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ABSTRACT

This study involved evaluation of the effects of 16 experimental discharge test from Glen Canyon Dam
on sand bars along the Colorado River in Glen and Grand canyons, Arizona. This series of test flows
was designed by the Bureau of Reclamation’s Glen Canyon Environmental Studies Phase II (GCES-II)
program to bracket the range of discharge parameters that comprise normal dam operations. We
collected and analyzed ground-based topographic and bathymetric survey data from 33 sand bars
during test flows from September, 1990 through July, 1991. These results may be useful for the GCES-
II/ EIS process and for the testing of sediment transport models under development in long-term studies
by the U.S. Geological Survey.

Fluctuating discharges from Glen Canyon Dam affected the geomorphology and stability of downstream
sediment deposits in Glen and Grand Canyons during the GCES-II test flows. Changes in topography,
volume and area occurred on sand bar faces in what we termed the "hydrologically active zone" (HAZ),
lying between 142 and 900 m ¥sec stage elevations. HAZvolume change rate (%VCR)and HAZ areal
change rates varied on a bi-weekly basis between the 29 study sites for which sufficient data were
available and between the 16 test flows. From late summer, 1990 through July, 1991, three bars (10.3%)
sustained significant net losses of HAZ sand, eleven bars (37.9%) remained relatively unchanged, and 15
bars (51.7%) gained sand. The 29 sand bars under study sustained a mean aggradation of 2.9% by
volume (s.e. = 2.6%) between 27 October, 1990 (the first run for which survey coverage was virtually
complete) and 31 July, 1991. During that period the total 87,435 m®of HAZ sand under study

decreased by 1,034 m>(1.2%) because several large losses occurred at a few sites, in contrast with the

- general condition of near-equilibrium observed on most sites.

Factors influencing sand bar stability included geomorphic setting, distance downstream, season,

recreational use intensity and flow regime parameters. Although mean %VCRwas approximately equal

between reattachment and separation bars (mean %VCR = 0.040 and 0.037 percent/d, respectively), the

standard deviation on 13 reattachment bars was 0.072 percent/d, one third greater than that of

separation bars (0.054 percent/d). This finding supports the assertion that reattachment bars are less

stable than separation bars. Bar instability increased with distance downstream from Glen Canyon Dam,

perhaps attributable to sediment supply. Fall and winter flows in 1990-1991 were generally erosive,

whereas some spring and summer flows were aggradational; however, this seasonality effect may also

reflect sediment contribution by tributaries. Recreational use intensity was not significantly correlated .
with sand bar erosion or aggradation.

Constant and controlled low-fluctuation test flows resulted in little change or in degradation. Three of
five regular, high-fluctuation flows of short duration resulted in system-wide aggradation of HAZ sand
volume, while two such flows resulted in system-wide degradation. Each of the three constant flow tests
resulted in stable or slight net erosion of HAZ sand volume.

Aggradational events were correlated with regular, highly fluctuating flows coupled with significant
tributary sediment input. High stage levels (larger fluctuations) were required to deliver sand to higher
elevations. Aggradation was observed following three of the five high-fluctuation flows ("E","D"and
normal summer in June, 1991), whereas one of the high fluctuation flows ("G"in 1991) was strongly
degradational and the other ("F"in 1991) resulted in little net change. Two of the three aggradational
flows occurred following significant sediment input events from tributaries; however, the normal summer,
1991 flow was not associated with sediment input. In addition, two minor aggradational flows ("Normal
Fall"in 1990, and "C"in 1991) were associated with minor pulses of sediment input.

Antecedent conditions exerted an important influence over subsequent %VCRunder daily fluctuating
flow regimes. A significant pattern of cyclic aggradation and degradation characterized these sand bars.
Periods of aggradation tended to be followed by periods of degradation, particularly when large-
fluctuation flows were followed by low-fluctuation or constant flows.




INTRODUCTION

Problem Statement

Sand bars (beaches) along the Colorado River downstream of Glen Canyon Dam exist as ephemeral
storage sites for (primarily) sand in transport through the Glen and Grand Canyons. Recent concern
regarding the stability of sand bars under fluctuating discharges from Glen Canyon Dam prompted
interest in research under the Glen Canyon Environmental Studies Phase IIprogram (Bureau of
Reclamation 1990). As part of this program, a series of test flow releases from Glen Canyon Dam was
conducted from June, 1990 through July, 1991 (Figure 1; Appendix A). This preliminary report presents
the results of an interagency research project designed to evaluate role of antecedent conditions,
discharge parameters and seepage-driven erosion (a ubiquitous form of erosion) on sand bar stability in
this system. Additional sedimentological studies are underway by the U.S. Geological Survey.

Sand bar management along the Colorado River in the Grand Canyon involves three basic concepts
(Fig. 1).

1. Aleng-term sand balance must be maintained in the Colorado River corridor, including
critical river reaches. This means that the delivery of sand to the river downstream from Glen
Canyon Dam must, over the long term, equal or exceed the transport of sand out of the Grand
Canyon.

2. Along-term balance must be maintained between beach erosion (the translocation of sand
from beach deposits to the river channel below the low water line) and beach replenishment (the
translocation of river-transported sand to sites above the elevation of normal river flows).

3. Maintenance of a natural range of geomorphic features associated with ephemeral sand
margin deposits (e.g. bar platforms, backwaters, return channels) is also required.

THREE MANAGEMENT CONCEFTS
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Figure 1. Sediment management inthe Grand Canyon.
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Although simply stated, the application of these requirements to the management of sand bars in the
Grand Canyon is greatly complicated by the array of interacting processes, variables and time scales
involved in the delivery, transport, storage, and erosion of sediments along through this structurally
controlled river channel. The present project deals primarily with Concept No. 2, the composite erosion
and replenishment of sand bars and, specifically, emphasizes the role of groundwater seepage-induced
erosion of sand bars. The results of theoretical and empirical studies of seepage erosion and bank
stability, sediment storage and sand bar topographic responses to variable flow regimes at different time
scales, and includes a model to predict estimated sediment transport in the sediment-limited reach
between the confluences of the Paria River and the Little Colorado River (Concept 1).

Background Information

Present knowledge of the stability (aggradation, degradation) of fluvial deposits in the Colorado River
downstream from Glen Canyon Dam is based on sporadic profile surveys of about 30 sediment bars
since 1973, and occasional -aerial photography since 1965 (Howard, 1975; Howard and Dolan, 1981;
Beus, et.al, 1985 et subsequ.; Zink, 1989; Schmidt and Graff, 1990; Schmidt, 1989; Schmidt, et.al., in
press). These studies documented slight-to-significant instability of sediment deposits under the post-
dam fluctuating flow regimes, with bar building reported under the high flows of 1983-1986, and bar
erosion both prior and subsequent to that period. However, none of theses studies related bar
responses to the specific hydrologic conditions and associated processes which caused them. This is
especially true during the post-1986 period when annual flows were overlaid by highly variable daily

- release patterns associated with the operation of Glen Canyon Dam. This makes it very difficultto use

historic bar response to annual flows as a basis for evaluating bar response to alternative daily flow
release patterns resulting from dam operations.

This project arose from the need to identify what, ifany, differences in sand-bar stability result from
alternative daily flow release patterns. That information is required to relate dam operations alternatives
being evaluated as part of the Glen Canyon Dam EIS process to the management of beach resources in
the Grand Canyon. Ithas been assumed, based upon the results of earlier investigations, that increases
in the range and rate of daily flow fluctuations contributed to 1) increased sediment transport, and 2)
increased beach erosion due to the seepage of ground water from beach faces (USDI Bureau of
Reclamation 1990; Howard and McLane, 1988). However, neither of these assumptions had been
effectively demonstrated or quantified in the field during periods of normal (low and fluctuating) daily
dam operations. Implementation in 1990, by the Bureau of Reclamation, of a series of alternative
research releases from Glen Canyon, Dam provided an opportunity to evaluate short-term composite
beach response to alternative daily discharge patterns. Italso provided an opportunity to investigate the
causative processes of beach instability, including seepage-induced erosion. Other investigations
conducted as part of the GCES-II Program are investigating other aspects of the sediment management
issue, including main-stem sediment transport and sedimentation processes (especially sediment
deposition) in recirculation zones.

Objectives

The objective of this project was to evaluate how alternative discharge regimes affect the stability of
sand bars (beaches) along the Colorado River downstream from Glen canyon Dam.
The following project tasks were identified:




1. Prepare a site-specific model of the response of beach ground water to fluctuating river
stage, and of beach erosion resulting from ground water seepage from saturated beach faces.

2. Quantify the effects of alternative daily flow regimes on sand-bar stability (composite
aggradation and erosion).

3. Monitor intensively a sub-set of sand bars to a) develop continuous river stage and ground
water table profiles, b) monitor daily erosion, and 3) monitor major failure events.

4. Document, using existing data, the effects of past dam operations on beach distribution and
rates of change in beach volume.

5. To the extent possible, assess the effects of alternative dam operations on sand bar stability
for management decision making.

Project Design

This study was conducted under the auspices of the National Park Service Cooperative Studies Unit,
Flagstaff, Arizona, as part of the Bureau of Reclamation’s Glen Canyon Environmental Studies (GCES)
Phase IIprogram. This multi-institutional project involved researchers from Northern Arizona University
Department of Geology and School of Forestry, the University of Arizona Civil Engineering Department,
“the National Park Service at Grand Canyon and the Water Resources Division in Ft. Collins, the U.S.
Geological Survey Office in Tucson, Arizona, and the Bureau of Reclamation Glen Canyon Environmental
Studies Office in Flagstaff, Arizona.

The composite response of sand bars to alternative river discharge regimes was investigated using
several approaches (Fig.2). The investigation of seepage-induced beach erosion is keyed to the
development and application of a finite element ground water seepage and sand bar slope failure model.

GCES -
BEACH EROSION PROJECT
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Figure 2. The major research components of the GCES Phase II Cooperative Beach Erosion Project.
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The model was developed  from basic theory and was calibrated to Grand Canyon beaches based upon
a series of detailed studies at three "validation sites” (Colorado River miles -6.5R, 43.1L and 172.1L).
Validation studies involved intensive data collection and synthesis during the research flow period, using
concurrent data sets of river stage, ground water table response/dynamics, and sand bar face erosion.
The validated model permitted a relative comparison of the effects of alternative daily flow patterns on
beach erosion rates as caused by the ground water seepage process.

‘Short-term studies of bank bank movement and seepage erosion provided support for seepage erosion

processes and erosion rate estimates. Daily rates of change under fluctuating flow regimes were
examined at the Mile43 site. Detailed topographic changes were monitored on a daily basis and
experimental methods were used to reduce rillingerosion. Seven sand bars (including two of the
validation sites) were intensively monitored using terrestrial photogrammetry to identify the occurrence of
episodic beach failures in relation to daily flow patterns. Daily topographic surveys were conducted at
the Mile 45 site under fluctuating and constant discharge regimes.

Medium-term sand bar responses to variable discharge regimes were also studied. Thirty-three
characteristic sand bars were surveyed following each of the Glen Canyon Environmental Studies Phase
I1 (GCES-II) research test flows program (Figure 3; Appendix I). This assessment permitted a description
of bi-weekly sand bar responses to alternative daily flow release prescriptions. A preliminary aerial
photogrammetric study was performed on aerial images of ten sand bars captured immediately after
each of the GCES test flows. These results were compared with those of the ground topographic study.

Data from previous sand bar topographic surveys and available photography were reviewed, and the

annual or multi-annual responses of sand bars to periods of different flows were evaluated during the

post-dam period. Long-term changes in sediment storage and sand bar area were evaluated for the

post-dam (post-1963) period. Data from previously conducted sand bar topographlc surveys and all

available aerial photography were reviewed. The responses of sand bars and sediment storage were

then compared with periods with different flow characteristics, including the 1965-1980 reservoir filling
phase, the 1983-1986 spillover flooding phase, and the 1987-1990 post-flooding phase.

A synthesis of the conclusions from all studies is presented in relation to the on-going Glen Canyon Dam
Environmental Impact Statement.

Since other processes such as wave erosion, tractive-based sand transport, and main channel and eddy
zone storage dynamics also influence the responses of sand bars to river discharge, itis beyond the
scope of this project to develop a comprehensive, process-based model of composite beach response
to alternative flow regimes. However, important insights into the dynamics of beach sand storage during
the GCES-II research flow period are provided, and the seepage-induced erosion process is described
and modeled. Itis intended that when combined with the results of other GCES-II studies, specifically
those investigating main-channel sediment transport and recirculation zone sediment dynamics, the
composite effects of alternative flows on beaches can be better predicted from the basis of sediment
transport and erosion theory.
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Report Organization

This report contains four main components. This chapter introduces the research problem, project
objectives, and overall project design. Preliminary research reports are presented in Chapters 2-9 in
which the individual research component results are presented objectively. Chapter 10 provides an
integrated assessment written by the Project Team regarding patterns identified to date and the extent to
which the information developed can be used to evaluate the effects of management alternatives on
sand bar stability. Appendix A provides information on the hydrologic regimes implemented as part of
the GCES-II Research Flow Program, while appendices provide background information for the various
individual studies.




CHAPTER 2

MECHANISMS OF EROSION AND A MODEL TO PREDICT

SEEPAGE-DRIVEN EROSION DUE TO TRANSIENT FLOW

Muniram Budhu
Department of Civil Engineering and Engineering Mechanics
University of Arizona
Tucson, Arizona 85721




ABSTRACT

The erosion process in the Colorado River downstream from the Glen Canyon
Dam comprises three interrelated mechanisms- seepage, traction and wave induced.
Under certain hydraulic conditions, one of these mechanisms is predominant at a given
sand bar. For most of the sand bars in this study, the dominant erosion mechanism
is due to seepage. Seepage driven erosion is responsible for rilling, formation of
rivulets, slope failures (bank cuts, mass wasting), piping and tunneling.

A seepage driven finite element model embracing Biot’s coupled stress- pore
water pressure theory was developed to predict ground water level variations and
seepage erosion. The model predictions match the measured ground water level
variations and the seepage driven erosion process extremely well. A ground water
model using the boundary element method was also developed. The ground water
level predictions from this model are also in good agreement withthe measured values.

The results from the model show that fast up ramping rates followed by a period
of constant peak discharge or slow up ramping rates enable a greater amount of water
to be stored in the sand bars than fast up ramping rates. Consequently, to reduce
seepage driven erosion under these conditions, a slow down ramping rate is desirable.

For the test site sand bars below the Glen Canyon Dam, there is an equilibrium
slope between 11° and 13° in the hydraulically active zone below which slope failures
(mass wasting, bank cuts) are unlikely to occur. However, this equilibrium slope is not
static but dynamic and depends on the soil type and the local hydraulic conditions.
The sediments enclosed by the equilibrium slope and the maximum slope angle (which
is between 26° and 30°) willbe in a state of flux undergoing aggradation and erosion.
Whenever the hydraulic and hydrologic conditions are favorable for accretion, any
sediment deposition with a slope angle greater than the equilibrium slope is likely to
be eroded by seepage, especially mass wasting, under fluctuating flows.

Interpretation of the field data using the model indicates that any change indam
operation willresult in the sand bars acquiring new equilibrium positions. Seepage
driven erosion of transient sediments willcontinue to occur for any dam operation that
involves fluctuating discharge in which the down ramping rate is higher than the rate
at which the bank stored water can exit the sand bar.




