Law. The Froude Number is the velocity divided by the square root
of the acceleration due to gravity times the depth of flow. Bureau of Recla-
mation studies obtained a high degree of both geometric and kinematic similar-
ity. Geometric similarity occurs when the ratios of all homologus dimensions,
between the model and the prototype, are the same. Kinematic similarity, or
similarity of motion, means that the ratios of velocities and accelerations
between the model and the prototype are equal (Pugh and Gray 1984).

13, A series of tests for relative erodibility of undisturbed sedimen-
tary rock samples was conducted by Perry (1982) at the Waterways Experiment
Station Geotechnical Laboratory. Perry used a self-contained, recirculating,
tilting flume. Water was accelerated across a rock sample mounted flush in
the floor of the flume and the rate of erosion was measured.

14, Numerous hydraulic modeling studies have been conducted at the
Hydraulics Laboratory at the Waterways Experiment Station. An example is an
investigation conducted on the Los Esteros Spillway in Guadalupe County, New
Mex_co, to investigate the feasibility of increasing the capacity of the
spillway from 175,000 to 430,000 cu ft/sec* (Fletcher 1982). The model was
constructed to a linear scale ratio of 1:80. Hydraulic similitude was
achieved by using Froudian criteria to express the mathematical relations
between the dimensions and hydraulic quantities of the model and prototype.
The modeling proved that flows as high as 430,000 cu ft/sec would not

* A table of factors for converting non-SI to SI (metric) units of
measurement is presented on page 5.
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jeopardize the dam. The Grapevine Spillway was also modeled by the Hydraulics
Laboratory (Figure 2). Useful hydraulics data were obtained from the Grape-
vine modeling; however, a noncohesive sand was used in the modeling effort and

many geotechnical questions were not addressed.

Figure 2. Hydraulic model of the Grapevine Spillway
and emergency spillway. The unlined portion of the
splllway was modeled with noncohesive sand

(WES photo file)

15. Studies dealing with erosion caused by free falling trajectory jets
may be more realistic to describe the turbulent and dynamic end of the "ero-
sion continuum" (Figure 3). Vieux (1986) of the Soil Conservation Service
studied plunge pool erosion in cohesive soils at two dams in Kansas, where
scouring at horizontal pipe outlets has occurred. A formula based on uncon-
fined compressive strength was used to predict the equilibrium scour pool
length to within 5 percent of the measured length. The maximum depth of scour
(Dm) for granular beds can be computed from the following empirical equation
used by Mason (1984):

_ g LD @) m")
(g") (d%)

D
m

(1)

where
K = coefficient

g = discharge per unit width of the jet at the impact point
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= head drop from reservoir level to tail-water level

H
h = tailwater depth downstream of the scour hole
g = acceleration due to gravity

d

= mean particle size of the eroded bed material

V,W:X,y,2z = exxpotentials for g, h, q, H, and d , respectively

Figure 3. Turbulent overfall at the Delta, Melville,
Abraham, and Deseret Irrigation (DMAD) spillway in
Utah (WES photo file)

16. Mason (1984) reviewed the case histories of scour development on
selected prototypes including: the Tarbela Dam in Pakistan; Alder Dam and
Nacimiento Dam in the United States; Picote Dam in Portugal; Grand Rapids Dam
in Canada; and Kariba Dam in Zimbabwe. Mason pointed out the difficulties in
quantitatively predicting the erosive characteristics of free-trajectory jets.
Unacceptable scour is by no means limited to soft rocks such as shales, sand-
stones, and limestones but occurred in competent igneous and metamorphic rocks
such as andesite, granite, and gneiss. He also discussed hydraulic model
testing and said that in every case he had studied the Froude law was used as
the scaling law.

17, Mason developed formulae for calculating the depths of erosion
under free jets for both models and prototypes. He noted that the most common

problem in modeling scour is representing the geology of the site at a model

13




scale. A common approach is to examine the rock onsite and to estimate the
size of the blocks that will result from the joint and fissure patterns. The
rock in the model is then represented by an equivalent size of gravel. The
gravel can be left as noncohesive for a worst case condition or mixed with
various percentages of clay, cement, chalk powder, and water to add cohesion.
18. A rational approach was presented by Spurr (1985) for estimating
thie scour downstream of large dams by taking into account the mean surplus jet
energy in relation to the geology and estimated flow durations. According to
Spurr, the scour depth Dt , at any time t , resulting from a submerged jet
eroding bedrock is a function of the jet energy Ea » available at the surface
of the bedrock and the rock's capacity Eb » to absorb or deflect the erosive

forces, such that:

D, = f(E, - E - E) (2)
where Ex is the jet energy deflected by the bedrock at time t (Figure 4).
Spurr presented the most important geological considerations as:

a. The rock mass's resistance to hydrofracture, as governed by its
tensile properties, its degree of fracturing, faulting, and
bedding plane spacings.

b. The bedrock's resistance to the erosive shear forces exerted on
its surface by the action of the jet, as governed by its cohe-
sive strength.

Spurr applied the empirical formula for scour depth (Equation 1) developed by
Mason (1984). This formula reproduced the known scour depth at the prototype
reference sites and effectively calibrated Spurr's model.

19. Blaisdell (1983) and Blaisdell and Anderson (1984) also studied
ways to predict scour at cantilevered pipe outlets. Analyses of laboratory
and field data indicated that the maximum depth of scour Z , in terms of the
pipe diameter D , occurs when the ratio 2Z/D , approximately equals 5.

20. Reinius (1986) measured the water pressures around simulated rock
blocks in a hydraulic flume. His study was based on the assumption that the
rock has cracks in several directions and that water can enter the cracks
causing pressure to build within them. The pressure forces act on the sides
and bottom of the rock block and the pressure from the flowing water acts on
the top surface of the block., If the uplift [orce is not offset by the weight

of the block, and no other forces in the joints stop movement, the block will

14
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be lifted and carried away. He also discusses remedial measures, such as
dental concrete to seal and waterproof fractures, and the use of rock bolts
and pressure relief holes.

21. Clemence (1987) used an air flume to determine the influence of
stratigraphy and structure on knickpoint erosion. She hypothesized that the
mechanisms of knickpoint retreat involved not only cantilever toppling but
also horizontal fluid boundary shear and pore pressure (Figure 5). The air
flume studies showed that a caprock failing by cantilever toppling remains
stable as long as the caprock's undercut length is less than one-half the
fracture length and the caprock is strong enough to resist cantilever failure.
The thickness and angle of the erodible unit to the overlying caprock control
the amount of undercut, The development of significant fluid pressures in a
permeable erodible unit decreases resistance to shear. An impermeable erodi-
ble unit may also concentrate the force of the water on the undercut slab and
cause tension fractures in the caprock., Thin discontinuous caprock units were
rapidly eroded by fluid boundary shear. As bedding thickness increases, the
knickpoint erosion is controlled by fracture spacing and cantilever toppling.
The flume study by Clemence indicates that fracture spacing and rock tensile
strength are the most significant factors in knickpoint erosion at sites where
unerodible caprock overlies an erodible unit.

22, An analysis was made of spillway erosion at a private lake near
Waco, Texas (Pettigrew 1986)., A knickpoint was migrating up the spillway of
Badger Ranch Lake at a rate which would threaten the spillway in a few years.
An estimated 100,000 cu ft of material was removed by the erosion process.

The investigation indicated two possible causes for the structure-threatening
erosion:

a. Excessive velocities at the end of the exit channel may have
initiated the gully.

b. A knickpoint migrating from downstream could have been the
cause,

23, One of the main areas of the investigation was the analyses of the
erosion occurring at the knickpoint. A model was presented which showed a
cycle of headwall collapse and debris removal controlling the headward migra-
tion of the gully. The headward migration was accelerated by erosion of the
ficsile chale underlying a resistant clay. The mechanics of the collapse were

worked out and described as a wedge failure occurring at a critical height of
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11.6 ft (Figure 6). The equation used to calculate the critical height (HC)

is:
© N
H, = v (3)
where
e = the height of the face at failure
g = 2 stability factor based on the angle of the face
C = cohesion
Y = unit weight

PLANE OF FAILURE

Figure 6. Mass failure mechanisms
at Badger Ranch Lake spillway near
Waco, Texas (after Pettigrew 1986)

24. A comparison of rainfall and knickpoint retreat at the Badger Ranch
Lake spillway correlated better than the comparison of peak discharge and
knickpoint retreat. The sediment transport from the gully appears to be a
more important controlling factor in the migration process than the peak flow.
This phenomenon was also seen in data from gully studies in the loess~covered
glacial till of Iowa where it is suggested that lowering flood peaks, but not
flood volume, might actually increase erosion (Piest, Bradford, and Wyatt
1975).

25, A model study of knickpoint migration and associated slope changes
in noncohesive homogeneous material suggests that bed-load movement is a pre-
requisite for migration of a knickpoint once it has formed (Brush and Wolman
1960)., An oversteepened slope in homogeneous material bounded by less steep
slopes upstream and downstream tends to become less steep with time. A stream
has a natural tendency to flatten out any oversteepened reach in homogeneous
material; therefore, a knickpoint migrates upstream for only a short distance

before becoming too faint to recognize. At a particular flow, the rate of

18




migration is controlled by the size of the material, and the total migration
will depend on the difference in fall between the average and oversteepened
reach, Five hypothetical examples of different geologic environments where
knickpoints occur are presented by Brush and Wolman (1960) and shown in Fig-
ure 7. Type A is similar to the flume experiment conducted by Brush and
Wolman and should apply to all knickpoints in homogeneous material as in many
alluvial valleys. Type B has a resistant layer intersecting the stream pro~
file at some arbitrary angle. The knickpoint will remain indefinitely or
until the resistant layer is removed, If the resistant layer is completely

removed B becomes identical with A. Type C occurs where a resistant layer

EXPLANATIONS

ORIGINAL PROFILE

~— == PROFILE AFTER TIME T

% RESISTANT BED MATERIAL

E

e NONRESISTANT BED MATERIAL

Figure 7. Five hypothetical examples of different geclogic

environments where knickpoints occur. Only Type C allows

significant lateral migration of a knickpoint (after Brush
and Wolman 1960)
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caps an underlying nonresistant bed. In the case of Type C, the slope below
the knickpoint may be vertical depending on the relative differences in resis-
tance to erosion of the two kinds of material. Types D and E are special
cases of the preceding types.