INTRODUCTION

Erosion is an unstoppable process of nature. Wind, water, ice, chemicals, etc.
are all agents of this natural process. The banks and bottoms of rivers and streams
are continuously scoured by water and ice through tractive, wave, frictionand seepage
forces. The paths of rivers and streams are then dictated by the immense erosive
power of flowing water. The Grand Canyon is a testament to this immense power.
Before the construction of Glen Canyon Dam, the Colorado River was laden with
sediments; depositing some and gaining some throughout its course. Now, sediments
are trapped upstream of the dam in Lake Powell. The water downstream of the dam,
though diminished in flood transport capacity, is clear- almost devoid of sediments-
with its full (remaining) power for erosion and sediment transport.

Unlike coal fired plants, hydroelectric dams can produce electricity on demand.
The discharge from the Glen Canyon Dam then fluctuates depending on the electrical
demands of some Western States. Typical fluctuation, on a diurnal basis, is between
one to three meters with some narrow river sections reaching four meters. The ground
water level in the sand bars then varies according to the transient river stage. Water
enters the sand bar during rising river stages and exits when the river stage drops.

PROBLEM STATEMENT

The fluctuating discharge from the Glen Canyon Dam is thought by
environmentalists to accelerate the erosion of sand bars. Several questions have
arisen about the current operation of the Glen Canyon Dam and its link to the erosion

of sand bars. The questions that appear to be technically important to this part of the
research effort are:

(1) What are the mechanisms of erosion in the Colorado - River downstream of the
Glen Canyon Dam?

(2) Does current operation of the dam accelerate erosion rates?

(3) Are there alternative dam discharge regimes that can reduce erosion rates?




OBJECTIVES
The objectives of this study are

(1) to identify the predominant mechanism(s) of erosion due to current dam
operation,

(2) to develop an analytical/ numerical technique to model the identified
mechanism(s),

(3) to calibrate the analytical/numerical model using data gathered from
three test sites under the ’research flows’,

(4) to predict the erosion of a representative sand bar profile for alternative
dam discharge regimes.

SCOPE

In this part of the overall project effort, only one mechanism, that of seepage driven
erosion, will be studied in detail. However, with some additional work, the algorithm
developed here could be used for tractive and wave induced erosion. This study does
not involve sediment transport.

EROSION MECHANISMS

Three mechanisms, seepage, traction and wave induced, have been identified as
the cause of the erosion of sand bars along the Colorado River below the Glen Canyon
Dam. The sequence of events attributed to each of these mechanisms are described
below.

Seepage Driven Erosion

The literature is very rich in observations and terms to describe seepage related
erosion phenomena. Howard and McLane (1988) summarized many ofthese early
observations and theories concerning the geomorphical changes in river banks, and
presented some laboratory evidence oferosion due to seepage stresses. They
developed a fluvial transport model and described the physical process of seepage
transport of cohesionless materials using the theories developed by geotechnical
engineers. They did not consider the combined mechanics of seepage and slope failures.
Hagerty (1991a,b) documented several cases where seepage was primarily responsible
for river bank erosion and insisted on the need for hydraulic engineers to recognize the
importance of ’piping/sapping erosion’.




Some terms that are used to describe erosion by seepage of ground water include
artesian sapping, spring sapping, seepage driven erosion, rilling,tunnel scour, seepage-
induced transport and seepage weathering. We willuse the term seepage erosion as a
generalization of the above seepage related phenomena. The mechanics ofeach of
these phenecomena may be different. We willdifferentiate these wherever necessary in
this report.

Seepage driven erosion was observed in most of the sand bars downstream of the
Glen Canyon Dam. When the river stage falls at a rate greater than the permeability of
the soil, the volume of water stored during the rising stage must drain from the bank. The
exit hydraulic gradient (i) may become greater than the critical hydraulic gradient [i., = (G
-1)/(1 + e) where G is the specific gravity and e is the void ratio of the soil] during the
falling river stage. The soil fluidizes (quicksand condition) and is then carried in
suspension by the outflow of water (Fig. 1). Rivulets and gullies (rilling process) are
formed below the exit pointalong the sand bar as the bank stored water with its
sediments rushes down slope towards the river. These rivulets and gullies are scoured
deeper as the water picks up sediments along its path to the river. Typical examples of
these are shown in Figs. 2 and 3.

Within the river bank deposits and before the exit points, the extrusion of sediments
can form tunnels whose walls are supported by the arching action of the sand. These
walls can easily collapse or cave inas the tunnel becomes deeper destroying the arching
action and/or adjoining erosion segments encroach on one another. During rising river
stage, the increase inpore water pressures reduces the shear strength of the soil and the
tunnel walls or the free standing walls between rivulets or gullies can collapse with some
ofthe soil carried away with the flow. Typicalexamples oftunnel formation and
subsequent collapse are shown in Figs. 4 and 5.

The permeability and porosity (or void ratio) ofthe soilare key factors in
determining the extent of seepage driven erosion. For soils with low permeabilities, for
example, the silty sand on some sand bars along the Colorado River, the water
accumulated during the rising river stage cannot drain sufficiently fast. The resulting pore
water pressures reduce the shear strength of the soils so that slope failures under
undrained conditions occur. A typical example of this is shown in Fig. 6. The mass of
material involved in the catastrophic undrained failure of sand bar slopes is often very
large -severalhundred tons. A substantialarea ofthe sand barcan be lostin a few
seconds. On occasions, incipient undrained slope failures may occur during the down
ramping river stage. That is, the failure plane develops, but for complete failure a further
reduction (by a very smallamount) in shear strength is required. The next rising river
stage could then easily precipitate complete failure because the shear strength of the soil
mass is now reduced by the increase in pore water pressure. Itis quite easy to confuse
this seepage related failure to a tractive force induced failure or the failure is categorized
as caused by a rising river stage. The condition that is predominant in provoking such
failures is a rapid, high down ramping stage followed by a constant low stage over a day
or more.




slope failure

Fig. 1 Mechanism of seepage driven erosion.




Fig. 3 Rivulets due to ground water seepage



Fig. 4 Tunnelling due to ground water seepage
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Fig. 5 Flow of sediments from tunnelling
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Slope failures due to seepage and rapid down ramping




Seepage driven erosion also tends to steepen the sand barslopes with
concomitant bank or slope failures. The maximum safe slope angle for a clean, sandy
sand bar without seepage is equal to the angle of internal friction of the sand. Ifseepage
were to occur, the maximum safe slope angle reduces to approximately one-half the
angle of internal friction of the soil. At this latter angle, the slope is unlikely to fail from
ground water seepage. However, the conditions in the Colorado River, like most river
systems, are dynamic. The ’equilibrium’ slope may become over-steepened by ground
water exiting from the sand bar and slope failures reoccur.

Tractive Force Erosion

Tractive erosion is well described in the literature. Most of the reported work dealt
with the scouring of river beds due to shearing forces in the direction of flow. Tractive
forces erode river banks due to velocity gradients from changes in the geometry of the
river system. Fig. 7 shows the predominant tractive force mechanism in the Colorado
River downstream of the Glen Canyon Dam. Velocity gradients during rapid rising river
stage undercut the bank slopes. The soil directly above collapses into the void of the

- undercut. Ifthe soil has some cohesion, a tension crack develops at the surface and the

soil mass above the undercut rotates about its lower corner at the end of the undercut
towards the river. Most of this collapsed soil is then transported downstream with the
rising river stage. A typical example of this type of erosion mechanism is shown in Fig.
8. - '

In some sections of the river where the sand bar slope is shallow, the tractive
forces scour the soil in the direction of flow between low water level and high water level.
The slope steepens and eventually exceeds its limiting value (the angle of repose of the
soil) leading to a slope failure (mass wasting).

Wave induced Erosion

The erosion of sand bars along oceans due to waves have been extensively
studied by oceanologists. These ocean waves generally have large amplitudes and
wavelengths. The waves in the Colorado river are due to wind, turbulence from rapids,
boat wakes and eddies. These waves are of small amplitude and are superimposed on
either rising or falling river stages. The action of these waves is to lift the soil grains,
place them in suspension and transport them down slope and/or in the direction of flow.
A concave erosion strip is carved on the sand bar. The slope at the top half of the strip
becomes greater than the angle of repose of the soil and mini slope failures occur (Fig.
9). This is a very rapid sequentialprocess in which a layerofsand barseveral
centimeters thick can be eroded away in a matter of minutes. A typical example of this
process in the Colorado River is shown in Fig. 10.




Fig. 8 Scouring and bank failure from tractive force
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Fig. 10 Scouring and mini slope failures from waves
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Stability of Sand Bar Slopes Due to Seepage - An Equilibrium Slope

Itis well known to Geotechnical Engineers that seepage forces reduce the stability
of slopes. The factor of safety (F)can be reduced to as much as 1/2 of its initial (non-

seepage) value. Consider a sand (a cohesionless soil) bar slope of angle a (Fig. 11 ).
Ifthe sand were dry or wet but with no seepage of ground water from the sand bar, the

maximum sand bar slope for stability (slope stability) willbe the angle of friction or angle
of repose (@) of the sand. Typical values of ¢ range between 20°and 45°. If seepage

were now to occur in an initial stable wet or dry slope of sand with a slope angle of a,
then the slope angle for stability under seepage (ay) is

« ;=tan™’ (ﬂtancb) »
Y

where y,is the buoyant unit weight and yis the bulk unit weight. In the derivation of

_equation (1), found in many geotechnical text books (for example, Lambe and Whitman,

1969), it is assumed that seepage occurs parallel to the slope of an infinite slope.

Consider a soil of bulk unit weight 17.2 kN/m ® (an average value for the sand in
the Colorado River) with an angle of friction of 30°. Ifno seepage were to occur, a sand
bar comprising of this soil can have a stable slope of 30°. However, with seepage, the
slope angle for stability is reduced to 14 ° which is less than one half the slope angle for
no seepage. Atthis latter slope angle, the sand baris unlikely to fail through slope
instability. Thus, an equilibrium position is established for slope instability due to
seepage parallelto the slope. However, water exiting from the sand bar would erode
(formation of rivulets etc.) and transport the soil from the sand bar to the river during
rapid down ramping river stage. The slope willsteepen and slope failures can reoccur.
Thus, the equilibrium slope is not static but dynamic; itdepends on the soil type and the
localhydraulic conditions. The sediments within the maximum slope angle and the
dynamic equilibrium seepage slope willundergo cycles of erosion and aggradation. Itis
postulated here that the dynamic equilibrium slope willnot vary much, perhaps only by
a few degrees, from the static equilibrium slope. The sediments that accrued above the
dynamic equilibrium slope willbe unconsolidated and thus easily eroded. Indeed,
catastrophic slope failures involving all or part of the enclosed sediments can occur if the
stage changes are conducive to seepage driven erosion. For example, if the rate of
down ramping is rapid, then an undrained slope failure can occur.

Manyofthe sand bardeposits along the Colorado Riverare notclean
cohesionless sand. Rather, silts and/or clays in small quantities are mixed with the sand
giving the sand bar deposits some cohesion (c). This is one of the reasons, the other
important reason being the existence of tree roots, why on some sand bars, we noticed
vertical slopes. For the case of sand bar deposits which have cohesion (c) as well as

13




friction, the critical height of slope, for an infinite slope with seepage parallel to the slope
(Lambe and Whitman, 1969) is

c
H, =
2
sinaCOSa(y-ybtan¢) @
tana

where H,, is the critical height of the slope, @ is the angle of friction of the soil and ais
the slope angle. Ifthere is no seepage, the critical height is given by

H,~ ¢
o 3
Y pSinacosafl- tan‘b] )
tana

Typically, for the sand bars below the Glen Canyon Dam, the average angle of
repose of the soilis 26° (see Appendix III) , the average cohesion is 1 kPa and the

-average bulk unit weight is 16.3 kN/m *for fresh sediments.  Ifthere were no seepage,

the theoretical critical height of a saturated sand bar, with a slope of 30° willbe 4.3m; but,
with seepage the theoretical height willonly be 0.22m.

MODEL FORMULATIONFOR SEEPAGE DRIVEN EROSION

In order to formulate a model to predict seepage driven erosion and to interpret
the field observations, we make use of Biot’s coupled stress - pore water pressure
(head) theory. The details of the formulation is presented in Appendix I. In developing
the model, we considered two factors (a) the geometry of the problems and (b) the
constitutive relationship for the soils. One of the major advantages of utilizing Biot’s
theory is that stress changes, pore water pressures, seepage stresses, seepage driven
erosion, slope (bank) stability and the free surface can be solved simultaneously. In
addition, one can introduce tractive forces on the sand bar faces. In this contribution, our
concerns are with seepage driven erosion and bank or slope stability (mass wasting).
Thus, we willonly present results that are directly linked to these concerns.

GROUND WATER LEVEL VARIATIONSFROM TRANSIENT DAM FLOW

Any comprehensive model which intends to model seepage driven erosion must
be able to predict the changes in ground water levels. Thus, one of the first task of the
model developed here for seepage driven erosion is to predict the variation of the free
surface in the sand bars. We developed two numerical solutions for free surface
determination. One is embedded in the finite element coupled seepage-stress analysis
(Appendix I)and the other is a boundary element solution of the Laplace equation for flow

14



through porous media (Appendix I). The major advantage of the boundary element
method over the finite element method is that only the boundaries of the problem need
to be discretized. In the finite element method, the whole domain has to be discretized.
These two solution techniques allow us to compare the accuracy of the finite element
method and the boundary element method with the field data.

The free surface (phreatic surface) in sand bars along the Colorado River varies
daily due to the operation of the Glen Canyon Dam. In each excursion, seepage into or
out of the banks would incur stress changes and this should be considered in the
analysis of such problems. A fallin river stage would cause a decrease in the hydrostatic
pressure on the face of the river bank and a decrease in pore water pressure within the
bank with a concomitant increase in effective stresses. The soil willconsolidate and the
permeability willdecrease. A rise in river stage would result in the opposite effect. In the
seepage-stress model developed here (Appendix I), we account for the stress changes
accompanying transient flow conditions.

The prediction ofthe numericalanalyses developed here is evaluated by
comparison with a set of field data for changes in the free surface along sand bar -6.5R
(Fig 12). The amount of ground water and river stage data gathered at sand bar -6.5R

.is enormous. We willonly use an arbitrarily selected small portion of this data from the
original instrumentation program to demonstrate the capability of our numerical analysis
for free surface determination under transient flow conditions. A typical set of river stage
and ground water level variation over a period of 5 days for the cross section depicted
in Fig. 12 for Flows G and E is shown in Fig. 13. We use the approximation illustrated in
Fig. 14 in the seepage-stress model to represent the river stage variation.

A comparison of the free surface between the finite element results and the field
data from Well #2 for Flows G and E for Day 1 and Day 5 is illustrated in Fig. 15. The
concordance in results is very reasonable. The sand bar was subjected to repeated
variations 1in river stages before the installation of the field instruments. Thus, the data
used for the analysis do no represent the firstand fifthday of river stage fluctuations. A
more extensive comparison was carried out using the boundary element method because
of the ease of data preparation. Fig. 16 shows the comparison between the boundary
element results and the field data over the fullfiveday period. Here again the predictions
are in good agreement with the field data.

EFFECTS OF RAMPING RATES ON BANK STORED WATER

Ramping rates are expected to control the amount of bank stored water and the
rate of drainage of this water from the bank for a given soil type. Consequently, ramping
rates directly influence the rate of seepage driven erosion. The GCESEIS alternatives
(Table I), the peak summer flow of 1991 and arbitrarily selected up ramping and down
ramping rates were imposed on a sand bar of maximum slope 26° (a typical slope angle
down stream of the Glen Canyon Dam for a stable sand bar without seepage). The
boundary element method (Appendix II)and the seepage-stress model (Appendix I) were
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used to compute the phreatic surfaces at high water level and at low water level for these
ramping rates. :

For low up ramping rates (Figs.17 and 18), the amount of ground water stored is
higher than high up ramping rates as expected. Low down ramping rates allow a larger
quantity of the bank stored water to exit the sand bar. Therefore, the lower the up
ramping rate, the lower the down ramping rate required to reduce seepage. Ifa high up
ramping rate is followed by a period of constant peak discharge, the volume of water
stored in the sand bar increases (Fig. 19). The drainage path for high up ramping rates
is much shorter than low up ramping rates at the top portion of the sand bar. Thus, the
time required for drainage of the transient stored ground water is shorter for high up
ramping rates.

PREDICTION OF SEEPAGE DRIVEN EROSION

As a preliminary test, a hypothetical sand bar was used to check whether the
modelis making predictions consistent with field observations. A sand bar with a 1:5
slope was discretized into 200 elements and subjected to river stage diurnal variations of

. 580 m¥s maximum flow and 141.5 m®¥s minimum flow. The preliminary results for the

hypothetical sand bar using soil properties for sand bar -6.5R (Appendix III)is shown in
Fig. 20. The model predicts seepage driven erosion during the down ramping river stage
for the first and second river stage fluctuations. After the first fluctuation, the elements
of soil for which the effective mean stress becomes zero were removed. The second river
stage fluctuation is then imposed and ifany further elements show fluidization, these were
removed before the next application of river stage fluctuations. The consequence of the
removal of these elements is that the slope within the region of the river stage fluctuation
becomes steepened. During the third fluctuation, a circular slip plane developed. The
area bounded by the slip plane and the sand bar slope extends above the region of the
river stage fluctuations. The mass of material enclosed by this area either slips into the
river during the down ramping river stage or do so during the next rising river stage. The
predictions of the model for this hypothetical sand bar are consistent with the field
observations (Cluer, 1992: this report Chapter 5).

PREDICTION OF SEEPAGE DRIVEN EROSION FOR ALTERNATIVE DAM
DISCHARGE REGIMES.

Seepage driven erosion appears, based on field data and the model developed
here, to be a major contributor to the destruction of sand bars in the Colorado River
downstream of the Glen Canyon Dam. A question that arises: Is it possible to tailor a
dam discharge regime that willreduce the current rate of seepage driven erosion? This
question is explored using the model developed here. Five discharge regimes, shown
in Table 1, were arbitrarily selected.
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TABLE 1: FLOW RATES TO PREDICT EROSION

CASE Up ramping Down ramping COMMENTS
NUMBER RATE RATE
m ¥s/hr m ¥s/hr
1 48.1 48.1
2 29.0 145
3 25.5 386.9
4 116.0 30.4
5 9.6, 103 77.3
6 70.8 34 *GCESEIS 3
7 113.2 70.8 *GCESEIS 4
8 141.5 113.2 *GCESEIS 5

*Glen Canyon Dam EIS Alternatives provided for comparison with model up ramping
" rates

The flow rates were dictated by the finite element mesh we used to discretize the
hypothetical sand bar. Any flow regime can be accommodated by building suitable
meshes. However, for this exercise, we used a single mesh. Three of GCESEIS up
ramping and down ramping flow rate alternatives are also shown for comparisons. A
sand bar slope of 1:5 with a homogenous deposit consisting of the sand found in
sand bar -6.5R was investigated. Itis assumed that for every 70.8m s discharge,

the river stage rises by about 0.3m. The minimum flow selected is 141.5 m¥s and the
maximum increase in flow is 580 m%s. These selected minimum and maximum flows
are different from the GCESEIS alternatives.

The predicted erosion for the selected flow regimes are shown in Fig. 21. The
volume of erosion for the minimum up ramping and the minimum down ramping
discharge rate (case 1) was used to normalize the results of the model predictions.
The results indicate that a high up ramping rate with a slow down ramping rate appear
to produce the smallest seepage driven erosion as established by case 4. The closest
GCESEIS alternative (for moderate flow) is a up ramping rate of 113.2 m¥s/hr but, the
down ramping rate of 70.8 m¥s/hr appears to be excessive.

As up ramping rates increase, the amount of bank stored water decreases as
shown earlier in this report. The corollary is the lower the up ramping rates, the higher
the amount of bank stored water. As a consequence, a high up ramping rate followed
by a down ramping rate lower than the up ramping rate would be a desirable dam
management practice to reduce seepage driven erosion. However, it is postulated
here that high up ramping rates may lead to higher tractive erosion. More research is,
therefore, needed to optimize the up ramping and down ramping rates so that the net
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erosion willbe substantially reduced. A conceptual model summarising the above
ramping rate effects along with the erosion mechanisms in relation to discharge and
time is shown in Fig. 22.

INTERPRETATION OF FIELD DATA USING THE EROSION MODEL.

Two analyses have been presented here to predict slope failures (mass
wasting, bank cuts) due to seepage driven erosion. One, a finite element algorithm, is
a coupled seepage-stress model which encompasses seepage and the constitutive
relationships for the soils. This model integrates the applied hydrostatic stresses, the
soil stresses and deformation, transient flow and seepage stresses into a coherent
numerical scheme. The other is a simple analytical model in which flow is assumed to
be parallel to the slope. This assumption is reasonable for the lower portion of the
seepage face in a slope. Itis not expected that this simple analysis willprovide results
to describe in detail the observed seepage driven erosion. However, it provides a first
approximation and give insights into the patterns of expected erosion. We willuse this
simple model to interpret the observed erosion patterns at the three test sites (-6.5R,
- 43 and 172L) and then use the more elaborate finite element model to make
predictions of seepage driven erosion to (a) compare with field data and (b) to study
the effects of the GCESEIS alternatives. We willconcentrate on sand bar 172L since
this is the most active test site.

(a) Description of mass wasting events at sand bar 172L in 1991

Cluer (1992: this report Chapter 5) observed, during the period January 28,
1991 to November 10, 1991, five slope failures (mass wasting) at sand bar 172L. A
summary of these events is shown in Table II. More details on these events can be
found in Cluer (1992: this report Chapter 5). After each failure, the sand bar was
rebuilt to approximately the same profile prior to failure. We willexamine the failure
event of June 18, 1991 with the aid of (a) the simple analysis and (b) the finite element
model.
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Table II Chronology of slope failures at sand bar 172L.

Date (Year 1991) % of sand bar lost Flow Pattern

April 17 50 Normal Spring Flows

May 8 2 Transition from constant
142 m¥s to Flow D

May 13 4 Flow D

June 18 32 Normal Summer Flows

Sept. 1 > 50 Normal Flows

(b) Evaluation of mass wasting events at the test sites

Normal summer fluctuating flows (minimum discharge 85m ¥s, maximum

. discharge 793m ¥s) began on June 3, 1991 following a 3 day constant 142m ¥s
discharge (Cluer, 1992: this report Chapter 5). Five topographic surveys, two prior to
June 3, 1991 and three soon afterwards, were conducted on sand bar 172L. The
profile along eight cross sections (Fig. 23) were recorded. We arbitrarily select the
profile of transect- 8 - Profile 8 - for evaluation with the model proposed here.

Laboratory tests (Appendix III),using sand from the test sites, reveal that the
maximum slope angle (angle of repose) of the sand under still water is 30° The
maximum slope angle reduces as the flow velocity at which deposition occurs
increases (Appendix III). According to the simple theory, the maximum slope angle for
a stable slope under seepage parallel to the slope is (equation 1) 13°for ¢ = 30°and
11°for ¢ = 26°. The bulk unit weight of the transient sediment is y = 16.3 kN/m
(Appendix III).

Let us now examine this prediction with respect to the survey data of Profile 8
as reported by Beus et. al. (1992: this report Chapter 6) as shown in Fig. 24. The
survey profile of May 18, 1991 shows that the maximum slope AB (Fig. 24) is 26°
which indicates that the velocity at which deposition occurred was about 0.0034m/s
(see Appendix III). This slope is unstable under seepage conditions. Using equation
(1), the maximum slope angle for a stable slope under seepage within the hydraulically
active zone is 11°for ¢ = 26°. That is, ifthe slope within the river flux zone of sand
bar 172L were BC (Fig. 24), mass wasting due to seepage of ground water would be
unlikely. On June 2, 1991, the slope AB reduced to 24° Itappears that rilling moved
material from the top portions of the slope and deposited itat the toe.

On June 18, 1991 a slope failure was observed by Cluer (1992: this report
Chapter 5). The survey of June 29, 1991 showed that a mass wasting event did
occur. The failure surface recorded is consistent with a rotational failure mechanism
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common in slopes. The survey of July 14 revealed a deeper failure surface that
appears to be non-circular. A line drawn parallel to the slope BC (the stable slope
under seepage conditions predicted by the simple model) lie exactly on the middle
slope, DE, of the failure surface measured on July 14.

A similar exercise was conducted for sand bar 43. The maximum slope, DE
,for the surveys in 1990 for Profile 3 was 12 °(Fig. 25). This slope was built up
outwards attaining a slope of 6°about mid-year 1991. Similary at Profile 5 the
surveys at the begining of 1991 showed a maximum slope DE of 11 ° (Fig. 26 ) that
later aggregated to a slope of 7°in the latter half of 1991. The slope of sand bar -6.5R
during 1990 and 1991 remained constant at 10°(Fig. 27 ). No mass wasting event
was observed at either sand bar 43 or sand bar bar -6.5R.

We now offer the following interpretation of the observations with the aid of the
simple model. The slopes DE are old equilibrium slopes within the then active
hydraulic zone. Itappears that the minimum water level fluctuation was at about
elevation 92.6 for sand bar 172L. Short term accretions occurring within the
hydraulically active zone may lead to oversteepened slopes (slopes greater than those
required for stability under seepage stresses; for the test sites, these slopes are

-between 11°and 13°) that are subsequently eroded by mass wasting from seepage

and possibly by tractive forces. Other seepage related erosion such as rilling willalso
participate in the erosion of the sediments above the equilibium slope in the
hydraulically active zone. Thus, any deposition of sediments from floods or high flows
or other sources ~willbe reworked by the dynamics of the river system (dam discharge
practice) to achieve an equilibrium position. Based on the available data, this
equilibrium position under current dam operation is well established. The bulk of the
erosion that is evident on the sand bars is of the transient sediments. For the
transient sediments to become a stable part of a sand bar within the hydraulically
active zone, the slope should be about 11°

Near the top of many sand bars, slopes greater than the seepage equilibrium
slopes exist. These are a result of the vegetation cover, sediments with cohesion and
the reduced bank stored water. The latter is accumulated very near to the face of the
sand bar and exit rapidly during falling river stage due to the short drainage path (Fig.
18).

() Model prediction of mass wasting at sand bar 172L.

Using the finite element seepage model (Appendix I), we imposed on sand bar
172L the measured river stage fluctuations from June 3 to June 29 as reported by
Carpenter et. al (1992: this report Chapter 3). Profile 8 as surveyed on May 18, 1991
was used as the sand bar cross section at the commencement of the river stage
variations. The mass wasting predicted by the model for June 18 and June 22, 1991
is compared with the field surveys as depicted in Fig. 28. Since no survey was
conducted on June 18, 1991, no direct comparison between the model prediction and
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the survey data can be made. However, the mass of material involved in the mass
wasting event as predicted by the model is consistent wit the photographs taken by
Cluer (1992: this report Chapter 5) on June 18, 1991. The mass wasting predicted by
the seepage-stress model on June 22, 1991 is much close to the survey data of July
14 than June 29, 1991. The model did not predict any greater failure zone beyond
June 22, 1991. Since no direct observations of events at sand bar 172L were made
between June 20 and June 29, 1991, the exact timing of this mass wasting event is
difficultto verify. Allmodels, like the one described here, comprize assumptions
which are not obeyed in the natural world. Differences between the model predictions
and field data are expected. The overall trend and the quantitative predictions of the
seepage-stress model developed here are very reasonable, at least, for practical
purposes.

We now explore the question, would mass wasting occur under the GCESEIS
alternatives assuming the same initial cross section? We found from the measured
river stage data at sand bar 172L, a river stage-discharge relationship of 0.3933m per
100m ¥s for Profile 8. We introduced river stage variations approximating a 10 day
regime each of alternatives 3, 4 and 5 on Profile 8. The model predicted no erosion

. for alternative 3. The erosion predicted for alternative 4 involves a zone of soil from

the top of the slope to just below the high water level (Fig. 29). The model predicted
massive mass wasting under alternative 5 as shown in Fig. 30.
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CONCLUSIONS
The main conclusions from this part of the research program are as follows.

(1) Three mechanisms - seepage, traction and wave induced - were identified
as active participants in the erosion of sand bars in the Colorado River downstream
from the Glen Canyon dam.

The following conclusions only pertain to seepage driven events.

(2) For sand bars where seepage driven erosion is predominant, a dynamic
equilibrium slope was established . Sediments, enclosed by this dynamic
equilibrium slope and the maximum slope angle, willundergo cyclic aggradation and
erosion depending on the dam discharge regimes. For the test site sand bars in the
Colorado River downstream of the Glen Canyon Dam, the equilibrium slope, within the
lower portion of the hydraulically active zone, is between 11°and 13 ° This equilibrium
slope is well defined for each sand bar under current dam discharge operation.

- Sediments from high discharges, floods or other causes accreting above and forming

slopes greater than the equilibrium slope willbe eroded by seepage and, perhaps, in
combination with tractive forces. The cyclic pattern of erosion and aggradation
that is evident on the sand bars involves transient sediments deposited during
favorable hydraulic and hydrologic conditions.

(3) The seepage driven model developed here gave very encouraging results.
The model predicts the fluctuations in ground water level in sand bars exceptionally
well. The mechanism of seepage driven erosion as predicted by the model is
consistent with field observations. The results from the model reveal that mass wasting
is minimized more by rapid up ramping rates than slow up ramping rates. The lower
the up ramping rate, the larger the amount of bank stored water. Low down ramping
rates are more desirable than high down ramping rates.

(4) The lower the river stage level and the larger the river stage fluctuations,

the more extensive the seepage driven erosion.

(5) The duration of minimum contant flows following normal flows (especially
normal flows where the down ramping rate is large) enhances mass wasting of
transient sediments.

(6) The seepage-stress model predicted that of the three GCESEIS alternatives
only alternative 3 is likely to reduce mass wasting. '
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(7) This investigation was concerned only with seepage driven erosion - the
ubiquitous erosion mechanism for sand bars down stream of the Glen Canyon Dam.
Most of the sand bars seem to be eroded by a combination of seepage, traction and
waves. High up ramping rates and low down ramping rates are favored to reduce
erosion on sand bars where seepage is the predominant mechanism. However, there
is the possibility that high up ramping rates may encourage erosion by tractive forces.
Research involving all three mechanisms is needed before any alternative dam
operation with regards to up ramping and down ramping rates can be suggested.