26, Falls are a special case of Type C where the vertical slope is
caused by undermining. A knickpoint cannot easily bypass a resistant layer
and in some cases a series of knickpoints caused by various base level or cli-
matic changes will merge at one point along a stream profile. Headcut devel-~
opment and migration in alluvium or colluvium may involve seepage or underflow
as well as differential resistance.

27. The maximum distance a knickpoint may travel given unlimited time
is controlled by the ratio of the slope of the oversteepened reach to the
average slope of the channel. The greater the ratio, the farther the knick-

point will migrate given unlimited time.

Theoretical Considerations

General statement

28, Studies by Schumm (1973) point out that the concepts of complex
response and geomorphic thresholds in stream systems are related to erosion
phenomena such as rapid mass movement and tributary rejuvenation. These geo-
morphic thresholds imply that morphogenetic processes are episodic in nature,
The triggering mechanisms for these episodic events can be external forces
such as rainstorms or seismic activity or internal forces such as oversteepen-
ing of reaches. Aggradation and degradation at different loci within a stream
system cause episodic sediment yields which move downstream and result in
major changes in channel morphology with time.

29. For the purpose of this research effort, the emergency spillway is
considered to be a small portion of a stream system. The erosion in emergency
spillways is controlled by phenomena that occur upstream and downstream of
their immediate vicinity. The unlined portion of the emergency spillway is
subject to vertical degradation and headcutting, as shown in Figure 8.

30. In order for an emergency spillway to flow, the upstream lake or
reservoir must receive a large volume of water in a relatively short period of
time. Emergency spillways are therefore subject to violent, turbulent, short-

lived flow events, The downstream end of most emergency spillways abruptly
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drops into a natural stream valley, thus producing a severe oversteepened
reach or knickpoint.

31. The hypothesis of this research is that during these violent flow
events severe erosion is governed by certain erosion thresholds, which are in
turn primarily controlled by the flow velocities and the site geology. The
site geology 1is important because it is responsible for the geometry of the
knickpoint., The erosion thresholds pertaining to emergency spillways are also
present in certain reaches of natural streams and could explain, in part, the
eﬁisodic erosion phenomena that have been reported so often by other research-
ers such as Piest, Bradford, and Wyatt (1975).

Spillway erosion as a continuum

32. Because of the numerous complex factors which contribute to the
spillway erosion problem, it was viewed as a "continuum" with tractive force
scour of individual grains on one end and turbulent flow dynamic block scour
on the other end. During the study of numerous case histories, it was noted
that various tyres of erosion could occur at the same location within a given
spillway during a single flood event. Tractive force scour is usually taken
into consideration in the design of emergency spillways. The SCS has devel-
oped excellent criteria for the design of grass-lined spillways (Temple 1980,
1982, 1983, 1984, 1986). However, the significant erosion problems which
occurred at most of the sites visited during this research were not caused by
the scour of individual grains (Figure 9) but by the mass wasting of large
blocks of material (Figure 10). Tractive force scour is often the first phase
in the emergency spillway erosion "continuum" and may lead to the more
severe block erosion.

33. Figure 11 shows large blocks of in situ sandstone which have been
exposed by the force of running water in an SCS emergency spillway in
Virginia. The thin layer of soil and grass has been stripped away exposing
the highly jointed and fractured bedrock underneath. Once the veneer of soil
and grass has been removed, high velocity turbulent flow conditions are
generated which can start to move large blocks of material.

34, These large blocks of bedrock are moved out of place and downstream
primarily by two mechanisms—-plucking or floating out individual blocks and
undercutting, which causes the bedrock to fail in tension or shear or to

topple because of the fracture or joint spacing.
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Figure 11. Tractive force scour has
removed the veneer of soil and grass
in the bottom of this SCS spillway
and exposed the underlying jointed
bedrock (WES photo file)

Rock mass versus
particle or grain erosion

35. The concept of rock mass properties versus grain-to-grain proper-
ties in relation to erosion has to be kept in proper perspective. The erosion
and transport of granular noncohesive material has been studied in detail by
many prominent researchers. Very little of this data, however, can be applied
to the problem of spillway erosion in unlined spillway channels. In the same
light, many of the standard engineering properties such as compressive
strength and cohesiveness are very misleading when it comes to predicting
erosion. In the grain-to-grain context a rock can appear to be very resis-
tant, yet be susceptible to severe erosion because of its mass properties.

36. It was determined during tests using a water jet to cut various
types of rock, that the most important factor in making a rock erodible is
rock permeability (Rehbinder 1980). Rock mass permeability is very important
in determining its erodibility.
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37. Tractive force scour. Tractive force scour of grains and particles

must be discussed as an end member in the erosion "continuum" concept. Berg
(1986) discussed the complex processes that influence the erosion, transport,
and deposition of material by considering the forces that act on individual
particles. He found that grain size and shape along with adhesion tension are
important variables in calculating erosion velocities for sediments. If the
orientation of the grains relative to the water flow is known, the drag force

needed to cause movement can be expressed by the equation:
F, = Fg(tan¢) (4)

where

drag force

the gravitational force

o
S0 A

the angle of repose

38. It is also important to consider the orientation of the grains in
relation to the flow of water. Berg (1986) estimated erosion velocities for
differing grain orientations. For example, using the angle of repose ¢ , the
surface area exposed to drag, and grain size, he determined the threshold
velocity for material with a grain diameter of 1 mm would be approximately
19 cm/sec., Sediments that have been partially dried may contain small amounts
of water at points of grain contact., The adhesion of water gives the material
more erosion resistance. Berg's velocities agreed closely with those pre-
sented by Hjulstrom (1939) and shown in Figure 12.

39, 1If grains or particles are cemented they become even more resistant
to the forces of moving water., Regardless of how cemented the grains of a
material may be, if the velocity of the water 1is high enough, scour will take
place. According to CE guidance on the design of channels, even competent
igneous and metamorphic rocks will be scoured at a mean channel velocity of
20 ft/sec (US Army Corps of Engineers 1970)., The velocities needed to scour
various materials are presented in Table 1.

40, Simonson (1979) indicates that material with compressive strengths
of 14,000 psi can be scoured by velocities of 29 ft/sec. Tractive force scour
of grains or particles was not dealt with in this study except as an end

member in the erosion "continuum" concept.
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Figure 12. Hjulstrom's (1935) diagram shows the velocities needed
to erode, transport, and deposit grains of varying sizes

41. Dynamic block scour. The failure of large blocks of material can

occur in several ways including plucking or lifting of fractured blocks,
cantilever toppling based on fracture spacing, tensional failure of the cap-
ping layer, and shear failure of large homogeneous masses of material. 1In
fractured rocks, water can propagate into the cracks causing pressure to build
up within them. The pressure acts on the sides and bottom of a block, while
the pressure from the water flowing across the top of the block causes an
uplift force (Reinius 1986). The plucking of large blocks of material can
result in very large volumetric erosion and removal of material from a site.

42. The research concerning the dynamic block erosion caused by free-
falling trajectory jets gives insight into the knickpoint migration problem,
but cannot be applied directly to the problem of block scour at knickpoints
(Vieux 1986; Mason 1984; Spurr 1985). The trajectory jet studies are con-
cerned with depth of scour; whereas, the knickpoint migration problem concerns
rapid lateral erosion. The geological considerations presented by Spurr

(1985) as being important in predicting erosion, such as resistance to
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Table 1

Maximum Permissible Mean Channel Velocities

(US Army Corps of Engineers 1970)

Mean Channel

Channel Material Velocity, ft/sec
Fine sand 2.0
Coarse sand 4.0
Fine gravel 6.0
Sandy silt 2.0
Silty clay 3.5
Clay 6.0

Grass-Lined Earth (Slopes less than 5 percent)

Bermuda grass--sandy silt 6.0
Bermuda grass--silty clay 8.0
Kentucky Blue Grass--sandy silt 5.0
Kentucky Blue Grass--silty sand 7.0

Poor Rock (Usually Sedimentary)

Soft sandstone 8.0

Soft shale 3.5
Good Rock

Igneous or metamorphic 20.0

hydrofracture and resistance to erosive shear, are also critical factors in
block scour at knickpoints, The maximum depth of scour values is often based
on the assumption that the erosion has progressed to some stage of equilib-
rium. In the case of emergency spillway erosion equilibrium is seldom reached

during a single flood event.

Geologic Controls

Structural discontinuities

43, A discontinuity is an interruption in lithologic and physical prop-
erties in a rock mass (American Geological Institute 1980). Structural dis-
continuities are caused by natural compressive and tensional forces which
alter rock mass properties. Discontinuities such as fractures, faults,

joints, igneous dikes, and veins are common causes of knickpoint formation.
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Fractures are due to mechanical failure by stress and include erosion in gen-
eral and knickpoint initiation in particular. The shearing and brecciation
associated with faulting can also result in enhanced chemical and physical
weathering of affected rock.

44, Joints, which usually occur in sets, are planar surfaces along
which no displacement has occurred. Joint fissures, which are the fractures
which separate the rock, may be filled with clay, calcite, gypsum, crushed
rock fragments, or other material at depth, or they may be open near the sur-
face. The tendency of joint sets to divide rock into blocks is important in
predicting erosion potential. Reinius (1986) demonstrated that blocks of rock
can be easily plucked by the forces of moving water and transported down-
stream. For example, open-joint fissures segmented the hard sandstone ledges,
forming the floor of the Saylorville spillway, and contributed to the severe
erosion.