(8) Atpresent, the evidences from the model and the field data indicate that
any change in dam operation willresult in the sand bars acquiring new equilibium
positions. Sediments above and not conforming to the new equilibium position willbe
eroded.

(9) Aslope of 11°in the hydraulically active zone of the sand bars is likely to
be stable for seepage driven mass wasting.
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APPENDIX 1

COUPLED SEEPAGE-STRESS ANALYSIS FOR TRANSIENT FLOW

I-1 Seepage-Stress-Consolidation Formulation

Biot (1941) presented a coupled theory for cqnsolidation. In the coupled theory, pore

water pressures and total stresses are linked by the principle of effective stresses,
°5j=°ij+5zju | (1)

where 6, is the total stress, d,is the effective stress, §,; is Kronecker delta and u is the pore
water pressure.

From the equations of equilibrium, we obtain

t
Y. B =0
ox, ' (2)

where B; is the body force per unit volume. The equation of continuity together with Darcy’s

law results in

Yuw

1 2%u 2%u d%u J€,
k (3)

+ k +
*ax?  Yoy? Foz? ot
where ky, ky, kz are the coefficients of permeability in the x, y and z Cartesian directions and

1w is the unit weight of water. The volumetric strain ey is

eu=€x+€y+€z (4')
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where ¢ is the principal normal strain in the x, y, z Cartesian directions. The sign convention
used is compressive volumetric strain is positive. This equation should be compared with the

conventional equation used in ground water mbdelling, that is,

=S — (S)

where S is the storativity and h (= u/yy) is the head in the aquifer. Thus, we notice that the

two equations are identical and

o€, oh

g2t ' : 6
ETARRY (©)

The volumetric strain can be found from the constitutive relationship for the porous media. In

the case of an elastic porous medium,

3(1-2u)p  p-
BN e ——— S m— 7
€, 5 X | (7)

where u is Poisson’s ratio, E is Young's modulus, p is the mean or octahedral effective stress

and Kg is the bulk modulus of the soil. Substituting equations (1) and (7) into equation (3), we

obtain
aZ 52 aZ a t
kx———u--'*ky u+kz_l'_t =L(?_Lf__p_) (8)
ox? dy? 0z? K.\ ot ot :
or equation (8) can be written as
d2h 32h 32h 1( dh ap')
ky—+k,——+k,— |=—| y,—- == 9
( *ax? Yoy? ’azz) K. Y'”az ot 2
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The superscript t denotes total stress. Thus, through Biot’s (1941) theory, the total change in
head is equalto the dissipation of the excess head plus the head resulting from the redistribution

of total mean stress.

in transient flow, the soil can undergo both elastic and plastic volumetric chahge. Letus
consider the usual void ratio (e) - vertical effective stress consolidation diagram as shown in
Fig.l-1a. The curve AMis the loading curve for a normally consolidated soil, MC is the unloading
curve and CD is the reloading curve. These curves can be approximated by straight lines in
e -In p space (Schofield and Wroth, 1968) as shownin Fig. 1b. The hysteric unloading-reloading
curves are replaced by a single straight line, MC, of slope « while the loading curve has a slope
of . Now consider a soil layer with the ground water level at time, to, ata ‘distance y from the
ground surface (Fig.l-2). Ifthe ground water level drops to a new position M, the mean effective
- stress on a typical element, X, located at a distance z from the surface will increase from say

an initial value of pg to pm. The soil consolidates and the total change in void ratio is

Pm

6e=Aln (10)
and the total volumetric strain is
A DPm :
t
= 1
€ 1+eonp° (1

where eg is the initial void ratio. The total volumetric strain can be decompbsed into two parts,

an elastic part € ;and a plastic part €5 such that

€, =€, +el (12)
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If the ground water level were to rise to its original position, the path followed will not be MO
but MC (Fig. I-1b). The soil had previously undergone both elastic and plastic volumetric

changes. The elastic volumetric component is obtained from the slope of the line MC whereby

K Pm
¢ = — 13
eI.I l +e°ln po ( )

and the plastic component is

(14)

The negative sign in equation (13) indicates expansion or suction (negative head). Suppose

‘that the ground water level now drops at or below the position of the typical soil element. The

mean effective stress will now increase to a value pz which is greater than the maximum past
mean effective stress piy. The total volumetric strain as a result of this loading condition (path

CMD) is

€ = ! <K1n(p”‘)+x1n(pz)} (15)
l+e, Do Pm

If a rise in water level were to subsequently occur up to the original ground water level, the soil

will follow path DE. The elasto-plastic volumetric changes resuilting from transient conditions
can now be easily incorporated into equation (3). For example, if the ground water level

fluctuations are within the elastic region, MC, equation (3) becomes

0%h  o%h  3%h ” >
kx—_§+k +k = 1 —(po—u') (16)
ox (l+eo)(po—u)at

'.Ya:yz zaZZ




and if the past maximum mean effective stress is exceeded, the governing elasto-plastic

equation is

d2h o2h o2h 1 A 9., X 3.

k +k + 2 T 2 157 St z_u Tt <3 o—u

( *ax? Yoy? azz) 1+e°{(p‘z—u)at(p ) (p;-u)at(p 2
.(17)

The soil parameters « and A can be found by conducting a consolidation test on the soil and

finding the slopes of the loading and unioading lines.

The solution for equation (3) over the whole domain is found using standard numerical

techniques. For example, for a finite element solution, using Galerkin method with a virtual

pore water pressure su and applying the divergence theorem, equation (3) becomes

1 ddbudu odbudu dbuadu o€,
— k,——+k,——+k, —— |dV" fé 14
Yo v( *ox ox Yoy ay+ oz az)d " v ”atd

u ou ou
=L(k,j)uan,+k,éu;;nyw*kz&ua—gnz)d/l (18)

where ny, Ny and nz are direction cosines of the unit outward normal vector, V is volume and

A is the surface area of the domain.

The order to solve this time marching problem, the following approximation is made

f""u(z)dt={(1—a>u<tn)+au(rn.1>>dt (19)

n
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where « is a constant with a magnitude chosen to yield optimum stability. Booker and Small
(1975) showed that equation (19) is unconditionally stable provided «>_ 0.5. The virtual work

equation, obtained by integrating the equilibrium equations throughout the domain, is
foﬁ,&ei,dv=fo§,n,6X,.dA+f B X.,dV (20)
|4 A |4

where s is a small increment, ¢jj is the strain tensor and X is the displacement. The coupled
equations (3) and (20) can now be used in a finite ' |

element scheme to solve the transient seepage-stress-consolidation problem. The finite ele-
ment method and programming methodology occur lavishly in the literature (for example,

Zienkiewicz et. al., 1966, Hinton and Owen, 1977) and will not be repeated here. In our

formulation, we specify a value of a = 1.

I-2 Flow in the Unsaturated Zone

Biot’s equaﬁon is valid for a saturated soil. In order to acc'ouﬂnt for the unsaturated soil
domain (soil above the phreatic surface), we selected the invariant mesh procedure (Desai,
1976; Bathe and Khoshgoftaar, 1979, Cividini and Gioda, 1989; Li and Desai, 1983; Lacy and
Prevost, 1987). The advantages of using this procedure for transient analysis are presented
by Li and Desai (1983). In our analysis, we used the following modifications to effectively use

equations (3) and (20).

(1) The real pore water pressures are set to zero for soil domain above the phreatic

surface (see Fig. |-3)

(2) Negative pore water pressure distributions (Fig. I-3) are calculated in region A (un-
saturated domain). In region B (saturated domain), the pore water pressures are greater than

Zero.




(3) The permeability of the soil in the unsaturated domain is assumed to be approximately

one thousandth of the permeability of the saturated domain (Bathe and Khoshgoftaar, 1979).

(4) The location of the phreatic surface is interpolated between the negative and positive

fictitious pore water pressures (Desai, 1984; Li and Desai, 1983).

(5) The permeability in the saturated domain changes as a result of consolidation due
to changes in effective stresses from the transient fall and rise of river stage. Based on work

done by Wood and Al-Tabba (1987), we adopt an equation of the form
k=ae® | | (21)

where a and b are constants for a particular soil and e is the void ratio. These constants are
‘determined from consolidation tests. The coefficient of permeability will change significantly
if the sail is clay or silty clay or very loose sand. For medium dense to dense sand or for clays
which have been subjected to many cycles of similar river stage fluctuations, very little change

in the coefficient of permeability can be expected unless the loading conditions change.
I-3 Soil Model

We incorporated several constitutive relationships for the soil media in the formulation
described earlier. These include isotropic and anisotropic elastié, elastic-rigid plastic and
elasto-plastic soil relationships. The elasto-plastic soil model incorporated into the formulation
is the modified Cam-clay model (Roscoe and Burland, 1968). The historical river stage records
indicate that the sand bars were subjected to river stage fluctuations greater than the current
difference in the maximum and minimum river stages. We assumed that the sand in the sand
bars can be modelled as an elastic-rigid plastic material obeying the Mohr-Coulomb failure
criterion. This criterion is well described in the Soil Mechanics literature. In its simplest form

the Mohr-Coulomb failure criterion is given as
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T,=c+0,tan¢ (22)

where r is the failure shear strength, ¢ is the cohesion, of is the normal stress at failure and ¢

is the angle of internal friction.
I-4 Procedure for Modelling Seepage Driven Erosion
We instituted the following procedure in the numerical scheme to model seepage driven

erosion.

(a) A check is made at each integration point of every element to find whether the soil at that
point has fluidized, i.e. the mean total stress is equal to the pore water pressure. If itis so, then

that integration point is flagged as a seepage erosion point. When all the integration points

“within an element show fluidization, the element is removed from the mesh. Two procedures

were adopted. One in which the element was taken out of the mesh and then the mesh was
regenerated with the current coordinates. In the other procedure, the element was assigned
a low stiffness and a high permeability. There was very little difference in the results from these
two procedures. However, the latter procedure was more computationally efficient and was
adopted.

(b) A check is made at each integration point to determine whether failufe according to the

Mohr-Coulomb occurs. A report is generated identifying all points that reach failure.
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Fig. 1.2 Effects of water level variation on a typical soil element.
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APPENDIX I

BOUNDARY ELEMENT METHOD FOR FLOW THROUGH POROUS MEDIA
by
D.N. Contractor and M. Budhu

The boundary element method is one of the several numerical analyses for the solution
of flow through porous media, whose governing equation is the classical Laplace equation. This
method uses integral transformations and only the boundary needs to be discretized. The values
for internal points are then interpolated from the boundary solutions. Since all numerical
approximations take place at the boundaries, the dimensionality of the problem (line integration
for two-dimensional and surface integration for three-dimensional problem) is reduced by one
and a smaller system of equations is obtained in comparison with those determined through
differential methods e.g. finite element method. The integral equation for the linear problem
represents a relationship between the unknown (potential for fluid flow) and the source density
or free space Green’s function. The source density is the Newtonian potential for three-
dimensional problems or the logarithmic potential for two-dimensional problems and is called
the fundamental solution to Laplace’s equation. To find the unknowns on the boundary, the

"boundary is discretized into a series of small segments assuming that the source density remains

constant within each element. By using the method of collocation, the discretized equation is
applied to a number of particular nodes in each element, and the influence coefficients are
computed approximately using Simpson’s rule. This results in a system of linear algebraic
equations which can be readily solved. The governing boundary integral equations for two-
dimensional free surface flow problems are presented in the following.

The expression of continuity in a two-dimensional plane can be written in terms of
divergence theorem as:

JD(V-v)dA=jov~ndS -1

Where v is the vector operator, v is any differentiable vector, D is the domain of integration,
Q is the boundary of D and n is the unit outward normal to D on {1

If we take v as Uvu, where U and W are two functions, twice differentiable in D, such
that the equation II-1 can be written as

[, vw-wvryad - [, @YW-WVD) - nds I-2

The above equation is Green’s second identity. Substituting vW - n = and vU - n =

%’ , the above equation follows

el
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[, @ w-wviv)as - [ v _ wiU| 45 -3
D 8 on on

In Equation II-3, U and W are chosen such that they satisfy Laplace’s equation, i.e.,
v2U=v?W=0. Then the Equation II-3 becomes (Liggett et al., 1983) .

J v _wdUl us =0 -4
] an on

In the case of potential problem, U is chosen as velocity potential, ¢, and W is chosen as the
‘free space Green’s function’ which satisfies VW =0 everywhere in D except at the source point
P as shown in Fig. II-1a where it becomes infinity. For two-dimensional problems, logarithm
potential, i.e. free space green function, W is (Brebbia et al., 1984)

W = In(r) . -5

where r is the distance between the source point P inside the boundary and the field point Q on
the boundary as shown in Fig. II-1. In order to apply equation II-4 to find the potential at P,
_the point P is excluded by a small circle of radius r to avoid singularity. Thus, the integral
equation II-4 becomes

oln(r) _ L) . i oin(r) _ d¢ - II-6
jr [qb n m(r)ﬁ] ds hm,._oL [¢ - ln(r)_a_ﬁ] ds =0

Upon applying limit to the second integral of equation II-6, it follows

ﬁm,,oj, -¢ al:ir") - In(r) % rdf = 276 (P) -7
Since,
lim,_,ln(r)r, = 0 1I-8a
and
%=é%=%wr~m=-é II-8b

Equation II-6 can be written as




20(P) = |, [¢(Q) ) - 1ng) —"";‘n@] ds -9

To find the potential inside the boundary, ¢ and % must be known everywhere on the
boundary. Since, both ¢ and %"-‘ are not all known, the point P is moved to the boundary to
complete the boundary data as shown in Fig. II. The same consideration holds as before except
that the integration as indicated in equation II-9 takes place over an angle which is less than 2.
Therefore, it is necessary to modify equation II-9 as

co®) = |, [‘fg’ - (32 ] I-10

In which c is the angle between the boundary segment at P as shown in Fig. II-1b and is equal
to 2= for internal point. The boundary data is completed by discretizing the boundary and
considering the representative source point as (i) and field points as (j, j+1) (Fig. II-1c).

If N is the total number of elements and nodes for a closed bounda:y for each source

_point i, an equation which relates ¢ and "‘ over all elements is obtained. In this case

equation II-10 can be written as

N
c¢@ =<J [qS o _1nn 3 ] -3 J«,~9[¢ O _ ey 6d>]da O-11

r on e L r on

Assuming a linear variation of potential and its normal derivatives between the nodes in the
element such that

o, +1 -« a-o,
¢ = 4 lj ¢J_ + __.l__‘id;m II-12a
J J
9 _ ythma (98] -y fap] -12b
on l on), [ an |,

and from Fig. II-1c

Equation II-11 becomes




r on

_ [ = th-a [ ¢
I 1“‘“’[”4 7,

J

at
lj an o1

J

é or é o, Bv a,+l-a  a-ay
[ e |2 |2

or |
d
Ay + Az 6. *B [ Bi] [ a(: ]

where, for non singular case (j#i - 1 or j#1i)

-_B,-, ay*l, o o
Aw'T [( y+j)J¢' By...a da-Lﬂ B§+a2da

J

" or
A _ 9t tan-! a,+l; — 54 5#"’“ i+l
v i By =
gty
Aszglav”, & go-li a{‘."l 1 da
l] % ﬁ;.+a lj Ve B;.,.a
or
: 2
Azg=-fﬁ tant | 270 | gt | % 25 ___6"+a‘1’+l’
b By By 21 B§+a§
a,+l 1
B, =20 [ "ingr)da- 1 [ “ain¢,)d
. le' (“)“ljj aln(r,) do
or
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o-13

II-14

II-15a

II-15b

II-16a

1I-16b

II-17a




l : L +1]
Bw=ag+; aﬁln_r"’_".+lj{1n(r,j,,)-l}+ﬁv et | %tY
5 & By I-17b
—tant | S| | - L2000 - 1) - A (2InG,) - 1) - 2n y-1)]
7 vVl Figa (20(r;5.0) = 1) - 1iy{2n(r) - 1) =73y 210, ) - 1)
v J
+l a-=o,
By,= j "" In(r,) 7 ! dor 1I-18a
or
Q, T, | e+l
Bzf-“l_y ol :-jl+1{1n(’ij*l)_1}+ﬁﬁ ml[ 79 J]
] v J II-18b
ctant [ 22 f 1] - L[ 200, - 1) -3 2nG,) - 1)
Bij 411' iJj+1 J “7
and for singular case (j=i and j=i-1)
o I I _
j=i-1, A, =A,,=0; Bw=z’(21n(lj)-1); Bw=z’<21n(lj)-3) I-19
. l A :
j=i, Ay=4,,=0; Blg=24(21n(zj)—3); Bw=.i(2h1(lj)—1) 1I-20
Finally, equation II-11 can be written as,
N N
06 2
Y Lig=) R, ['a?} 1I-21
Jj=1 j=1 J

where, L; = A,; (previous element) + Ay (following element) - §;c; and Ry = By; (previous
element) + By; (following element) in which §; = 0 fori # jand §; = 1 fori = j. By moving
the source point around the boundary, i.e., i=1 to N, the following matrix equation is obtained.
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[Llé = [R] {-‘;ﬁ} -2
) n

where

{6} = [¢), b

51- ek -]

Out of 2N values for ¢ and 2 | N values will be known from the boundary conditions for a

given problem. Equation 1-23"can then be solved for the other N values and Equation II-9 can

be used to calculate the potential at internal points. The boundary conditions as required for the
solution of the N values are as follows.

and

Along the upstream and downstream surface, potentials are given by
¢ = hl II-23

¢ = h, m-24

where h, and h, are equal to the heights of the water level of the upstream and downstream side
respectively (Dirichlet condition). For impervious layer, normal derivative of the potential is
zero, i.e.

9% 1-25
on :

This means that there is no flow through impervious layer (Neuman condition). Along the
seepage surface, potential is equal to the vertical elevation, z, i.e.

6=z 1126

For unsteady flow, the boundary condition of the free surface is
¢ =1 -27

where 75 represents the vertical location of the free surface which is a function of horizontal
distance, x and the time, t. For porous media, since the free surface is a material surface,the
rate of change of the position of the free surface is equal to vertical velocity on the free surface,
i.e.
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_2_’1 + _q_ . V(z—n) =0 I-28
at n

where q is the specific discharge and n is the porosity. If the unit vector is defined as
- VE-n) '
IVe-n|

the above equation can be written in the following form

9 . 4.4viz-n)| II-29
at n
Substituting
1
an 2|2
V(- = |1 _
V-] [ +[ax]]
'and
q=-kv¢
we obtain
1
o _ k1. .a_nsz¢-ﬁ 1-30
at n ox
or
) .
am kgL (3] 8 I-31
at n dax on

Assuming a dimensionless time, t, such that
D nL

where t is the real time, k is the hydraulic conductivity and L is the characteristic length scale,
equation II-31 becomes
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1
9_,1 = - 1 + _3_11 ’’® i?i. H-32
at ax an
or
) an2g)? 98 I-33
(%], - A - e 32

where B is the angle between the free surface profile and the x-axis such that % = -tan B and

¢ = 5. Alternately, equation II-31 can be written as’

W] 1 11-34
at|, cosf on
In finite difference form using weighting factor 6 for t + At, we obtain
¢”N-¢t = 1 0 a_¢. + (1 __0) éé II'35
Ar cosf 0t | ,.a an |,
or
At d¢ do II-36
=¢ - — |0 | = 1-6) | —
o = &, cosB |: [6n],m+( )[an],:l
Equation II-36 indicates that, if ¢ and % can be computed at time t then ¢ and %% can be
computed at time t+At on the free surface.
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APPENDIX 11l

SOIL TEST RESULTS
Hi-1 INTRODUCTION

The following laboratory tests were performed on sand bars -6.5R, 43 and 172
to determine the relevant soil properties required for the finite element model and the
interpretation of the field results.

() Grain size analysis (sieve analysis)
(i) Specific gravity

(iii) Direct shear (shear box)

(iv) Constant head permeability

(v) Maximum and minimum void ratio
(vi) In-situ void ratio and density

(vii) Compaction test (Standard Proctor)
(viii) Angle of repose under water

Tests (i) to (vii) were carried out according to the relevant ASTM standards.
~ Tests (viii) is non-standard and will be explained later in this Appendix.

lll-2 GRAIN SIZE ANALYSIS

A sieve analysis is performed by shaking the soil sample through a stack of
sieves with openings of a known size. The proportion of the soil retained on each
sieve is then determined . The grain size of a particle is taken to be that of the sieve
on which it is retained. The results of the grain size analysis are shown in Fig. Ill.1 to
Fig .5

A summary of the results is presented in Table Iil.1

Table Ill.1 Summary of grain size analysis (average values)

SAND BAR | D, D:y C, C,
-6.5R 0.05 0.15 6 1
43 0.12 0.24 2 1
172 0.01 0.2 2 1

-3 SPECIFIC GRAVITY TEST

The specific gravity of a soil is the ratio of the mass of a given volume of the
soil at 77° F (25° C) or at 60° F (15.6° C) to the mass of an equal volume of distilled
water at the same temperature. The specific gravity of a sail is useful in relating mass
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to volume. Thus, if the void ratio ,degree of saturation and specific gravity of a soil are
known,the unit weight of a soil can be computed.In this study a knowledge of the unit
weight of the soil was essential since it significantly influences the stability
characteristics.

The test was carried out on three samples from each sand bar (-6.5R, 43 and
172). The results reveal that the specific gravity of the sand bar material is essentially
the same for all three sand bars..

The following results were obtained:

Average specific gravity = 2.68

Maximum value obtained

Minimum value obtained

-4 DIRECT SHEAR TEST

The shear strength of a soil can be defined as the maximum shear force that a
soil can resist before failing. The shear strength of a soil is not a fundamental property
and is related to in-situ conditions such as moisture content and can vary with time.

~ In all soil stability problems,. a knowledge of the shear strength of a soil is necessary.

This test was performed using a shear box test following the ASTM test
procedure. Disturbed samples were tested. These samples were placed in the moid
and immersed in water. The samples were allowed to drain before testing.

The results of this test are shown in the Fig I11.6 to Fig. Ill.8 and summarized in
Table 111.2

Table 1l1.2 Shear box Test Results

SAND BAR ANGLE OF FRICTION (®) | COHESION (kN/m?)
6.5R 28 1.00

43 30 0.75

172 32 2.00

-5 PERMEABILITY

In-situ permeability measurements were made by the USGS. To supplement
the in-situ data constant head laboratory permeability tests were conducted. The sand
bar material was placed in the permeameter and lightly compacted using a tamper.
The sample was then immersed in water and a vacuum applied to achieve fully
saturation.

Three different samples were used. The test was repeated five times on each
sample over a three minute time span. The following value was obtained as the
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average of all the tests:
Average permeability = 4.444 x 10 m/s
Standard deviation = 3.775x 108 m/s

-6 COMPACTION TEST

Compaction is a term used to describe the closeness of the packing of the soil
particles. Compaction of a soil is achieved by forcing the soil particles closer together
thereby reducing the volume of air within the soil mass. Soil strength increases as its
degree of compaction increases.

The compaction test performed was the Standard Proctor test. This test is
used to determine the maximum dry density and the optimum moisture content of a
soil. This test is performed by placing the soil sample in three equal layers at a known
water content in a standard mold. Each layer is compacted using a specified
compaction effort. The procedure is repeated with different moisture contents.

The following results were obtained (see Fig. 111.9)

Maximum dry density = 1750 kg/m3

Optimum moisture content = 4.9%

-7 MAXIMUM AND MINIMUM VOID RATIO

The maximum void ratio indicates the densest state of compaction which a soil
can attain using a standard laboratory procedure which minimizes particle segregation
and breakdown. This test for minimum void ratio is performed by placing a measured
mass of a soil sample in a mold of known volume. The soil sample is then compacted
by placing it on a vibrating table operating at a specified frequency and ampilitude for a
specified time period. The final volume of the soil is then measured and the maximum
void ratio calculated. The minimum void ratio indicates the loosest state of compaction.
The results of the maximum and minimum void ratio tests are shown in the Table lIl.3.

Table 1.3 Maximum and Minimum Void Ratio

SAND BAR MAX. VOID RATIO MIN. VOID RATIO
-6.5R 1.021 0.569
43 1.012 0.531
172 0.951 0.523
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11-9 IN-SITU VOID RATIO AND DENSITY

This test was performed on samples obtained in-situ. These samples were
obtained by gently forcing a sampling tube into the sand bar material. The sample
were sealed to prevent loss of moisture. The following results were obtained (Table

1.4).
Table I11.4 In situ Voir Ratio and Density

SAND BAR VOID RATIO DRY DENSITY BULK DENSITY
(kg/m?) (kg/m°)

6.5R 0.759 1520 1741

43 0.722 1537 1783

172 0.847 1426 1627

H1-10 ANGLE OF REPOSE UNDER WATER

This test was performed to determine the angle of repose of a soil deposited
under water under various flow velocities. The maximum possible siope angle to
which a dry cohesionless material will stand unsupported is equal to its angle of
repose. There is no established work for the case of a soil deposited under flowing
water. Since the sand bar material in the Grand Canyon is deposited under water
flowing at various velocities, a laboratory test was devised to simulate the deposition of
particles in water under a velocity gradient.

The test was performed using a rectangular tank with an outflow control valve
near the bottom through which the rate of flow in the tank could be controlled. This
tank was filled with water and the sand was gently poured under the following
conditions. '

(a) the outflow valve was closed. This simulates deposition under static
conditions. '

(b) the outflow valve was opened from partial opening to full opening to give a
range of flow rates. The resuits of this test are shown in Fig. 1Il.10
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SIEVE ANALYSIS
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SIEVE ANALYSIS
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Fig. lil. 4 Grain size analysis for sand bar -6.5R
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HYDROGEOLOGY OF SAND BARS 43.1L AND 172.3L AND THE
IMPLICATIONS ON FLOW ALTERNATIVES ALONG THE
COLORADO RIVER IN THE GRAND CANYON

By

M.C. Carpenter, R.L. Carruth, J.B. Fink,
J.K. Boling, and B.L. Cluer

ABSTRACT

Rill erosion, slumping, and fissuring develop on seepage faces of many
sand bars along the Colorado River in the Grand Canyon. These processes,
observed at low river stage, are a response to residual head gradients in the
sand bars caused by the river stage fluctuation. Three sand bars have been
instrumented with sensors for continuous monitoring of stage, pore pressure,
ground-water temperature, and tilt to determine the relation between ground-
water flow and sand bar deformation. Tilting at sand bar 43.1L occurs on the
downward limb of the hydrograph in the absence of scour, indicating slumping
or a slump-creep sequence. The deformation is caused by outward-flowing bank
storage, oversteepening of the lower part of the slope of the fluctuating
zone by rilling, and increased effective stress. At sand bar 172.3L, tilt
events are probably all related to scour and occur on the rising limb of a
hydrograph. Events occurred on April 17, May 7, May 13, June 18, and
September 1, 1991. During the September 1 event, the entire face of sand bar
172.3L was scoured. Rill erosion and slumping accompanied by measured tilts
continue in reduced magnitude on sand bar 43.1L during interim flows. Thus,
reduction in range of discharge does not eliminate degradation caused by
rilling erosion, slumping, and fissuring. The importance of the ground-water
processes is that they occur on every sand bar and become increasingly
important on all sand bars in the absence of sand-bar-building flows.
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INTRODUCTION

Discharge from Glen Canyon Dam on the Colorado River can fluctuate from
less than 85 to more than 800 m3/s on a daily basis. Corresponding stage
fluctuations on downstream sand bars can exceed 3.4 meters. Rill erosion,
slumping, and fissuring on seepage faces of many sand bars, observed at low
river stage, are a response to residual head gradients in the sand bars
caused by the river stage fluctuation. Seepage faces probably develop on all
sand bars in the study area.

The study is designed to document the processes of seepage erosion,
slumping, and fissuring and to establish relationships among material
properties of sand-bar sediments, threshold of hydraulic gradient for rilling
erosion, and effective stresses causing slumping. During the study, three
sand bars were instrumented (fig. 1), and results will be modeled using
finite-element stress-strain and variably saturated heat and ground-water
models. The purpose of this report is to provide preliminary findings of
data from the three sand bars. The report describes the stratigraphy of the

three sand bars and tilt events on the two downstream sand bars.

Methods and Quality Control

Three sand bars have been instrumented with sensors for continuous
monitoring of stage, pore pressure, temperature, and tilt to determine the
relation between ground-water flow and sand-bar deformation. Typically, in a
sand bar, five vertical clusters of deep, intermediate, and shallow pairs of
pore-pressure and temperature sensors are arrayed in a vertical plane
orthogonal to the river’'s edge. The clusters are spaced a few meters apart

-4-




114° UTAH 113 112° 119 ¢

KA e e e R e ee—r-—v ———————p =
F e AR1zONA | < : o ’ia::?

Y
7 ot R‘»««
Canyon

LK\

“
f,’.‘p

o~

NEVADA
ARIZONA

Kingman

0 50 MILES
'L 1 J
0

50 KILOMETERS

EXPLANATION

8L geacH AND DESIGNATION AND NUMBER

Figure 1.--Location of study sand bars.




PRELIMINARY DRAFT--SUBJECT TO REVISION (AZ12016-771) 12-19-91.1

in the sand-bar face, above, within, and below the fluctuating zone, to
determine the vertical component of ground-water flow in the deforming sand-
bar face. The clusters are spaced more than 10 meters apart in the middle
and back of the sand bar. Seven tilt sensors are arrayed both parallel with
and orthogonal to the river's edge in the deforming sand-bar face. Two
vertical clusters of tensiometers at three depths are also in the sand bar.
In one sand bar, tensiometers are in vegetated and unvegetated soil. 1In
another sand bar, tensiometers are in a medium sand and a lower bench of
silty very fine sand.