Stratigraphic discontinuities

45, The majority of the erosion case histories studied for this
research was associated with stratigraphic discontinuities. Stratigraphic
discontinuities include stratified sedimentary rock sequences including those
interbedded with volcanic and volcano-clastic rocks. These discontinuities
include bedding planes, bed contacts, stratigraphic contacts, unconformities,
pinchouts, facles changes, and sedimentary structures and textures (Cameron
et al, 1988b),

46, Bedding planes are surfaces of deposition that visibly separate
successive layers of stratified material (American Geological Institute 1980).
These bedding planes separate lamina (less than 1 cm thick), stratum (greater
than 1 cm thick), and beds (thicker units composed of several strata or lam-
ina). Bedding planes often mark distinct boundaries between materials depos-
ited in various environments of deposition. Coarse grained basal alluvial
sand and gravel can have an abrupt contact with an underlying shallow marine
clay. Bedding planes play an important role in erosion, especially in the
propagation of a head cut where a resistant layer overlies a more erodible
unit. Bedding planes are also important in conjunction with joints because at
the intersections the strata are divided into blocks which are susceptible to
plucking during flood events. Thinly bedded shales are easily weathered and

subsequently eroded by tractive force shear.
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47, Sedimentary structures are described by Berg (1986) as being the
most characteristic features of sedimentary rocks and resulting from either
primary stratification caused by sedimentary processes or secondary stratifi-
cation produced by biological or physical changes shortly after deposition.
Critically located sedimentary structures can initiate and influence the rate
of erosion.

48, Unconformities represent erosional or nondepositional surfaces in
the geolpgic record that can bring rocks of vastly different ages and composi-
tions into abrupt contact. An unconformity which places a nonerodible mate-
rial over an erodible one forms the same stratigraphic discontinuity as
bedding contacts between materials of different erodibilities. Pinch-outs and
facies changes can cause abrupt lateral lithologic changes which are important
factors in initiating a headcut. The rate of migration is often dependent on
lateral facies changes and can increase or decrease dramatically as a result
of these changes. Lithostratigraphic control is the "key'" factor which con-
trols the initiation and rate of erosion in stratified rock sequences. Sudden
changes in stratigraphy, both vertically and laterally, control the geometry
of the knickpoint, which in turn controls the severity of erosion.

49. The occurrence of a knickpoint is dependent on stratigraphic or
other types of inhomogeneities in underlying materials. The location of the
knickpoint is controlled by the occurrence of erosion-resistant materials in
the channel which temporarily prevent downcutting. An example of a knickpoint
in a natural stream is shown in Figure 13. Erosion studies by the Soil Con-
servation Service 1in northern Mississippl showed that erosion-resistant pale-
osols caused knickpoints to form. The knickpoints migrated upstream as the
paleosol failed in large blocks which were bounded by ancient desiccation
cracks (Grissinger 1984),

50. Knickpoints are caused by a combination of conditions which cause
channel degradation. According to Schumm (1973), the parameters that describe
the geometric and discharge characteristics of stream channels which control
degradation are:

W, stream width (L)
D, stream depth, water depth (L)
s, stream gradient (L/L)

Mw, meander wavelength (L)
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Figure 13. Knickpoint in Hotopha Creek in Lafayette
County, Mississippi (Whitten and Patrick 1981)

S, sinuosity units (a measure of actual channel length relative to
straightline distances between two points along the channel)

Qw’ water discharge (L x L x L/T)
QS, sediment discharge (L x L x L/T)
51, On the basis of field and flume studies the following empirical
relationships were described by Schumm (1973):

.. (WDMw)
w o s (5)

Q

(WsMw)
% =5y ©)

It can be observed from the above proportionalities that channel degradation
and the formation of knickpoints may be caused by increased water discharges
without a coincident increase in sediment discharges. Proportionality 6 shows
that an increase in channel gradient will also produce an increase in channel
depth and eventually a knickpoint, Channel gradient increases are caused by
changes in base level resulting from phenomena such as man-made channels or
channel straightening and natural cut-offs of meander loops.

52. A spillway channel can be considered as a modified portion of a

natural stream, Major differences between a spillway channel and a natural
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stream are that flow in the spillway channel is usually sporadic and the
knickpoint is usually located where the constructed portion of the spillway
intersects the natural topography. A significant drop in elevation also
usually occurs at this intersection which initiates headward migration of the
knickpoint.

53. Very subtle variations in erosion resistance can cause the develop-
ment of a knickpoint such as one at an SCS emergency spillway on Mistequay
Creek in Michigan observed by the author. At first glance the material at
this site seemed to be composed of fairly uniform glacial till, but closer
examination revealed a buried paleosol which was slightly more resistant to
erosion than the material just below it. The inhomogeneity provided by the
paleosol helped to initiate a large knickpoint which migrated headward toward
the dam., It cannot be overemphasized that discontinuities and inhomogeneities
are critical factors influencing the initiation and rate of migration of
knickpoints., The knickpoint phenomenon apparently played a key role in
erosion which led to structural failure at the DMAD reservoir in Utah and at
Black Creek No. 53, an SCS project in Holmes County, Mississippi (Cameron et
al, 1986). Knickpoint migration was also apparent at CE emergency spillways
at Grapevine and Saylorville Reservoirs (Cameron et al. 1986).

Stair-step phenomena

54, Field observations have shown that knickpoints often occur in

groups that have a classic stair-step configuration as shown in Figure 14.

Figure 14, The knickpoint phenomenon producing
a stair-step configuration in layered materials
which have varying degrees of erodibility
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The stair-step configuration is caused by repetition of the knickpoint phenom-
enon as it acts on layered materials with varying degrees of erodibility.
Given enough time that stair-step configuration would evolve to an overfall
that would be controlled by the most erosion resistant layer. However, the
short duration flows in emergency spillways commonly cause a stair-step pat-
tern to develop.

Mass failure mechan-
isms at the knickpoint

55. Although mass failure mechanisms associated with knickpoint migra-
tion are often complex, they generally fall under one of the following catego-
ries which are illustrated in Figure 15:

a. Undercutting of caprock resulting in cantilever toppling of
jointed or fractured caprock.

b. Undercutting of caprock resulting in tensile failure and top-
pling of caprock.

c. Rafting of large blocks of jointed material as a result of
water entering joints or fractures.

d. Undercutting of a thick erosion resistant top layer resulting
in shear failure of large block of material.
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UNDERCUTTING OF EROSION RESISTANT LAYER RESULTING IN CANTILEVER
TOPPLING OF JOINTED OR FRACTURED BLOCKS

4
UNDERCUTTING OF EROSION RESISTANT LAYER RESULTING IN TENSILE
FAILURE AND TOPPLING OF LARGE BLOCKS OF MATERIAL

2%//% v,

W////W

UNDERCUTTING OF ERQSION RESISTANT LAYER RESULTING
IN SHEAR FAILURE OF LARGE BLOCKS OF MATERIAL

Figure 15, Generalized examples of mass failure mechanisms

—

RAFTING OF LARGE BLOCKS OF MATERIAL AS A RESULT
OF WATER ENTERING JOINTS OR FRACTURES
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PART III: EXPERIMENTAL DESIGN AND PROCEDURES

Flume Design

Principles of operation

56. A tilting recirculating hydraulic flume was used for the laboratory
testing of the simulated rock material (Figure 16). The flume was capable of
producing flows in excess of 20 ft/sec. The flume channel was 1 ft wide by
16 ft long and could be tilted as much as 5 deg. To modify the flume for
testing simulated layered rock samples, a false bottom was constructed as
shown in Figure 17. A removable sample holder was designed to hold the two-
layered sample (Figure 18). The downstream end of the in-place sample formed
the knickpoint and was analogous to the point at which a constructed emergency
spillway intersects the natural topography.

Velocity measurements

57. The flow velocity in the area just upstream of the knickpoint was

measured with a Pitot tube to determine the difference between the static and

Figure 16. Photograph of tilting, recirculating, hydraulic
flume used in erosion test
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Figure 18. Photograph of removable sample holder

dynamic pressures. Once the pressure difference had been determined, flow

velocity V was calculated by use of the following equation:

2 P-P
G @
2g og
Solving for V yields:
22 - 2y | H?
Vel ———m— 8
5 (8)
where
V = flow velocity (ft/sec)
P = dynamic pressure at the tip of the Pitot tube (1b/sq ft)
Po = static pressure near the tip of Pitot tube (lb/sq ft)
g = acceleration of gravity (ft/secz)
p = mass density of the eroding fluid (1b secz/fta)
The velocity distribution (Perry 1982) near a smooth surface is:
1/7
v [8.74(VS)(Y):| /
—_— | —_ (9)
VS u
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where
V = flow velocity at a distance y from the boundary (ft/sec)
VS = gshear velocity (ft/sec)
y = distance from the boundary (ft)
B = kinematic viscosity of the eroding water (sq ft/sec)

The shear velocity is:

1/2
_ (T
v_ - (p) (10)
where o
T = hydraulic or tractive shear stress (1lb/sq ft)
p = mass density of the eroding fluid (1b secz/fta)

58. By placing the Pitot tube on the bed of the flume, the distance vy

from the boundary at which the flow velocity can be measured is:

de

y =5t (11)

where dt is the outside diameter of the Pitot tube (ft). In order to calcu-
late the tractive shear stress, Equations 10 and 1l were combined with Equa-
tions 8 and 9 to yield:
p1/7 oM 2/7 7/8
T=0-r) |53 (E;) (12)

W

For a 0.125-in. outside diameter Pitot tube and water at 70° F the tractive

shear stress is:

T = 9,62 x 1075 (P - Po)7/8 (13)

59. For the knickpoint erosion studies the Pitot tube system had to be
modified. A three-way in-line valve was installed so that the tubes could be
filled with water and the air allowed to bleed out. The Pitot tube apparatus
and transducer were separated from the flume by constructing a wooden frame
which held the apparatus and buffered vibrations during erosion tests
(Figure 19).
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Figure 19. Pitot tube and instrumentation for measuring
pressure differentials used to calculate flow velocity

Sample configuration

60. A simple two-layered model was used to study the knickpoint phenom-
ena. The top layer was always the more resistant layer and allowed the under-
cutting of the less resistant bottom layer (Figure 20). The two-layered
system was similar to the Type C case of Brush and Wolman (1960) which allows
rapid parallel retreat of a knickpoint. In the WES flume studies the bottom

of the flume served as a nonerodible lower layer.

thickness of more resistant layer

a
b

thickness of less resistant layer

Figure 20. Conceptual two-layered system with the capping
layer more resistant than the lower layer
61. A Plexiglas sample holder was designed so that a two-layered sample
could be prepared, stored in the laboratory, and then transported and
installed in the flume prior to testing. Several sample holders were con-
structed so that one sample could be tested while another was being prepared.

The sample holder is 3 ft long and 11 in. wide, but the length of the sample
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could be adjusted by inserting dividers at the desired length. When the sam-
ple holder was completely filled with material it weighed as much as 90 1b.

As testing progressed, it was learned that all the area in the holder was not
needed to produce the desired test results; therefore, smaller samples were
constructed which were more easily handled. Also, for some of the latter
tests Plexiglas layers were used to simulate nonerodible upper rock layers. A

typical two-layered sample is shown in Figure 21.

Figure 21, Two-layered sample ready for testing
in the flume

62. The height of the knickpoint was fixed at 6 in. for all the flume
experiments, This allowed for several variations in thickness ratio between
the erodible and nonerodible layers. Test specimens having stratigraphic
ratios (erodible layer thickness)/(noneroding layer thickness) of 1:5 to 5:1

were tested.
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Data Acquisition and Documentation

63. Data from each test were recorded on a formatted work sheet. These
work sheets contain pertinent information such as the configuration of the
flume during the tests and detailed data on the sample composition and config-
uration. Other data provided include: flow characteristics of water, head-
water and tailwater depths, pressure differentials (for calculating velocity),
temperature of the eroding water, test duration, and any other important
observations. The flume test data sheets are presented in Appendix A.

64. Many of the flume tests were recorded with a video camera. The
video camera proved to be an invaluable tool for studying and documenting the
erosion process. The ability to stop the turbulent action was critical in
understanding the failure mechanisms that were observed. Velocities of parti-
cles in the turbulent flow were calculated by using stop action and a measured
grid. Photographs were also taken as appropriate to document specific aspects

of the tests.

Procedures

Sample runs
65. Due to the iterative nature of erosion research and the lack of

precedence for the kinds of tests which were conducted, several types of sam-
ple runs were made. The first type of test was designed to provide informa-
tion needed to produce a rock simulant which would erode in a realistic
manner, The ideal material had to not only erode within a reasonable time but
also maintain enough strength to reproduce the failure mechanisms observed in
the field. Tests SACON 1-I (shock absorbing concrete mixes) thru SIGEL 1-5
(sodium gilicate mixes) were used to determine the erosive properties of weak
concrete mixes, shock absorbing concrete, sodium silicate mixes, and Knox
gelatin mixes. The second type of test, SILGEL 4-1, was conducted to
reproduce a worst case scenario for rapid headward erosion. A third type of
test, PLEXIGEL 2-2 thru PLEXIGEL 3-12, was for the purpose of determining the
effect on headward erosion caused by varying the thickness of the capping
layer while keeping all of the other variables constant.

66. A fourth type of test investigated pressure differentials associ-
ated with the establishment and maintenance of the knickpoint. The fifth type
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of test determined the effects of the shape of the lip of the overfall on the
formation and maintenance of the knickpoint,
Control of flow

67. Flow control during the tests was maintained by controlling the
pump valve and the tilt of the flume. Flow conditions were reproduced for
various geologic conditions by maintaining identical headwater heights and
flow velocities for similar tests. The velocities were measured by the Pitot
tube method described previously. Because the cross sectional area of the
flume was known, the volume of flow per unit time could easily be calculated.

Test duration

68. Duration of each test run was highly variable depending on the type
of test being conducted. The tests were designed to be completed in a reason-
able amount of time, usually 30 min to 1 hr. Since most of the tests were
simulating relatively short-lived, dynamic flow events, as opposed to long-
term, equilibrium-producing flows, the shorter tests times appeared reason-~
able, The length of the tests ranged from 9 to 125 min.

Volume of eroded material

69. The volume of eroded material was determined by replacing the end
plate on the sample holder after the end of each test, sealing the end plate
to prevent leakage, and filling the eroded space with water. The volume of
water required to fill the void is equal to the volume of the eroded material
for a given test,

Velocity of particles in turbulent flow

70. By using a grid on the side of the flume in conjunction with the
video recorder and stopwatch, the velocity of particles in the turbulent flow

was calculated. The detailed procedures are given in Appendix B,
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PART IV: DESIGN OF SIMULATED ROCK FOR FLUME TESTS

71. Because of the lack of detailed guidance in the literature, a great
deal of research had to be performed to design a material which would satis-
factorily simulate natural rock under knickpoint erosion conditions. The
original logic was that, because the flume that was used for the tests had
extremely high velocity capability, the rock simulant should be relatively
high in strength. It turned out that high velocities were not as critical as
originally thought and much weaker materials could be used. The details of
the mixes which were used are presented in Appendix C. A general discussion
of the various mixes which were tested is presented below, along with the rea-
sons why each one was chosen or rejected.

72, Perry (1982) used the flume to test cores of shale and sandstone
from the Woodbine and Eagle Ford Formations. He used very high velocities to
erode the materials. The natural materials which he tested were as hard as
weak concrete; therefore, the decision was made to start the knickpoint ero-
sion studies using a weak concrete mix to simulate soft to moderat.ly hard
rock, The weak concrete mixes did not erode at low velocities and at higher
velocities the knickpoint erosion and migration could not be reproduced. The
concrete mixes had several other disadvantages. They had to be tested at the
exact same time after mixing in order to obtain comparative results and at
very low strengths the results of strength tests could not be repeated.

73. Several types of concrete mixes were used in preliminary tests.
First, a portland cement, crushed limestone, and water mixture were used, but
proved to be too erosion resistant for modeling.

74, A light-weight cellular concrete consisting of foam, cement, and
water was designed by Bob Denson of the Structures Laboratory at WES. The
cellular concrete looked very promising in early tests because during erosion
the water remained perfectly clear and the details of the failure mechanisms
could be observed. Another advantage of using the cellular concrete was that
realistic fracture patterns could be carved into the upper surface of the
sample. However, the shock absorbing properties of the cellular concrete
made it erosion resistant.

75. Erosion along the traces of the fractures in the cellular concrete

looked very realistic; although, the knickpoint or headward erosion could not
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be reproduced. The cellular concrete may be so erosion resistant that it
could be used as a remedial measure to prevent erosion in special cases.

76. Knickpoint migration was accomplished by using a mixture of gravel,
chalk powder, cement, and water. However, the water became so cloudy that the
failure mechanisms could not be seen during the test.

77. Clay mixtures had been used by other researchers in previous
hydraulic modeling tests with some success, but, because of the need to keep
the water clear so that the details of erosion could be observed, the clay
mixtures were eliminated from further consideration.

78. Sodium silicate grout was the next material tested. Sodium sili-
cate has several advantages over the portland cement-based mixes. A distinct
advantage was that gravel could be placed into the holder and the sodium sili-
cate poured into the gravel until all the voids were filled. The sodium sili-
cate would then harden in place and the sample would be ready for testing.
This greatly simplified the sample preparation because only the sodium sili-
cate components had to be mixed and not the aggregate and the grout. Another
advantage of using the sodium silicate was that it kept the eroding water
clean. Mixing procedures, however, had to be very strict because factors such
as mixing time, temperature, and size of the sample being prepared all had to
be carefully controlled.

79. Although the sodium silicate mixes provided the most realistic rock
simulants under erosive conditions observed up to that point, the knickpoint
phenomena could not be reproduced consistently with two layers of sodium
silicate alone. A two-layered sample, with the capping layer composed of
sodium silicate cemented gravel and the underlying layer composed of gelatin
cemented gravel provided the most realistic results.

80. Knox gelatin has proved to be a valuable engineering tool in stud-
ies involving dynamically loaded foundations, ground motion propagation, and
seismic exploration phenomena. Cratering tests conducted by WES used a
gelatin model (Paek and Heller 1968). Gelatin mixed with gravel eroded very
well in preliminary flume tests. The gelatin mixes kept the water clear so
that failure mechanisms and the development of the air pocket under the over-
fall could be studied in detail. The recommended simulated rock for
reproducing the knickpoint migration phenomena for the velocities and geometry
which were used in this research is sodium silicate and gravel for the top

layer and gelatin and gravel for the bottom layer.
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PART V: HYDRODYNAMIC MECHANISMS

8l1. The phenomenon of undercutting has been documented for years, but
the actual mechanics involved were largely unknown. During the flume studies
conducted in this research the actual sequence of events, geologic conditionms,
geometries, and velocities necessary to cause undercutting were actually
reproduced and understood. The flume studies have demonstrated that the
mechanics of knickpoint migration or headcutting are controlled by the geome-
try of the knickpoint and the velocity of the flow. The geometry of the
knickpoint is in turn governed by the geology at the specific site. There-
fore, geology, in conjunction with topography, plays a key role in the initial
location of a knickpoint.

Drop Structure as a Knickpoint Analog

82. Because the knickpoint plays such an important role in emergency
spillway erosion, it is necessary to understand what is taking place at the
knickpoint from a hydraulics perspective. The review of literature directly
relevant to knickpoint formation and growth showed that the actual mechanics
which controlled the process were largely unknown. However, it was noted that
a hydraulic "drop structure" is geometrically very similar to a knickpoint.
Drop structures are installed at various intervals in steep channels to dissi-
pate energy and prevent scouring of the channel floor (Figure 22).