Piezometers are placed in the sand bars using a jetting and driving
technique. Water is pumped from the river down a 13-mm PVC pipe for jetting
inside near the bottom of 50-mm PVC flush-thread pipe. A special section of
flush-thread pipe is fitted with a coupling in the middle. A fence-post type
driver is used to drive the string of flush-thread pipe with the special
section on top. Maximum depth reached was 10 m. The pressure sensor is a
Motorola! MPX2200AS O to 200 kPa absolute device and is attached to the tip
of a 13-mm PVC pipe which is fitted with a fine nylon screen about 75 mm long
and lowered into the 50-mm casing. The 50-mm casing is then pulled from
around the piezometer. In vertical nests of piezometers, each piezometer is
set in its own drilled hole. This eliminates the possibility of up-hole
pressure contamination. Because the pressure sensors are absolute devices,
additional pressure sensors are used as barometers to remove the effect of
atmospheric pressure fluctuations. Because of the importance of the
correction, each site has three barometers for redundancy. Resolution of the
pressure sensors in the data-logging system is 2.5 mm of water-level

fluctuation. The temperature sensors are Campbell Scientific 107B

1 Use of trade names in this report is for identification purposes only and
does not constitute endorsement by the U.S. Geological Survey.
-6-
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thermistors and are inserted to the bottom of the 13-mm PVC pipes to be next
to the pressure sensors. Resolution of the temperature sensors is less than
0.01°C, but specified accuracy is #0.2°C. Observed performance is +0.5°C
before correction for field calibration checks. Data are recorded on
Campbell Scientific CR10 data loggers with multiplexers and storage modules.
Excitation voltage to pressure sensors is provided by Steinke regulated
circuits with a voltage stability of #0.01 percent. The electronic equipment
is buried in a sealed, desiccated surplus metal box.

The pressure sensors are calibrated at three temperatures and five
pressures in a Dewar flask in an isothermal bath. Pressure sensors are
calibrated and field checked using a Paroscientific model 760 Portable
Pressure Standard with a range of 0-690 kPa absolute and accuracy of *0.01
percent. The primary temperature standard is a certified Ever Ready
thermometer with an accuracy of +0.03°C. The secondary standard for field
use is a Doric readout for a YSI 401 thermistor. Accuracy of the secondary
standard against the primary standard is *0.1°C. The tilt sensors are
calibrated using an accurately cut 10° angle for three-point calibration at
+10°, 0°, and -10° from an arbitrary near-horizontal plane. In the field,
temperature sensors are placed with all pressure sensors and tilt sensors.
Pressure sensors used for water levels are field checked by taping the 13-mm
wells for all sensors that are accessible at the time of a site visit.
Submerged pressure sensors including stage sensors are checked using surveyed
river stage at known times. Accessible temperature sensors are checked by
pulling them out of the 13-mm pipes and putting the sensors in a thermos
bottle with the secondary standard at two temperatures.

In conjunction with the long term ground-water monitoring efforts, high-
resolution, DC resistivity studies were performed at sand bars 43.1L and
172.3L during August 1991. DC resistivity offered the potential for detecting
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vertical and lateral differences in the electrical properties of the sand
bars. The differences in electrical properties are related to moisture
content, porosity, and relative clay content of the sand bars. All of these
properties are of interest regarding the hydraulic behavior of the sand bars.

A pole-pole electrode array was used to allow maximum depth of
investigation while still allowing small inter-electrode spacings for good
lateral resolution. Inter-electrode spacings ranged from 1.5 m to 38 m.
Infinite (remote) electrodes were located up- and down-stream from the survey
lines at distances greater than ten times the maximum inter-electrode
spacing. Time constraints allowed only one line perpendicular to the sand bar
from the cliff wall to the river front.

The data are presented in modified pseudosections, referenced to the
land surface. The location of the plot points in the modified pseudosections
are determined by a logarithmic transformation developed by Fink (1989).
Referencing the pseudosection to the land surface lends a more geologic
appearance to the data, but does not alter the fact that the plots are still

pseudosections.

Program Status

Sand bar -6.5R has water-level, stage, and barometric pressure sensors,
temperature sensors, and a screened 50-mm well for équifer testing or
sampling but lacks tilt sensors, tensiometers, and a temperature sensor for
the stage record. Record began at that sand bar on October 24, 1990.
Downstream sand bars 43.1L and 172.3L have water-level, stage, barometric,
and tensiometric pressure sensors; temperature sensors; tilt sensors; and 50-
mm screened wells. Record began at 43.1L on April 8, 1991; and at 172.3L on

April 18, 1991. Data have been recovered through November 4, 1991, at all
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sand bars. The pressure data have been processed through temperature
corrections in Quatro Pro, and almost all data have been plotted in rough
form up to middle September 1991. Corrections remaining to be done include
applying field corrections to temperature records and measured water levels
in wells and surveyed river stage to water-level records. Remaining
corrections will take several weeks before these data will be ready for
insertion into a finite-element stress-strain model or variably saturated
flow model. Planned field work includes (1) augmentation and repair or
replacement of scour-damaged or failed sensors, (2) recalibration and repair
of cavitated tensiometers, (3) aquifer testing, and (4) scaled-down
instrumentation of additional sand bars that will include flash photography
triggered by data-logger output. On-site studies will include combining
rilling-erosion studies (Werrell and others, 1991), monitoring slumps with
precise surveying, and 5-minute sampling of water levels and tilts. Modeling
plans include incorporating representative water-level, temperature, and tilt
data into stress-strain and variably saturated heat and ground-water flow
models. Some of the expected specific results of those models are estimation
of threshold values of hydraulic gradient and duration of drainage for
initiation of rilling erosion and of stress-strain material properties such
as cohesion, shear strength, tensile strength, and strain at failure. Report
plans include a "Report" in Science planned for submission in late 1992 and

an article in Water Resources Research for submission in 1993.
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HYDROGEOLOGY

Sand Bar -6.5R

Sand bar -6.5R (fig. 2), upstream from Lees Ferry, consists of a unit of
homogeneous fine to medium sand underlain by a confining unit of silty, very
fine sand. This unit is 0.14 m thick where it crops out in a gully eroded
into the sand bar in fall 1991. The unit dips toward the back of the sand
bar where it flattens and attains a depth of about 3.5 m. The confining unit
is underlain by another unit of fine to medium sand. The back boundary is
sloping talus without a return channel. This sand bar has a gentle slope in
the fluctuating zone and exhibits a seepage face with rill erosion but does
not exhibit slumping and fissuring. This sand bar is considered to be a
control for comparison with the two deforming sand bars. This sand bar

presently lacks tilt sensors and is not discussed further in this report.

Sand Bar 43.1L

Sand bar 43L (fig. 3) consists of homogeneous fine to medium sand
overlying medium salt-and-pepper sand at a depth of 6 meters. The back
boundary is talus with a narrow, deep return channel underlain by a thin,
clayey silty sand. A second reddish silty sand with some gravel occurs at a
depth of about 4 m in the back of the sand bar. The fluctuating zone is a
steeply sloping face that exhibits rill erosion, slumping, and fissuring.

A single line of pole-pole DC resistivity was performed at sand bar
43.1L. The line was 36.5 m long and crossed the sand bar transversely, north
to south, beginning at the base of the canyon wall next to outcrop and

continuing across the elevated, dry-sand portion of the sand bar, and down

-10-
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the sand-bar face into the Colorado River approximately 1.5 m (fig. 4). The
first 5 m of the line was located in a return channel adjacent to the cliff
base.

Apparent resistivities ranged from greater than 2000 ohm-meters (Q-m) to
50 Q-m. The high apparent resistivities are related to the dry-sand portion
of the sand bar, which underlies approximately 18 m of the line. Data from
the central portion of the line were block-averaged and modeled using one-
dimensional methods. Modeling results indicated that the dry sand has a
nominal true resistivity of 3,800 Q-m and a probable thickness of 1.65 m
(fig. 5, table 1). This thickness correlates very well with the elevation of
the dry-sand portion of the sand bar above the average stage of the river

during the measurement period.

Table 1. One-dimensional modeling results

of the central portion of sand bar 43.1L.

Layer Resistivity (f1-m) Range (2-m) Thickness (m) Range (m)
1 3,800 +400 1.65 +.10

2 50 20 8.5 4.0

3 225 +25 Infinite

Low apparent resistivities occur on both ends of the line where
electrodes are either occasionally submerged in the river or in the return
channel. Apparent resistivities in these areas range from 40 to 50 Q-m,
suggesting that the river-water resistivity cannot be any greater than
50 Q-m. A resistivity of 50 O-m is equivalent to a conductivity of 200 uS/cm.
Values of about 40 Q-m occur in the return channel, which is lower in

resistivity than the river water because of the clay content in the sediments

-13-
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underlying the return channel or higher TDS of the stagnant return-channel
water.

The low apparent near-surface resistivities at the ends of the line are
also reflected in the middle layer for which modeling suggests a true
resistivity of 50120 @-m, with a thickness of 8.5%4.0 m. The middle layer is
inferred to represent saturated sand and the overlying capillary zone.

Modeling yielded a higher true resistivity for the third layer that may
represent electrical bedrock. The maximum depth penetrated by any of the
wells was approximately 10 m, but bedrock was not encountered nor was there
any significant change observed in grain size that might indicate penetration
of a basal gravel or talus. Based on the resistivity data, bedrock may lie
just below the limit of drilling at an estimated depth of 10 to 15 m.

At sand bar 43.1L, a sequence of tilts occurred from July 7, 1991,
through July 17, 1991 (fig. 6). The tilts were at least five times greater
in the x tilt sensor, which is oriented orthogonal to the river with the
convention of increasing inclination being upward tilt toward the river than
in the y tilt sensor. The y tilt sensor is oriented parallel to the river
with the convention of increasing inclination being upward tilt facing down
river. The events were preceded by downward tilt of -0.1° toward the river
on the morning of July 2, and upward tilt of 0.1° the evening of July 6. At
7:20 a.m. on July 7, upward tilt of 5.5° occurred in the x sensor. 1In the
morning of July 12, downward tilt of -0.5° occurred; and at 9:20 a.m. on July
17, an additional -3.3° of downward tilt occurred. These major events were
followed by continued negative tilt in the x sensor from July 18 to July 26,
punctuated with daily downward spikes of about 0.4° that occurred in the
morning. With the single exception of the precursor upward tilt on July 6,
all of the sudden tilts occurred on downward limbs of the hydrographs (figs.
7-12) when the effective stress (intergranular stress) in the sand-bar face

-16-
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was increasing. The hypothesis suggested by this sequence of events is
slumping or rotational failure in which tilt sensor 18 was within a slump
block during the major upward event on July 7 and was outside a block on
succeeding events. An alternative hypothesis is a slump-creep sequence of
down-slope movement in which tilt alternates from positive to negative. The
slope failure is shallow because none of the nearby tilt sensors, 17, 45, 48,
or 54 (fig. 3), exhibited any tilt during April to July 1991. Tilt sensor 42
had gone off scale in April 1991. The probable cause of slope failure on
this sand bar is oversteepening of the lower part of the slope of the
fluctuating zone. This conclusion is supported by evidence of rilling
erosion in daily photographs taken automatically from the opposite bank (B.L.
Cluer, physical scientist, National Park Service, written commun., 1991;
Cluer, 1991). Rilling is enhanced during fluctuating weekend low flows
(figs. 7-8).  Rilling has been intense after about 1.5 days during research
steady low flows.

Attenuation of water-level fluctuation from the front to the back of
43.1L sand bar is evident at piezometers 46, 40, 37, and 42 (figs. 9-12).
From piezometer 46 to piezometer 42, the attenuation of fluctuating July
flows is 30 percent over a distance of 30 m. The particularly high water
level in piezometer 42 beginning on June 17, 1991 (fig. 12), is probably
caused by unusually high water level in the return channel with hydraulic
connection to the sensor (fig. 3).

Apparent water-level fluctuations at the river-stage sensor at sand bar
43.1L are not stable at constant low flow nor are they constant from one low-
flow period to the next (figs. 7-8). This problem also occurs in piezometers
47, 48, and 49. One possible cause of this problem is slumping or creep in
the lower part of the sand bar that is always under water. No evidence for
river scour exists at this sand bar. Another possible cause is floating or

-24 -
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sinking of the sensors during various stages of liquefaction of the
sediments. Although the channel cross section is different, the excellent
stage record from river mile 40 (fig. 7) will help in the analysis of the
sensors that are always under water and thus inaccessible for measuring water
levels. Depending on the usefulness of the temperature records for
indicating flow between the river and the sediments, the combined water-level
records may yield corrected record of river stage and evidence for geometries

of slumping events.

Sand Bar 172.3L

Sand bar 172L (fig. 13) consists of interlayered fine to medium sand and
silty very fine sand. The back boundary is talus abutted by a broad shallow
return channel underlain with silty fine sand. The fluctuating zone is a
steeply sloping face with a bench that is underlain with reddish, silty, very
fine sand interlayered with fine to medium sand. This sand bar exhibits rill
erosion, slumping, and fissuring.

A single line of pole-pole DC resistivity was performed at sand bar
172.3L. The line was 38 m long and crossed the sand bar transversely, south
to north, beginning at the base of the talus slope and continuing across the
elevated, dry-sand portion of the sand bar, and down the sand-bar face into
the Colorado River approximately 3 m (fig 14). The first 9 m of the line was
located in an elevated, dry-sand portion of the sand bar. The central portion
of the line crossed a predominantly silty plateau for approximately 17 m
before dropping off the the sand-bar face. The north end of the line

terminated 3 m into the river. The topography of this survey line is more

-25-
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irregular than the line at sand bar 43.1L and results in greater localized
variations in the observed apparent resistivities. Indeed, there are no well
defined layered-earth responses evident in the data, and 1-D modeling was not
applied.

Apparent resistivities ranged from greater than 1000 Q-m down to 25 to
30 Q-m. The highest values are associated with dry sand at the beginning of
the line between stations 0 and 30 and near the top of the sand-bar face near
station 90.

Although the central portion of the line is well vegetated and has a
higher percentage of fines, the associated apparent resistivities were
greater than 100 Q-m. A decrease in apparent resistivity with increasing
spacing in the central portion of the line suggests a more conductive lower
horizon, but lateral effects caused by surface topography and, perhaps,
lateral changes in porosity and-or permeability, mask the deeper effects.
Drilling encountered obstacles at depths ranging from 4 to 7 m. If electrical
bedrock were present at these shallow depths, a significant increase in
apparent resistivity should occur at wider electrode spacings. However, the
data show a generally decreasing trend as a function of increasing spacing.
This would suggest that electrical bedrock is not being detected and that the
obstacles encountered during drilling may be talus blocks rather than in-
place bedrock. Depth to electrical bedrock appears to be greater than 20 m.

The two most salient features in the apparent resistivity pseudosection
are the two lows associated with sharp changes in topography. The low in the
vicinity of stations 30 and 35 is likely restricted to topography. The low in
the vicinity of stations 90 to 95 appears to be a combination of topography
and subsurface changes. The inferred sub-surface change may be caused by a
facies change in the sand bar or an increase in saturation, perhaps due to a

zone of increased porosity.

-28-
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Several tilt events occurred at sand bar 172.3L. At this sand bar, the
events documented by tilt sensors occurred on the rising limb of a hydrograph
and probably are all related to scour. An event occurred on April 17, 1991,
about 11:00 p.m. to April 18, 1:30 a.m. before sensors were installed in the
sand bar. In this event, which also occurred on the rising limb of the
hydrograph, a large sand peninsula in the upstream end of the eddy was
completely eroded. Scour events documented by daily photographs taken
automatically by a camera on the opposite bank include May 7, 1991, at about
7:30 p.m., May 13, 1991, June 18, 1991, about 7:30 p.m., and September 1,
1991 (B.L. Cluer, National Park Service, written commun., 1991). Minor
downward tilting of -0.3° in the y-axis of tilt sensor 41 occurred in the 2
days following the May 7 event (fig. 13). No other tilt sensors exhibited
any tilt during this event.