83. There is a great deal of energy loss in the area where the free
falling jet strikes the floor of the channel. The amount of energy loss has
been determined experimentally by Moore (1943). The energy dissipated at the
base of a free overfall is shown in Figure 23.

84, Based on the concept that drop structures are designed to prevent
scour and headward erosion, it seemed appropriate to assume that knickpoints
which happen to meet the same geometric and hydraulic standards would be much
less likely to have severe erosion potential. Conceptually, the overall
research effort was geared toward creating a model for a worst case scenario
for headward migration of a knickpoint and determining the role of stratig-
raphic variation on erosion.

85. In order for the calculations for the jet impact angle 6 to be

valid, the area underneath the waterfall must be vented to the atmosphere. If
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Figure 22. The hydraulic drop structure is geomet-
rically very similar to knickpoints and was used as
an analog to study the knickpoint migration phenom-
ena (after Henderson 1966). An explanation of the
symbols in the above figure is as follows:
Y = critical depth of flow above knickpoint
Z = height of knickpoint above datum
Y2 = depth of tailwater below knickpoint
Q1 = that portion of the initial discharge
that flows downstream
Q3 = that portion of the initial discharge
that flows back toward the overfall
= the point where the jet impacts
= the angle at which the jet impacts
= velocity of the jet
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this area is not vented a pressure differential will occur which will draw the
waterfall inward against the vertical face and cause severe erosion. The
unvented condition was used to study the worst case condition for undercut-
ting. In unvented conditions the waterfall can be drawn underneath a less
erodible layer at an angle greater than 90 deg.

86. The tailwater depth is critical in controlling the stresses that
are acting on the area underneath an overfall. For a particular set of
knickpoint or drop structure conditions, stresses will be transmitted to the
channel floor in proportion to the depth of the tailwater, Figure 24
(Robinson 1987) shows a plot of observed stresses and backwater depths from
tests using a 3-ft wide flume with a 2.5-ft overfall drop and a flow rate of
3.2 cu ft/sec. When the tailwater depth was greater than 2.5 ft the stresses
underneath the waterfall were negligible, but increased to a maximum of
0.36 1b/sq ft as the tailwater was lowered. The tailwater was lowered as much
as possible during the current modeling efforts so that the energy was at a

maximum.

46




E\XPERIMENTAL (MOORE)

14 N [
12 / /
/ 4
o / 7
/ |

4 o
6 A ,/\/(o
A
H—AS
N
4 // |
L// |
/ |
2 // *
4 |
0
0 2 4 6 8 10 12 14
E
7y

Figure 23. The energy (E) dissipated at the base of a
free overfall is dependent on the critical depth of the
water (Y) and the height of the fall (Z) (after

Henderson 1966), EL is energy dissipated
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(after Robinson 1987)

87. For headcutting to occur the reverse roller portion of the overfall

must be in close proximity to the vertical face of the knickpoint. The
reverse roller can come in contact with the vertical face in one of several
ways:

a. A vented knickpoint in which the ratio of height of fall zZ
depth of flow Y 1is greater than 8/1.

b. An unvented knickpoint in which negative pressures hold the
flow against the vertical face (Figure 25).

In the vented case, erosion is controlled by the flow conditions and the

knickpoint geometry.

Geometric Control

88. Calculations show that erosion is greater when the ratio of the

height of fall Z to critical water depth Y 1is greater than 8 to 1 for
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Figure 25. Schematic diagram showing
vented (A) and unvented (B) condi-
tions at a knickpoint

a minimum tailwater depth. Figure 26 shows the significance of the Z:Y
ratio in controlling the impact angle 6 . As the ratio of Z:Y becomes
larger the angle of impact approaches 90 deg and a higher percent of the orig-
inal discharge is entrained in the reverse roller portion of the jet. The
point of impact is controlled by the velocity of the flow going over the
knickpoint for a given height of fall,

89. The Q3:Q1 curve in Figure 26 shows that as the impact angle
approaches 90 deg a higher percentage of the total discharge volume is
entrained in Q3 and directed toward the vertical knickpoint face. The
velocities of rock particles in the reverse roller were measured using a video
recorder and stopwatch. The velocities averaged 0.71 ft/sec with a maximum

velocity of 1.4 ft/sec.
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90. Higher flow velocities move the point of impact further away from
the vertical portion of the knickpoint and reduce the potential for undercut-
ting. This is not intuitively apparent because in tractive force scour the
higher the velocity the more severe the erosion. For the modeling effort it
was decided to use the geometry and velocity that would bring the jet as close
to the vertical face of the knickpoint as possible.

91. Geology plays a critical role in determining the height of the

overfall. In areas where the spillway or natural stream is underlain by
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layered sedimentary units, the height of the overfall is controlled by the
distance between one erosion resistant layer and the next underlying resistant
layer. For example, in an area where the flow depth is typically 2 ft, a
16-ft section of resistant material overlying erodible material would yield a
Z:Y ratio of 8:1. These conditions would bring the overfall near the verti-

cal face.

Unvented Control

92. The above scenario 1s for the vented natural knickpoint. In the
unvented case the pressure differential can cause the water to be drawn
against the vertical face regardless of the Z:Y ratio. For any given set of
geometric and velocity conditions, the position of the trajectory jet and the
reverse roller associated with it could be reproduced in the flume. The flume
was modified to vent the area below the jet or nappe when desired and to mea-
sure the pressure in this region during unvented conditions (Figure 27).
Starting from a v nted condition (Figure 28), the unvented condition associ-
ated with accelerated erosion was reproduced by first increasing the discharge

and then decreasing the discharge (Figure 29).

Figure 27. Venting port installed in the side of the flume to
measure pressure differentials underneath the nappe
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Figure 28. Initial condition produced in the flume.
Note that the impact angle 6 1is small

Figure 29. Unvented condition produced in the flume.
Note that the impact angle € is near vertical
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The unvented condition was also established by raising the tailgate and flood-
ing the knickpoint and then lowering the tailgate (Figures 30 and 31). The
unvented highly turbulent condition was reproduced either by fluctuating the
discharge or by fluctuating the tailwater elevation,

93. By venting and unventing the area under the nappe, the position of
impact and the corresponding reverse roller can be positioned in a predictable
and repeatable manner. The pressures measured in the area under the nappe
ranged from 0.02 to 0.04 psi below atmospheric pressure to 0.03 psi above
atmospheric pressure. The positive pressures were noted during periods of
accelerated flow., These small negative pressures move the trajectory jet from
a position where no significant headcutting can take place to a position very
close to the vertical face of the knickpoint where the erosion potential is
extremely high.

94, The position of the tailwater also influences the location of
potential undercutting because, as the position of the tailwater moves up and
down, the jet creates turbulence on the vertical face of the knickpoint at an

adjacent position.

Hydraulic Similitude

95. The Froude numbers for flume Tests 3-1 through 3-12 averaged 1.35.
The Froude numbers for ten SCS spillway flows in Kentucky and six SCS spillway
flows in Mississippi were 1.2 and 1.03, respectively (Cameron et al, 1988a).
Because the Froude number is used to formulate the equations for similitude in
hydraulic scale modeling, portions of the results of the flume tests may be

used for studying larger knickpoints.

Effect of Key Geological Variables

Erodible layer thickness

96. A series of tests were designed to study the effect of varying the
thickness of the eroding layer on the unvented undercutting phenomena. It was
decided to use Plexiglas as the capping layer and gelatin cemented gravel as
the underlying erodible material. The variables such as velocity and duration

of flow were kept as low as possible during each test. Because of the
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Figure 30. Unvented condition being generated by flooding
the knickpoint and slowly lowering the tailwater level

Figure 31. Unvented condition as a result of lowering
the tailwater
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nonerodible nature of the capping layer, the sample could not fail incre-
mentally as would be the case under natural conditions. Instead, the reverse
roller worked its way headward only as far as the eroding layer thickness and
geometry of the turbulent flow would allow. When the volume of material
eroded was plotted against the ratio of the thickness of the eroding layer to
the diameter of the reverse roller it was apparent that the data fell into two
regimes as shown in Figure 32, The test results are tabulated in Appendix D.

97. For the geometry and velocity used in this series of tests the size
of the reverse roller was approximately 2 in. When the eroding layer was less
than 3 in. thick the reverse roller could not easily undercut and erode the
lower layer. As the thickness of the eroding layer was increased to more than
3 in., the erosion pattern drastically changed from that of removing a parti-
cle at a time to a pattern which involved mass failures of the gelatin-gravel
mix, This pattern of erosion indicates that i1f the thickness of the erodible
layer, in a two-layer system, is greater than about 1.5 times the diameter of
the reverse roller created at a particular knickpoint, shear strength of the
material being eroded becomes a significant factor and the migration rate of
the knickpoint increases.

Shape of the overfall lip

98. Hydraulic engineers have designed the best shapes for various weirs
and drop structures to take advantage of the negative pressures generated by
running water., A few simple tests were conducted to investigate the effects
of altering the shape of the overfall lip, The previous tests were conducted
with an abrupt 90-deg angle for the overfall 1lip. Of particular interest was
the rounded 1lip, because in nature many knickpoints become rounded relatively
soon, It was found that for the geometries that were used during this
research, rounded overfall 1lips enhanced the negative pressure conditions
below the nappe. The effect of a lip that extends beyond the face of the
knickpoint, as would be the case with a very resistant unfractured capping
layer such as the limestone ledges at Brownwood, was also investigated. It
was found that the air pocket beneath the nappe remained at lower than atmos-
pheric pressure and a large volume of water accumulated behind the nappe
(Figures 33 and 34).

Open fractures

99. The effect of open fractures at a knickpoint was demonstrated by

placing a 90-1b sample into the flume without securing it in place or sealing
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Figure 33. The extended overfall lip under vented conditions

Figure 34. The extended overfall 1lip under unvented conditions
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the space between the inner flume walls and the outer sampler holder walls.
When the flow in the flume started, the heavy sample was rafted downstream
within seconds. At a natural occurring knickpoint the same phenomena would
also be enhanced by the negative pressure underneath the nappe.