In the 5 days following the June 18 event, downward tilting of -1.1° in
the x-axis and -0.7° in the y-axis of tilt sensor 41 occurred (fig. 15). 1In
this event, tilt sensor 11 went off scale about 7:30 p.m. (figs. 13, 16-18).
Sensors 41, 46, and 47 tilted about 8:30 p.m. (fig. 13). Tilt on the x-axis
of sensor 46 was -0.6° and on the x-axis of sensor 47 was -0.4°. The
succession of tilts from sensors in the river to sensors deeper in the sand
bar indicates failure by scour.

On September 1, 1991, the entire face of sand bar 172.3L was scoured
(B.L. Cluer, National Park Service, written commun., 1991; fig. 13). At

about 7:30 p.m., tilt sensors 11, 41, and 47 went off scale (figs. 13, 19).
Attenuation of water-level fluctuation at piezometer 56 was about 35
percent in June 1991 and about 25 percent in September 1991 (figs. 18, 22).

A possible mechanism for the change is scour and removal of the fine-grained
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Figure 18.--Water level in well 56 at sand bar 172.3L, June 1991.
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Figure 22.--Water level in well 56 at sand bar 172.3L, September 1991.
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barrier to ground-water flow by the event of September 1, 1991. Another
possibility is burial of the stage sensor during the scour events. Such
burial is indicated by the reduced fluctuations after the September 10 scour

(figs. 20-21) and would give the false appearance of change in attenuation.

IMPLICATIONS FOR FLOW ALTERNATIVES

At this stage of analysis, only qualitative remarks can be made
regarding bank-storage processes and the flow alternatives. Obviously,
because the seepage erosion, slumping, and fissuring mechanisms require head
gradient into the river, any steady-flow alternative would be innocuous. The
daily photographs opposite sand bar 43.1L during June to July 1991
(B.L. Cluer, National Park Service, written commun., 1991) indicate that
duration of drainage is an important factor in rilling erosion. Reduced
weekend flows cause enhanced rilling, and constant low flows (140 m%/s) after
high flows produce intense rilling until a sand bar is drained. Thus, the
unusual suggestion of increasing weekend flows to midweek peaks might
alleviate some damage and still allow peak power generation. Otherwise,
minimizing the magnitude of downramping would minimize seepage erosion and
consequent slumping and fissuring.

Observed rill erosion and slumping accompanied by measured tilts
continue in reduced magnitude during interim flows on sand bar 43.1L after
reduction of the range of discharge from 85 to 800 m3/s to a range of 340 to
570 m®/s. This modification reduced stage fluctuation to less than 2 m. A
threshold value of head gradient and thus stage fluctuation necessary for
rilling may exist. This threshold has been demonstrated to be less than the

interim flow regime. Quantitative estimates of stage fluctuations necessary
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for initiation of rilling will result from stress-strain and variably
saturated flow modeling.

Ground-water processes occur on every sand bar and become increasingly
important if sand-bar-building flows do not occur or are widely spaced in
time. Probably no set of prescribed sand-bar-building flows will rebuild all
sand bars. Thus, ground-water processes increase in importance on those sand

bars that are not rebuilt.

SUMMARY AND CONCLUSIONS

Three sand bars along the Colorado River in Grand Canyon have been
instrumented with sensors for continuous monitoring of stage, pore pressure,
ground-water temperature, and tilt to determine the relation between ground-
water flow and sand-bar deformation. Typically, in a sand bar, five vertical
clusters of deep, intermediate, and shallow pairs of pore-pressure and
temperature sensors are arrayed in a vertical plane orthogonal to the river's
edge.

The stratigraphies of the three sand bars vary considerably. At sand
bar -6.5R, a unit of homogeneous fine to medium sand contains an interlayer
or confining unit of silty, very fine sand. This unit dips toward the back
of the sand bar where it flattens and attains a depth of about 3.5 m. This
sand bar has a gentle slope in the fluctuating zone and exhibits a seepage
face with rill erosion but does not exhibit slumping and fissuring. At sand
bar 43.1L, homogeneous, fine to medium sand overlies medium salt-and-pepper
sand at a depth of 6 meters. A lens of red, silty sand with some gravel
occurs at a depth of about 4 m in the back of the sand bar. The fluctuating
zone is a steeply sloping face that exhibits rill erosion, slumping, and

fissuring. At sand bar 172.3L, fine to medium sand is interlayered with
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silty, very fine sand. The broad, shallow return channel is underlain with
silty fine sand. The fluctﬁating zone is a steeply sloping face with a bench
that is underlain with reddish, silty very fine sand interlayered with fine
to medium sand. This sand bar exhibits rill erosion, slumping, and
fissuring.

Pole-pole DC resistivity has been shown to produce useful results in a
difficult environment. Sand bar 43.1L displays a reasonably well-defined
layered-earth response, whereas sand bar 172.3L displays more lateral
contrasts and only weakly defined layering. The contrast in geophysical
character of the two sand bars may represent a difference in erosional-
depositional environments between an upper pool deposit (43.1L) and a
reattachment deposit (172.3L).

More resistivity lines parallel to the present lines would be useful in
mapping characteristic features such as the clay-rich zone in the return-
channel area at sand bar 43.1L and the lateral features seen at sand bar
172.3L. Supplemental measurements might be considered using refraction
seismology to determine a more reliable depth to bedrock.

At sand bar 43.1L, tilts occurred from July 7, 1991, through July 17,
1991. At 7:20 a.m. on July 7, upward tilt toward the river of 5.5° occurred;
on the morning of July 12, downward tilt of -0.5° occurred; and at 9:20 a.m.
on July 17, an additional -3.3° of downward tilt occurred. Continued
downward tilt toward the river occurred from July 18 to July 26, punctuated
with daily downward spikes of about 0.4° that occurred in the morning. All
of the sudden tilts except one upward tilt occurred on downward limbs of the
hydrographs when the effective stress in the sand-bar face was increasing.
One hypothesis that explains these tilts is slumping or rotational failure

with the tilt sensor within. a slump block during the major upward event and

-40-




PRELIMINARY DRAFT--SUBJECT TO REVISION (AZ12016-771) 12-19-91.1

outside a block on succeeding events. An alternative hypothesis is a slump-
creep sequence of downslope movement in which tilt alternates from upward to
downward. The probable cause of slope failure on this sand bar is
oversteepening of the lower part of the slope of the fluctuating zone by
rilling, which is increased by longer drainage times during fluctuating
weekend low flows and steady low flows. Oversteepening of the lower portion
of the face of the fluctuating zone accumulates to a critical value. Then,
slumping is triggered by a change in effective stress during the falling limb
of the hydrograph. Attenuation of water-level fluctuation from the front to
the back of 43.1L sand bar is 30 percent over a distance of 30 m.

At sand bar 172.3L, tilt events are probably all related to scour. All
events that are documented by tilt sensors occurred on the rising limb of a
hydrograph. Events occurred on April 17, May 7, May 13, June 18, and
September 1, 1991. Downward tilts toward the river occurred with the May 7
and June 18 events. During the September 1 event, the entire face of sand
bar 172.3L was scoured and three tilt sensors went off scale. Attenuation of
water-level fluctuation under the fluctuating zone varied from about 35
percent in June 1991 to about 25 percent in September 1991.

Seepage erosion, slumping, and fissuring mechanisms require a head
gradient in the sand-bar face toward the river; therefore, any steady-flow
alternative would eliminate sand-bar degradation from these processes.
Because duration of drainage and height of seepage face are important in
these processes, minimizing the magnitude of downramping would minimize
seepage erosion and consequent slumping and fissuring. Reduced weekend flows
cause enhanced rilling; thus, the unusual suggestion of increasing weekend
flows to midweek peaks might alleviate some damage and still allow peak power

generation.
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Observed rill erosion and slumping accompanied by measured tilts
continue in reduced magnitude on sand bar 43.1L during interim flows. Thus,
reduction in range of discharge does not eliminate degradation caused by
rilling erosion, slumping, and fissuring. If there is a threshold range of
stage fluctuation below which rilling does not occur, that range is less than
the interim flow regime. The importance of the ground-water processes is
that they occur on every sand bar. The processes become increasingly
important on all sand bars in the absence of sand-bar-building flows or if
sand-bar-building flows are widely spaced in time. It is unlikely that any
set of prescribed sand-bar-building flows will rebuild all sand bars. Thus,

ground-water processes gain importance on sand bars that are not rebuilt.
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EROSION OF SAND BAR 43.1L ALONG THE COLORADO RIVER
IN GRAND CANYON IN RESPONSE TO GROUND-WATER SEEPAGE
DURING FLUCTUATING FLOW RELEASES FROM GLEN CANYON DAM

ABSTRACT

An investigation of sand-bar erosion caused by ground water seepage was
conducted by the National Park Service (NPS) in support of the Glen Canyon
Environmental Studies (GCES) Program. The GCES Program, funded by the Bureau
of Reclamation, is evaluating the effects of daily water release patterns from
Glen Canyon Dam on downstream resources in Glen Canyon National Recreation
Area and Grand Canyon National Park. This investigation focused on evaluating
the effects of shallow ground water seepage on the erosion of sand bars along
the Colorado River in this area.

Ground-water movement is the result of recharge and discharge (seepage) from
the river banks during daily river stage fluctuations. The study was
conducted during two periods under different flow release regimes from the

. dam. During April 3 - 9, 1991, (7 days) dam releases ranged from about 100 to
425 m*/s resulting in river stage fluctuations of about 1.9 meters. During
August 8 - 26, 1991, (19 days) flow releases from the dam ranged from about
280 to 510 m*/s, and river stage fluctuated about 1.2 meters.

River stage and ground water elevations were monitored continuously during
each period. Daily measurements of land surface elevations were recorded
along transects on the beach face between high and low river levels.

Elevation data were collected with a surface profile gage that was designed
for this study and built by the authors. The gage provides topographic data
at 58 points over a distance of 4.5 meters. In addition, an experiment was
conducted with drain pipes set horizontally into the face of the sand bar to
enhance ground water drainage from a small area of the sand bar. Photographic
and video documentation was acquired during both periods to further
demonstrate the role of ground water seepage on sand-bar erosion.

Erosion and deposition processes occur daily in response to changing
hydrologic and hydraulic conditions. The net effect of these opposing
processes varies with changing river flow characteristics. When the river
stage falls below the water table in the sand bar, ground water discharges
from the face of the sand bar as a seep or spring line. Seepage erosion
occurs as water flowing down the sand bar to the river’s edge concentrates and
forms rills, scouring loose sand from the sand bar in the process. Sand bar
aggradation (or apparent aggradation) could be caused by soil creep, sand
deposition by near-shore eddy action, vertical settling of rebar stakes, or
surveying errors.

Deposition and erosion processes both occur during daily river stage
fluctuations. 1In April, the net effect of these opposing processes was a
decrease in mean elevations of transects. Sand bar erosion of 2 to 12
mm/transect occurred during the April study period of seven days. In August,
the net effect was an increase in mean elevations. Sand bar aggradation of 3
to 9 mm/transect occurred during the August study period of nineteen days.
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INTRODUCTION

The Colorado River riparian zone and its associated resources in the Grand
Canyon are influenced by the operation of Glen Canyon Dam. The dam was
constructed for several reasons, primarily flood control and water storage for
Arizona, California and Nevada, as well as hydroelectric generation. The

- hydroelectric capability is designed to provide peak power generation during

daily peak electrical demands. Consequently, release of water from the dam
fluctuates with power demand and a daily surge of water continues downstream
through the entire length of the Grand Canyon. Water levels in the river have
fluctuated in narrow parts of the canyon as much as four meters in one day. A
more typical fluctuation is from one to three meters. Interrelated processes
occurring between the river and its riparian areas are affected by the
fluctuation.

This report describes the relationship of bank stored ground water to sand-bar
erosion occurring during fluctuating Colorado River flows. The Colorado River
below Glen Canyon Dam is within both Glen Canyon National Recreation Area and
Grand Canyon National Park. National Park Service concern for the resources
of the parks includes preservation of sand bars along the Colorado River.
These sand bars have high natural resources value and are used as camping
sites by park visitors floating the river.

The terms; sand bars, alluvial sand deposits, selected alluvial deposits, and
sediment deposits, have been used to describe what are colloquially called
beaches. In this report, the term sand bar will be used to be consistent with
recent reports of other investigators.

The purpose of this report is to evaluate and demonstrate the role of ground
water on sand-bar erosion during daily fluctuations of the Colorado River.

The objectives are 1) to confirm that ground water is a contributing factor to
erosion, 2) to quantify sand-bar erosion rates directly associated with ground
water seepage from the sand bar, and 3) present a hypothesis of ground water
reéated processes contributing to sand-bar erosion for review by a general
audience.

PROBLEM STATEMENT
Observation of sand bars during the daily Colorado River stage fluctuations

2
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revealed that during times of falling stage, a zone of saturated sand formed
on the face of the sand bar adjacent to the water’s edge. This zone
progressively moved down the face of the sand bar as the stage lowered. As
the stage approached minimum, the zone gradually widened to about 2 m wide,
remaining adjacent to the river’s edge. Rills formed in the saturated zome,
moving sand grains down the slope of the sand bar.

The responses of the water table in the sand bar to the fluctuating river
stage were thought to be the driving mechanism of seepage erosion processes.
During rising river stage, river water infiltrates the sand bar causing the
"water table to rise in the area adjacent to the face of the sand bar. As the
river stage begins to fall, ground water will flow toward the river, exiting
from the sand bar as a spring or seep line forming a seepage face. Water
flowing down the face of the sand bar to the river’s edge concentrates and
forms rills, scouring the upper layer of sand in the process. As the river
stage begins to rise, the seepage face is submerged, river water begins to
recharge the sand bar, and the cycle is completed.

The rate of stage decline, the length of time stage remains at a minimum, and
the amplitude of the river stage fluctuation were thought to be important
variables in determining the rate of erosion of the sand bar.

" The objectives of this investigation are to quantify erosion rates and relate
the variation in erosion rates to fluctuations of river stage and the water
table in the sand bar. The investigation had four major components:
1) grgund elevation transects in the fluctuating zone on the face of the
sand bar.
%) Contiruous monitoring of river stage and the water table in the sand
ar.
3) Demonstrate the direct relationship of ground-water seepage to rill
formation during falling river stage by placing horizontal drains in the
beach face to promote faster drainage of ground water during periods of
falling river stage.
4) Video-tape documentation of the erosion processes related to the
river stage, water-table elevation, and the onset of ground-water
seepage from the sand bar.

PREVIOUS INVESTIGATIONS

Past and present studies of sand bar morphology and sedimentology of the
Colorado River can be divided into three periods. These are works published
prior to the Glen Canyon Environmental Studies (GCES), publications from GCES
Phase I, and GCES Phase II investigations that are currently under way. A
brief discussion of each follows.

The classic description of the geomorphology of the Grand Canyon was written
by Leopold (1969). Early work on sand-bar deposits consisted mainly of aerial
and ground photography (Laursen and Silverston, 1976; Turner and Karpiscak,
1980) and topographic surveys of deposits begun in 1974 (Howard, 1975; Beus
and others, 1985; Ferrari, 1987).

GCES Phase I studies included:

1) Collection and analysis of flow and sediment transport data at gaging
stations (Graf, 1986; Pemberton and Randle, 1986).