Maximum erosion rate

100. To put the headward erosion phenomena in proper perspective it was
necessary to demonstrate a worst case scenario. In this case situation the
failure mechanism had to be of a repetitive nature so that once the erosion
was initiated it would proceed headward until the entire simulated spillway
reach was eroded. The sample was designed to simulate an erodible layer
emplaced between a capping layer and a nonerodible lower layer. If the bottom
layer had been erodible a plunge pool could have developed which would have
dissipated energy and actually slowed headward movement. The tailwater was
kept as low as possible to maximize erosion and keep the reverse roller
positioned at the bottom of the erodible layer. By keeping the reverse roller
at the bottom of the softer material, the resulting undercutting also trig-
gered mass slumping and tension failure of the capping material. This test

dramatically demonstrated past peak erosion at its worst,
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PART VI: CONTROLS AND MECHANISMS IN THE FIELD

101. Four basic types of mass failure mechanisms are associated with
rapid headward migration of knickpoints:

a. Undercutting of a capping layer resulting in cantilever top-
pling of jointed or fractured caprock.

b. Undercutting of caprock resulting in tensile failure and top-
pling of caprock.

c. Undercutting or erosion resistant layer resulting in shear
failure of large blocks of material (slumping of water satu-
rated material would be included in this category).

d. Rafting of large blocks of jointed material as a result of
water entering joints or fractures,

The geology, coupled with the severity of the unvented condition, controls
which of these mass fallure mechanisms will dominate at a specific site. Case

histories for the following sites are given in Cameron et al. 1986.

Undercutting and Toppling of Fractured Caprock:
Saylorville Spillway

102, The Saylorville spillway exhibits several types of mass failure
mechanisms. The knickpoint in the vicinity of center line sta 22+00 was
chosen to illustrate a classic example of the undercutting and toppling of
fractured or jointed caprock (Figure 35). The caprock was described by the
US Army Engineer District, Rock Island (1984) as "an argillaceous limestone
which separated along joints trending N70°E with a 2 to 3 ft spacing.”" The
underlying erodible shale was described as "soft, gray, mottled, maroon shale
with joints trending N10°W and N75°E." The shape of the knickpoint indicates
that undercutting occurred in an unvented condition. The height of the knick-
point, approximately 3 ft, in relation to the depth of flow, 3 to 4 ft, would
not provide the necessary geometry for vented undercutting conditions to
occur., The sequence of failure is shown in Figure 36. It is postulated that
as the water impacted the vertical portion of the knickpoint, unvented under-
cutting occurred in the friable shale causing the blocks of limestone to
become unstable and topple (Figure 37). The toppling failure was aided by the
low pressure zone beneath the nappe which allowed the eroding water access

to any weak points such as fractures and weathered zones in both the limestone
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HIGH DISCHARGE KEEPS REVERSE
ROLLER AWAY FROM FACE (VERY™
LITTLE HEADCUTTING TAKING
PLACE)

/BLOCK SEPARATES AT JOINT

LOW PRESSURE

ZONE (UNVENTED CONDITION)
{ M
N

LOWER DISCHARGE REDUCES PRESSURE
UNDERNEATH NAPPE (DRAWS TURBULENCE
AGAINST FACE OF KNICKPOINT)

C Arraa N

L

UNDERCUTTING CAUSES TOPPLING FAILURE

OF LIMESTONE BLOCK (PROCESS IS REPEATED
ON THE NEXT BLOCK)

Figure 36. Combined effect of venting and geologic
controls on mass wasting at one knickpoint in the
Saylorville spillway channel
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and the shale. As joints were opened up in the limestone, water could enter

the fractures and raft out blocks in combination with the toppling failures.

Undercutting and Tensile Failure of Caprock:
Lake Brownwood Spillway

103. The Lake Brownwood spillway is a dramatic example of a knickpoint
which is controlled by a resistant unfractured continuous layer of limestone
(Figure 38)., Despite numerous flow events, the rate of headward migration is
relatively slow (Figure 39). The two resistant limestone sequences at the
site are separated by 30 ft of shale that contains thin sandstone interbeds.
The uppermost knickpoint, located near center line sta 4+00, was selected to
demonstrate an important failure mechanism involving undercutting and ten-
sional block failure. The sequence of failure mechanisms is shown in
Figure 40.

104. In the upper knickpoint the thick layer of more easily erodible
shale could have led to vented conditions in some flood events where the chan-
nel may not have been bankfull. If venting occurred, this would have mini-
mized the erosion potential during those events. In most flood events,
however, it appears that mass failure occurred in the following manner:

a. The flow peaked and the discharge began to decrease
(Figure 40).

b. As the discharge decreased, pressure underneath the nappe was
reduced and the jet moved closer to the face of the
knickpoint.

c. As the softer shale was removed, the space underneath the
limestone ledge became larger (Figure 40).

d. During low flow conditions on the declining side of the hydro-
graph, the low pressure zone below the nappe draws the reverse
roller under the overhang and flushes out much of the eroded
material,

e, Finally, as the overhanging limestone became more and more
unsupported, large blocks would fail in tension as shown in
Figure 40, topple and be transported downstream (Figure 41).

Influence of Rounded Lip at Knickpoint:
Saylorville Spillway

105. Saylorville spillway has an excellent example of a knickpoint with
a rounded lip. The knickpoint is located at center line sta 16+00, A resis-

tant siltstone overlies soft maroon easily erodible shale at this location.
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HIGH DISCHARGE KEEPS TURBULENCE
AWAY FROM KNICKPOINT FACE
g — — TENSION CRACK B
.
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l I [ 5 1
LOW PRESSURE ZONE
\
LOWER DISCHARGE REDUCES PRESSURE
UNDERNEATH NAPPE (DRAWS JET
AGAINST VERTICAL FACE OF KNICKPOINT)

UNDERCUTTING CAUSES LIMESTONE TO
FAIL IN TENSION (UNDERCUTTING STARTS
AGAIN AND THE PROCESS IS REPEATED
AFTER DEBRIS IS REMQOVED)

Figure 40. Schematlc diagram of the mass failure
mechanism at Lake Brownwood, Texas
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Figure 41. Knickpoint in the Lake Brownwood emergency

spillway (US Army Engineer District, Fort Worth 1971)
Rounded lips of this configuration were found to enhance the development of
unvented conditions in the flume tests. The degree to which undercutting has
occurred at this knickpoint seems to be more pronounced than the undercutting

shown at the knickpoints where the 1ip is more angular.

Undercutting of Resistant Material Resulting in Shear
Failure of Large Blocks of Material:
Black Creek Spillway

106. Black Creek spillway in Holwmes County, Mississippi, represents an
ideal condition to investigate the undercutting and shear failure of large
blocks of material. The knickpoint formed at Black Creek differs from the
knickpoints described at Saylorville and Brownwood in that the capping layer
is not as resistant nor is the contact between the capping layer and the more
erodible layer as well defined (Figure 42). The capping layer at Black Creek
spillway was composed of loess and the underlying layer was composed of sand,
silt, and gravel., The erodible sand and gravel layer extended completely
underneath the spillway to the lake., A man-made knickpoint in the form of a
roadbed was located where the sand and gravel cropped out. A probable
sequence of failure 1s proposed:

a. As flow increased, the embankment formed by the road caused an
unvented knickpoint to develop. The turbulence caused the
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undercutting of the overlaying loess as the erosive force of
the water removed the easily eroded silt, sand, and gravel
(Figure 43).

b. As the peak of the flow passed the negative pressure below,
the nappe increased and the reverse roller was able to
undercut the loess even further (Figure 43).

c. The loess failed in shear and large 2- to 3-cu ft blocks were
transported downstream (Figure 43).

107. The flume studies of the effect of varying the thickness of the
eroding layer showed that not only does the capping material fail in shear but
also the material underlying an erosion resistant layer can fail in shear if
the thickness 1is greater than the diameter of the reverse roller.

108. A variation of this failure mechanism develops when a lower perme-
able unit is saturated and in a quick condition prior to the flood event and
flows from beneath the capping layer. Undercutting can extend for a consider-
able distance regardless of the position of the reverse roller. Either of

these mechanisms could have occurred at Black Creek.

Uplift and Rafting of Large Jointed Blocks:
SCS Virginia Site 81

109. The SCS Virginia Site 81 was chosen to demonstrate another impor-
tant mass failure mechanism which causes the erosion of large volumes of
material, but is not usually as dangerous or structure~threatening as the
aforementioned undercutting mechanism (Soil Conservation Service 1985a). This
type of failure mechanism is important where the capping layer is thick in
relation to the more erodible underlying unit. If the underlying erodible
unit is thin the amount of undercutting will be relatively small. In some
jointed rocks, hard layers are present which have no soft interbeds between
them. In this case the classic stairstep erosion pattern can evolve by raft-
ing and uplift without undercutting taking place (Figure 44).

110, Even though there is not an erodible underlying unit, the unvented
nappe still plays a critical role in the headcutting process. If the unvented
condition dominates at the knickpoint, the jet of water will be drawn to the
vertical face and attack whatever weak points exist, such as a thin erodible
sedimentary unit or weathered or secondary material within fractures (Fig-
ure 44). The resistance of a block to uplift 1is controlled by its shape,

weight, and the shear forces between adjoining blocks., As the material
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PROCESS IS REPEATED)

Figure 43. Schematic diagram of the mass failure
mechanism at Black Creek spillway
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HIGH DISCHARGE KEEPS TURBULENCE 3
AWAY FROM KNICKPOINT FACE
LOW PRESSURE UNDER NAPPE HELPS
PULL WATER INTO FRACTURES

AV

LOWER DISCHARGE REDUCES PRESSURE UNDER
NAPPE (NO UNDERCUTTING BUT COULD HELP
CLEAR FRACTURES OF WEATHERED MATERIAL
OR SECONDARY FILLINGS)

AV,

WATER ENTER FRACTURES AROUND 600 LB BLOCK,
LIFTSIT, AND MOVES IT DOWNSTREAM

Figure 44. Schematic diagram of the mass failure mechanism
at SCS Virginia Site 81
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surrounding a block is eroded the water has access to the fractures. The
negative pressure in the unvented knickpoint aids in drawing water into the
fractures from above the knickpoint. Elevated pore pressures within the
bounding fractures combined with removal of any downstream restraining blocks
can lead to erosion of the block (Figure 44), As each particular block is
displaced and moved downstream, the knickpoint moves upstream and the process

is repeated.

72




PART VII: KNICKPOINT MIGRATION

Geometric Factors

111. The mechanisms defined by this research offer an explanation as to
why severe knickpoint migration occurs sporadically and at relatively low
flows as opposed to at peak flows. By evaluating the knickpoint as a vented
or unvented drop structure, the conditions necessary to position the reverse
roller for maximum undercutting can be predicted. Erosion thresholds are con-
trolled by various combinations of knickpoint geometry and flow velocity. The
geometry in turn is controlled by the site geology.

112, The point of impact of the water jet must be near the vertical
face of the knickpoint for maximum undercutting. Under these conditions the
angle 6 at which the water jet strikes at the base of the knickpoint is
approximately 90 deg (Figure 45). In a vented condition, when the ratio of

Y=1¢

A

ANGLE OF IMPACT > 75°

) A

Figure 45, Position of the water jet in a geometrically controlled
knickpoint at the lower limit of maximum undercutting (Z/Y > 8/1)
in a vented condition
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Z:Y 1is 8:1 or greater and the tail water is low, the angle of incidence

approaches 90 deg, and geometrically controlled erosion is enhanced
(Figure 46).
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Figure 46. Plot of Z/Y and © to show critical ratios
needed for maximum headcutting in the vented condition
113. In the unvented condition, the low pressure zone below the nappe

draws the water jet into the face of the knickpoint and maximizes the erosive
effort of the reverse roller. These negative pressures below the nappe also
have a significant impact on knickpoints developed in fractured competent rock
units. Water is drawn through fractures or pores toward the low pressure
areas resulting in increased pore pressures and reduced shearing resistance

(Figure 47). Figure 48 shows how the pressure can vary at different points in
the knickpoint environment.
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m INFERRED EXCESS FRACTURE PRESSURE DISTRIBUTION
" DUE TO DYNAMIC FLUID IMPACT PRESSURE,
ASSUMING DRAINAGE TO FACE

S  SLIDING RESISTANCE: (ONLY RESISTING COMPONENT)
W  SUBMERGED WEIGHT OF THE BLOCK
E=] INFERRED NEGATIVE PRESSURE IN UNVENTED CASE
7 FLUID BOUNDARY STRESS

L INDUCED LIFT DUE TO FLOWING FLUID

Figure 47. 1Inferred pressure differentials at a knickpoint char-
acterized by widely spaced fractures in the capping rock
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d3= LENGTH OF FACE SUBJECTED TO
REVERSE ROLLER IMPACT PRESSURE

Figure 48. Schematic diagram showing inferred complex variations
in pressure which can enhance erosion potential at a knickpoint
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Geological Factors

114. Knickpoint failure mechanisms described in this research are for
two-layered geologic systems. One, or more, of these mechanisms probably
occur during each flood event. The most dangerous erosive condition appears
to occur when one dominant failure mechanism can act unimpeded along the
spillway channel length.

115. Of the four major types of mass failure mechanisms associated with
knickpoint migration, the worst case is where a laterally extensive low
strength material is undercut, such as at a knickpoint in a fining-upward
alluvial sequence where the reverse roller erodes the sand and gravel layer
and the upper silt and clay capping layer fails. The next severe case is
where a continuous resistant, but open, jointed layer is being undercut. In
situations where large blocks are lifted and moved without undercutting a
large volume of material can be eroded. However, this situation is not
believed to be structure~threatening during short-term flow events character-
istic of emergency spillways. The most stable knickpoint occurs where an
unfractured, very resistant capping layer is being undercut and is failing in
tension.

Hydrologic Factors

116. This research indicates that certain erosion thresholds are
reached at a given knickpoint as the discharge changes. Figure 49 shows the
relative amount of undercutting that takes place as the discharge is increased
from zero to peak flow and then decreased back to zero flow. This discharge
pattern is very similar to hydrographs of actual emergency spillway flow
events. It is possible that maximum unvented undercutting could take place
throughout the entire hydrograph if the peak flow does not exceed the upper
flow threshold. As the discharge increases, changes in water depth and turbu-
lence cause the nappe to move further from the vertical face and erosion to
decrease. For the assumed knickpoint conditions in Figure 49 no headcutting
takes place above the upper threshold. For the unvented condition the amount
of erosion due to undercutting is much more severe and continues during a
greater portion of the hydrograph. Frequently, the falling limb of the hydro-
graph has a flatter slope than the rising limb which causes a greater period

of erosion.
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Figure 49. Unvented and vented knickpoint erosion thresholds
for a hypothetical emergency spillway hydrograph
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117. A qualitative summary of the conditions important in predicting
undercutting and mass failure mechanisms at knickpoints in terms of the Z:Y
ratio, venting, and position on the hydrograph is shown in Table 2., Knick-
point erosion is given in relative terms in Table 2 because geologic condi-

tions and the character of the flood hydrograph are site specific.

Table 2

Knickpoint Erosion as a Function of Z/Y ,

Venting, and Hydrograph Position

Position on Hydrograph

Vented Z/Y Ratio Rising Limb Falling Limb
Yes >8/1 Erosion Erosion
Yes <8/1 None None
No Not critical Erosion Erosion

Remedial Considerations

118, Accelerated knickpoint migration represents a significant risk to
the stability. of the spillway channel and reservoir and a life safety hazard
to the public downstream. The results of this and other related research
studies suggest that remedial and/or operational concepts can be applied to
reduce the severity of knickpoint migration. Remedial measures fall intc two
general categories; modify the channel conditions or control the flow condi-
tions (Cameron et al. 1988b).

119, Channel modifications to ensure vented conditions provide the
greatest reduction in knickpoint migration. Modification of the capping rocx
to increase shearing resistance or reduce toppling through the installation of
rock bolts or soil nails will reduce migration by stabilizing the resistant
layer. Installation of drain holes in fractured, competent rock units to
drain the fractures will reduce pore pressures and increase stability. The
use of "dental" concrete to remove abrupt channel floor irregularities will
reduce impact pressures at fractures and reduce pore pressures within frac-
tures. Dental concrete should be considered whenever the structural discon-
tinuities are oriented into the flow such that dynamic impact pressures can be

directed below the blocks. In cases where a knickpoint may develop within a
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stratigraphic sequence, such as the fluvial section of Black Creek, a complete
cutoff wall to below the erodible layer may be necessary. Such walls should
always be considered at the downstream end of the concrete spillway apron
because the apron can act as the capping layer and concentrate undercutting
below the structure.

120. Knickpoint migration can also be reduced bv controlling the flow
in the spillway channel, Dams equipped with gated emergency spillway struc-
tures should be operated such that the flow is either below or above the
threshold flows for knickpoint erosion. At uncontrolled spillway structures,
some flow control may be possible if the outlet works and/or power plant con-
duits are managed to control spillway discharges.

121. Because this research dealt primarily with emergency spillways,
the summary was given in terms of a theoretical hydrograph. It should be
remembered, however, that the unvented condition with resulting erosion
potential can be generated by falling tailwater levels as well as increasing
discharge. Thus, it is as important to properly manage the tailwater levels
as it is to manage the channel discharge if knickpoint migration risks are to

be reduced.
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PART VIII: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

122, Based on the literature review, laboratory test results, and anal-

yses of field data, the following conclusions can be drawn from this research:

a.

|o

Techniques developed in this research can be used to hydrau-
lically model certain aspects of headcut erosion using rock
simulants. Rock simulants consisted of various combinations
of sodium silicate cemented gravel, gelatin cemented gravel,
and Plexiglas. These materials eroded in a very realistic
manner and kept the eroding water clear.

The major types of mass failure mechanisms observed in the
field at sites where severe headward erosion had occurred can
be reproduced in the laboratory by the techniques developed
during this study.

Knickpoint migration occurs where a relatively continuous
resistant capping layer overlies a less resistant layer.

The headcutting or knickpoint migration phenomenon is depend-
ent on the geometry of the knickpoint and the velocity of the
water. The geometry of the knickpoint is dependent on the
geology at a specific site. The geometry of an undeveloped
knickpoint can be predicted if enough geologic information is
available.

The highest rate of headcutting does not necessarily corres-
pond to the highest velocity or discharge. Laboratory results
have shown that headcutting can be negligible at higher velo-
cities and accelerate greatly as the velocity is reduced.

In order for maximum headcutting to take place, the falling
jet of water must impact near the vertical face of the knick-
point. At very high velocities the impact area of the jet is
far enough away from the vertical face that very little force
is acting directly on the face. The angle of impact must also
be steep enough so that a high percentage of the discharge in
the falling jet is directed back and underneath the overfall
as a reverse roller,

The angle of impact and the point of impact can be calculated
for a "vented" knickpoint. If "unvented" conditions prevail
standard calculation methods are invalid. Unvented conditions
can occur when the nappe is confined within parallel walls
downstream of the knickpoint.

Unvented knickpoints in laboratory tests accelerated headcut-
ting by orders of magnitude other than at vented knickpoints.
The low pressure underneath the nappe drew the jet closer tc

the vertical face of the knickpoint causing severe undercut-

ting. Not only was the position of the jet moved to where it
would do more damage, the discharge for a given head was
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increased because of the reduced pressure., Because of the
rectangular shape of many spillways and natural channels,
unvented conditions are probably common,

In laboratory tests, when unvented knickpoints are vented, the
jet moves away from the vertical face of the knickpoint and
undercutting ceases. Depending on the geometry of the knick-
point and the velocity of flow an unvented knickpoint that is
vented will remain or gradually become unvented again as the
air under the nappe is removed.

The diameter of the reverse roller portion of the jet remains
relatively constant for the dimensions of the knickpoint and
flow conditions.

For the reverse roller to undercut effectively, the erodible
layer has to be at least as thick as the diameter of the
reverse roller. When the thickness of the erodible layer
exceeds the diameter of the reverse roller, mass failure
mechanisms such as slumping play ar important role.

The similarity between the Froude numbers in many of the
spillway flows examined in the field and the Froude numbers
generated in the flume studies suggest that the principles of
hydraulic similitude can be applied.

Approximations of the velocities of turbulent water under an
overfall can be accomplished by measuring the velocities of
particles in the reverse roller by using a video camera and
stop action.

Recommendations

123, Based on this research dealing with the effect of stratigraphic

variability and venting of headcutting in layered rocks, the following recom-

mendations are made:

a.

=%
L)

Acquire detailed geologic information at spillway sites where
flow has occurred or is expected to occur.

Instrument and monitor field sites where knickpoints already
exist to determine the extent of the unvented condition.

Begin the design of devices to vent naturally occurring
knickpoints after the extent of unvented knickpoint problems
in the field is determined. Preventive devices and devices
that could be used during flood event should also be
evaluated.

Conduct additional flume studies to better understand the
pressure differentials at the knickpoint in relation to the
rate of headcutting in various geologic materials.
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Carry out large-scale flume and field investigations to
quantify the relationship between the thickness of the lower
erodible layer and the diameter of the reverse roller.

Initiate studies to determine the application of hydraulic
similitude to modeling of knickpoint prototypes.

Incorporate the mechanisms causing unvented scour into a
recently developed discrete element computer model for
transport of eroded material.

Analyze current reservolr discharge practices in regard to the
past peak headcutting phenomena.

Conduct studies to determine equations for turbulent flow
velocities using a video camera.
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APPENDIX B

METHOD OF ESTIMATING PARTICLE VELOCITY IN TURBULENT FLOW




1. 1In order to estimate the velocity of flow in the turbulent reverse
roller, a 1-in. grid was placed on the side of the flume in front of the video
camera. A stop watch capable of measuring to hundredths of a second was posi-
tioned in line with the reverse roller. Using stop action, particles were
tracked across the grid and the time recorded. The particles tended to stay
in the same plane of rotation once the reverse roller was set in motion. The

following table presents the particle velocity data.
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Particle Velocity

Particle Distance Time Velocity
No. in, sec in./sec
1 1.7 0.22 7.7
2 1.7 0.16 10.6
3 0.9 0.16 5.6
4 1.9 0.16 11.9
5 1.7 0.08 21.3
6 1.9 0.12 15.8
7 1.0 0.12 8.3
8 1.2 0.12 10.0
9 1.6 0.24 6.7
10 1.0 0.14 7.1
11 1.2 0.16 7.5
12 1.7 0.13 13.1
13 1.5 0.22 6.8
14 1.0 0.20 5.0
15 1.8 0.22 8.2
16 1.4 0.20 7.0
17 0.8 0.16 5.0
18 1.7 0.16 10.6
19 0.8 0.16 5.0
20 1.3 0.20 6.5
21 1.3 0.16 8.1
22 1.8 0.28 6.4
23 2,0 0.38 5.3
24 1.8 0.22 8,2
25 1.7 0.16 10.6
26 1.2 0.14 8.6
27 2,2 0.18 12,2
28 1.1 0.12 9.2
29 1.2 0.22 5.5
30 2.1 0.12 17.5
31 1.8 0.18 10.0
32 1.5 0.26 5.8
33 1.9 0.34 5.6
34 1.6 0.26 6.2
35 1.5 0.16 9.4
36 1.1 0.16 6.9
37 2.3 0.16 14.4
38 1.2 0.10 12,0
39 0.9 0.14 6.4
40 1.1 0.12 9.2
41 1.0 0.16 6.2
42 1.9 0.38 5.0
43 1.3 0.22 5.9
44 1.4 0.18 7.8
45 0.8 0.16 5.0
46 1.8 0.16 11.2

(Continued)
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Particle Velocity (Concluded)

Particle Distance Time Velocity
No. in. sec in./sec
47 1.1 0.22 5.0
48 1.9 0.28 6.8
49 1.0 0.16 6.2
50 1.2 0.16 7.5

Average velocity = 8.5 in./sec.
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APPENDIX C

MIX DESIGNS AND PROCEDURES




1. Appendix C

contains the mix designs and procedures for the various

mixes tested during this study. All the mixes are given because the ones that

were not suitable for our particular flume velocities could possibly be useful

in future modeling or remedial action efforts,

Cement Mixes (Cellular Concrete)

Mix
JM-1(bot)
JM=-3(top)

JM-10(top)
JM-11 (bot)

JM-12 (bot)
JM-13(top)

Cement Water Foam Water Density
1b 1b cu ft Cement 1b/cu ft
26.0 20.8 0.535 0.80 47.0
36.6 16.9 0.540 0.46 53.5
22.0 11.0 0.71 0.50 33.0
12,0 6.0 0.84 0.50 20,0
16.1 7.0 0.81 0.43 24,9
25.8 12,7 0.67 0.49 40,0

2. The cellular concrete was prepared by first adding the cement to the

water in the mixer.

The preformed foam was then added in an amount less than

the required theoretical amount. A unit weight determination was made and the

remaining amount of foam was calculated and added to the mixture to obtain the

required unit weight,

Cement Mixes (Concrete)

Mix

JM-1G(top)
JM-2G(bot)

Mix

JM-3G(top)
JM-4G(bot)

Lime
Cement Water Dust Gravel Density
1b 1b 1b 1b 1b/cu ft
4.9 9.8 18.4 113.7 146.8
1.5 9.8 18.8 116.0 146.3
Lime
Cement Water Dust Limestone Density
gr 1b 1b Cement 1b/cu ft
27.0 4.5 2.8 18.0 158.1
40.0 16.0 10.0 63.0 128.9

3. The limestone aggregate concrete was prepared by mixing the dry

components in the mixer and then adding the water until mixing was complete.
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Sodium Silicate Mix

Sodium Setting
Silicate Agent Water
Mix ml ml __al
18(top) 200 40 760
19(bot) 100 50 850
20(top) 150 50 800
21)bot) 60 40 900
22(top) 100 100 800
23 (bot) 50 50 900

4, The sodium silicate mix was prepared by adding 25 percent of the
total water to the sodium silicate and mixing well. Next, the setting agent
was added to the remaining 75 percent of the water in a separate container.
The setting agent and water was then added very slowly to the sodium silicate
and water and mixed for about 2 min and then poured into the mold containing

the dry gravel.

Gelatin
Knox
1 Water Gelatin
Mix gr gr
0.031 2,500 77.5
0.025 2,500 62.5
0.015 2,500 37.5

1Gelatin mix was identified by the gelatin/
water ratio.
5. Approximately half of the water was mixed with the gelatin at a tem-
perature of 75° C. The remainder of the water at a temperature of 0° C was
added and mixed thoroughly. The mixture was then poured into the mold con~

taining the dry gravel. The setting time was usually 4 to 5 hr,
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APPENDIX D

SUMMARY OF FLUME TEST DATA




The following table presents the results of the knickpoint erosion test

data for the Gelatin mixtures.

Layer Thickness

Top Bottom Duration Vel Volume 2
No. in., in. min ft/sec cu cm Mix
2-1 0.5 5.0 97.0 0131
2-1A 0.45 5.0 i1.0 0131
2-1B 0.45 5.0 42.0 1000 0152
2-2 0.45 5.05 34.0 2619 0140
2-3 0.95 4,55 36.0 1.34-1,57 3216 0140
2-4 1.35 4.15 41,0 1.5 -3.51 2270 0140
2-5 1.80 3.70 35.0 2.21-2.45 1545 0150
2-6 1.80 3.70 - - - 0150
2-7 1.80 3.70 84.0 90-2.30 1000 0310
2-8 3.45 2.05 80.0 1.68-2.80 901 0310
29A 3.90 1.60 87.0 1.63-2.86 288 0310
29B 2,55 2.95 67.0 1.68-2.50 1127 0310
2-10 1.85 3.65 65.0 1.60-2.50 1744 0310
2~-11 1.80 3.70 35.0 2.50-3.33 810 0310
2-12 1.4 4.1 35.0 1.64-2.83 190 0310
2-13 0.9 4.6 35.0 1.64-2.88 50 0310
2-14 0.45 5.05 32.0 1.81-2.78 250 0310
2-15 4.0 1.50 33.0 1.59-2.28 86 0310
2-16 3.5 2.0 39.0 1.80-2.88 3 0310
2-17 3.0 2.5 33.0 1.64-2.34 390 0310
2-18 3.5 2.0 39.0 1.64-3.01 223 0310
2-19 2.6 2.9 43,0 1.49-2.54 325 0310
2-20 1.8 3.7 35.0 1.60-2.83 657 0310
2-21 3.5 2.0 32.0 1.61-2,58 163 0310
2-22 3.5 2.0 35.0 1,68-2.67 10 0310
3-1 0.45 5.05 29.0 1.62-2.75 - 025
3-2 0.45 5.05 - - - 025
3-3 0.9 4.6 57.0 1,60-2.78 600 025
3-4 0.45 5.05 27.0 1.62-2.72 1316 025
3-6 0.9 4.6 28,0 1.89-2.64 906 025
3-7 1.35 4,15 25.0 1.80-3.13 760 025
3-8 1.8 3.7 26.0 1.64-2.75 156 025
3-9 2.6 2.9 32.0 1.85-320 164 025
3-10 3.0 1.5 30.0 1.,88-2.70 121 025
3-11 3.5 2.0 27.0 1.93-2.64 156 025
3-12 4.0 1.5 29.0 1.65-2.86 224 025
4-1 0.5 5.0 9.0 1.9 all N/A
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