3
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2) Analysis of historical sediment data from gaging stations (Burkham,
1986) .
3) Mapping of channel-bed materials (Wilson, 1986).
4) Development and application of a sediment-transport model in the main
channel (Orvis and Randle, 1986; Pemberton and Randle, 1986).
5) Evaluation of sediment contributions from ungaged tributaries by
debris flows (Webb and others, 1987).
6) glassification and description of alluvial sand deposits (Schmidt and
Graf, 1988).
The results of these studies are also included in the Glen Canyon
Environmental Studies Final Report (U.S.D.I., 1988).

Present research related to this investigation are being conducted as part of
two of the ten major components of the GCES Phase II studies (U.S.D.I., 1990).
The first, Sediment Transport and Beach (sand bar) Studies, has four sub-
components:
1) Paleoflood Studies.
2) Beach Evolution Studies which include sand inventory, depositional
history of the sediment deposits, eddy dynamics, slope stability, and
debris flow effects.
3) Sediment Transport Studies which include flow model development,
solute transport models, debris flow models, and eolian inputs.
4) Beach and Sediment Deposit Characteristics which include historical
data assessment, empirical studies, and modeling studies.
The second major component of the Phase II studies is the Hydrology Study
which includes two sub-components:
1) Gaging of streamflow levels which includes mainstream and tribu-
taries. -
2) Evaluation of Glen Canyon Dam releases which includes historic review
of Glen Canyon Dam releases and review of GCES research flows.

PHYSICAL SETTING

Study Site Selection

The sand bar at River Mile 43.1L was selected as the site for the study. The
name 43.1L indicates that the sand bar is 43.1 river miles (69.3 km)
downstream from Lees Ferry and on the left bank of the river. Lees Ferry is
24.9 km downstream from Glen Canyon Dam. Thus the study site is 94.2 km below
the dam (figure 1). This sand bar was selected for study for the following
reasons:

(1) The sand bar had been selected by other investigators as one of three
validation sites (sand bars at River Mile -6.5R, 43.1L, and 172.3L) for
GCES research. That selection was based on:

(a) Geographic distribution within the reach of the Colorado River
between Glen Canyon Dam and Lake Mead.

(b) Sufficient sand bar size to sustain erosion and remain as a sand
bar for the duration of studies.

(c) Not intensively used by park visitors. Expensive scientific
equipment could be left unattended at the site without being
subject to theft or vandalism.

(d) Geomorphic and stratigraphic variation among study sites to allow

4
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investigation of processes at different types of sand bars.

(2) Other research projects at the site would provide supplementary
information, e.g. togographic surveys, stratigraphy, and aerial
photography. The other projects included:

(a) Long-term vegetative studies.

(b) Repeated aerial photography program.

(c) Photographic documentation of the sand bar over the last 10 years.

(d) Sand bar ground water study (US Geological Survey).

(e) Modeling of erosion from the face of the sand bar by ground-water
seepage (University of Arizona).

(f) Daily photographs of the site to document morphological changes
(NPS-GRCA) .

(3) Features of Sand Bar 43.1L favorable to our study were:

(a) The steepness of the face of the sand bar was deemed sufficient to
study seepage effectively, i.e., very gently sloping sand bars
would have large areas of saturated sands exposed at low river
stage, making data collection physically difficult and reducing
data accuracy.

(b) Studies by t{e USGS indicated that the sand deposits at the site
were fairly homogeneous. This would reduce complications in
analyzing processes of ground water response to fluctuating river
stage.

(c) Thegsand bar at River Mile 43.1L is relatively near Glen Canyon
Dam. Effects of river stage fluctuations would be more apparent
here than further downstream where natural peak attenuation could
reduce the range of fluctuationms.

(d) Location upstream of the Little Colorado River. The sediment load
in this reach is less than downstream of the Little Colorado
River. Sediment deposits by eddies at high river stage (i.e.
aggradation) will be less of a problem in data analysis. Sand
bars in this reach are expected to be more susceptible to
depletion than bars further downstream due to the reduced sediment
load of water released through Glen Canyon Dam.

Sand Bar 43.1L Characteristics

The study area for this investigation was a sand bar on the left side at River
Mile 43.1 of the Colorado River in the Grand Canyon. The sand bar is roughly
crescent shaped about 120 m long by about 30 m wide at its widest point
(figure 2). It is located just upstream from a moderate-sized rapid of the
Colorado River. The rapid is caused by a constriction of the river by a debris
fan from a small unnamed tributary on the left bank of the river. The debris
fan contains sediments ranging in size from silts to boulders. The sand bar
is composed of fairly uniform fine to medium sand and is classified as an
upper pool deposit (Schmidt and Graf, 1988). Sand Bar 43.1L was enlarged
during the high water period of 1983-84 and is largely covered by reworked
sand from that flood.

At the study site, the Colorado River flows from west to east, the sand bar
being on the north side of the river. A return channel is present on the sand
bar, beginning at the downstream end of the sand bar adjacent to the debris
flow some 10 meters from shore and extending in an arc to the west adjacent to
the talus/bedrock of the canyon wall for the majority of the sand bar length

5
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before joining the Colorado River at the west end of the sand bar. Return
channel drainage is east to west. This return channel only operates during
flood flows - thus a generic description of a reattachment bar is applicable,
however, it is an upper pool deposit with a weak recirculation eddy under
normal flow operatioms.

The main current of the Colorado River as determined by surface flow
directions is separated from the sand bar face by two eddies. Each eddy is
adjacent to the sand bar and elongated parallel to the shore. One eddy is
offshore for approximately the downstream half of the sand bar, and the other
eddy is correspondingly present for the upstream half. The eddies were
present at all observed river stages, and both have counterclockwise
circulation directions. Upstream flow currents adjacent to the shore ranged
from near zero to about 0.6 m/s. Eddy circulation extends to about 10 m from
shore. At the contact point between the two eddy cells, the sand bar is more
gently sloped and grojects into the river about 2 - 3 m. In August 1991, the
eddy shapes were observed at low and high river stages. There was no
longitudinal shift from low to high flow, only lateral compression or
expansion of the eddies. There have been two eddies in this location since
flows returned to normal. Because they move little, the point in the center of
the bar is coincident with the stagnation point between the two eddies. (B.

~ Cluer, personal communication).

METHODS

The investigation was conducted during two study periods, April 3-9 and August
8-26, 1991, to allow investigation during different Glen Canyon Dam flow
release regimes. Flow regimes for the two study periods had different ramping
rates, ranges, and mean daily discharges. The relative location of monitor
wells and transects for the two study periods are shown in figure 3.

A study site was identified in the fluctuating zone on the face of the sand
bar during each study period. Study plots, each containing several transects
were established. Changes in land surface elevation were measured along the
transects on a regular basis, generally daily at low river stage. Transect
ends were marked by driving lengths of rebar into the sand (1.5 m lengths in
April and 3.3 m lengths in August) with 0.3 m of rebar remaining exposed above
the beach surface. While not encountering bedrock, repeated surveys of the
rebar elevations did not indicate significant vertical movement. The rebars
served as permanent markers for the duration of each of the study periods.
The study sites and a buffer area around the sites were marked with flagging
to prevent people from accidentally walking through the sites.

Changes in land surface elevation were measured with a surface profile gage
which was designed to measure small changes in elevation without disturbing
the surface (figure 4). The gage allows accurate measurement of erosion or
deposition without trampling or other anthropogenic disturbances. Vertical
support stakes (rebar) were installed at each end of a 4.5 meter transect to
support the gage. The gage was positioned on the support stakes and the 58
vertical measuring rods, with ping-pong balls attached to the lower end, were
allowed to drop to the ground surface. The ping-pong balls prevented the rods
from penetrating the sand surface. The measuring rods were clamped in
position with the balls resting on the sand surface and the gage was removed
to measure and record the extended distance of each rod. Repeated
measurements of a transect at different times allowed determination of ground

6
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Figure 4.

Photos of the Surface Profile Gage.
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surface elevation changes. Measurements from the surface profile gage were
converted to elevations relative to a local datum on the sand bar. The
surface profile gage is further described in Appendix 2.

Transect measurements were made daily following the decline of the river
stage. However, measurements were not made on every transect on every day of
the study. At times, some transects were still submerged during the lowest
river stage, thus preventing access to the ground surface. On other days,
river fluctuation did not submerge some transects and no erosion processes
(i.e., formation of a seepage face or rilling) were visibly observed. If
minor erosion had occurred on days of no measurement, it would be reflected in
the measurement of the following day.

Shallow monitor wells were installed in the sand bar in the vicinity of the
study plots to monitor water table response to fluctuating river stage. Water
levels in each monitor well were monitored with pressure transducers and
recorded at ten minute intervals with a digital recorder. River stage was
monitored using a pressure transducer attached to a rock and lowered to the
bed of the river in the vicinity of the study site.

The elevation of the top of the plot transect stakes (rebar) were surveyed
three times during the April study period and five times during the August

" study period. The surveys were made to determine if any elevation changes (of
the stakes) were occurring.

The reference datum for all elevations is a bench mark established by GCES for
topographic studies (U.S.D.I., 1990). Survey instruments used were a Lietz
SDR 3A Electronic Total Station with and accuracy of 15 seconds of arc and a
Topcon AT-F2 Automatic Level with a accuracy of + 0.3 seconds of vertical arc.
Systematic and obvious survey errors were corrected. Elevations of the stakes
from each survey were plotted and no upward or downward trends were detected.
Relative surveyed elevations of the stakes varied as little as +1.0 mm and as
much as +3.0 mm. It is the author’s opinion that this variability is a result
of measurement errors and limitations of the surveying equipment. The rebar
stakes seemed to be stationary after installation and the stakes were presumed
to gave maintained a stable elevation for the short duration of the field
study.

Topographic surveys of the entire sand bar were made by other investigators as
part of the GCES studies. Those surveys provided data for mapping contours
and geomorphic features.

APRIL STUDY PERIOD

Design and Instrumentation

The April study period consisted of seven days (April 3-9, 1991) during which
field studies were conducted. Study plots were located on the face of the
sand bar, within the area affected by stage fluctuations of the Colorado
-River. Three study plots with 3 transects each (for a total of 9 transects)
were located in the zone of active erosion as indicated by the presence of
rills. The transects were located parallel to the river’s edge with a low,
middle and high transect spaced about 1.2 m apart (figure 5). The low

7
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transects were located about 0.3 m from the river’s edge at lowest stage (90
m*/s) and the high transects were approximately midway between the daily high
stage (approximately 425 m®’/s) and the lowest stage. Plot 1l was in a
downstream position and Plot 3 was upstream relative to the other plots. The
three study plots were adjacent to one another, the upstream end of Plot 1
coincided with the downstream end of Plot 2 and the upstream end of Plot 2
coincided with the downstream end of Plot 3.

A demonstration to evaluate ground-water flow near the face of the sand bar
entailed placing drains in the zone of fluctuations to promote faster drainage
of ground water. The demonstration consisted of different treatments on each
of three study plots; 1) a control area with no disturbance (Plot 1), 2)
horizontal placement of blank (non-perforated) pipe to provide an assessment
of disturbance associated with installation (Plot 2), and 3) placement of
perforated horizontal drain pipe (Plot 3). The perforated drain treatment was
designed to induce faster ground-water drainage near the face of the sand bar
and thus prevent erosion.

Two shallow monitor wells were constructed to monitor the water table in the
sand bar. The monitor wells were located about 0.3 m above the daily high
water mark and up slope from the study plots. The monitor wells were made of
~ PVC pipe. Well 1 was 5 cm (2 inches) in diameter and about 1.5 m long. Well

2 was 2.5 cm (1 inch) in diameter and about 3 m long. Different construction
techniques were used for installing the monitor wells: the shallower monitor
well was installed by augering to the water table and then driving the casing,
the deeper monitor well was jetted. Water level response in the two monitor
wells showed that construction techniques did not affect the response of water
levels in the monitor wells to water table fluctuations. Water levels in both
monitgr wells were monitored by means of pressure transducers and digital
recorders.

Colorado River Flow Characteristics

During this study period the operation of Glen Canyon Dam and thus the flow
release pattern was a continuation of normal dam operations, i.e., operation
to generate peak electrical power within the constraints of legal mandates.
Dam release discharges ranged from 90 m’/s to 445 m’/s. River stage varied
about 1.9 m from low to high stage.

Data Analysis

River stage and water table fluctuations with associated lag times and daily
differences of fluctuation for the study period are shown in figure 6. Well 1
was shallow and went dry each day at low river stage. Only data from Well 2
are shown on figure 6. Minimum river stage ranged from about 96.3 to 96.45
meters during the study, corresponding to minimum flow releases from the dam
of 90 to 120 m®*/s. Maximum river stage varied by more than a meter, from 97.0
to 98.2 meters, in response to differences in the maximum discharge from the
dam and the length of time that the maximum discharge was maintained. Large
discharges for a short duration are attenuated downstream to produce a maximum
stage less than a smaller discharge of greater duration. For example, release
of 450 m’/s from the dam for a short duration on April 9th producef a lower
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(0.2 meter) stage at the study site than did discharge of 430 m’/s for a
longer duration on April 5th. The longer peak duration of April 5th caused a
water table height closer to peak river stage than short duration peaks of
April 7th and 9th. The longer duration of elevated river flows allows
increased time for ground-water movement into the sand bar and a corresponding
increase in water levels in the wells.

Land surface measurements were made across the transects at each of the plots
using the surface profile gage. The length of rod extending from the bottom
of the surface profile gage for each of the 58 rods and balls was measured at
each of the transects. The mean elevation for each transect was computed to
indicate mean values of erosion or deposition over the entire length of the
transect. Measurements were made daily, when the river was at its lowest
stage. Compaction of the sand due to dewatering in the fluctuating zone was
similar for each measurement. The mean elevations for each of the transects
during the study period are shown in figures 7, 8, and 9. Mean elevation
changes were computed using values for balls 6-54, from the center part of
each transect. Balls 1-5 and 55-59 (balls at each end of the gage) were not
used in computing means to omit data which might have been subject to some
footprint disturbance near the edges of the transects, i.e. to insure that
only data from undisturbed areas was used in computing mean elevations.

Figure 7 shows the daily mean elevation changes at Plot 1. Both the high and
low transects show very little change (less than 3 mm) during the study
period. The mean elevation of the middle transect decreased approximately 12
mm during the study period. The greatest losses occurred following the
largest stage fluctuations early in the study period. Lower peak flows on
April 6th and 8th allowed drainage of ground water from the sand bar for
longer time periods. This resulted in lowering the water table in the sand
bar, leading to lesser amounts of erosion for April 9th and 10th, even after
larger stage fluctuations resumed.

Mean elevation changes for the transects in Plot 2 are shown in figure 8. The
high transect had less than 1 mm elevation change during the study period.

The middle transect in Plot 2 showed a gradual decrease in mean elevation of 9
mm from April 3rd to April 6th. The low transect had less than 1 mm elevation
change through April 6th. Immediately after the April 6th measurements, blank
pvc pipe was buried in the study plot to simulate the disturbance caused by
placing horizontal drains in Plot 3 (see next section). Following
installation of the blank gipe, the mean elevation of the transect increased
slightly due to the disturbance of excavating through the transect. Wave-
induced erosion near the end of these blank pipes caused a decrease in the
mean elevation of the low transect on April 7th and 9th. The study period did
not continue long enough following installation of the blank pvec pipe for
measurable elevation changes to occur. Rills were observed to reform in the
sand overlying the blank pipe following river stage fluctuations during the
remainder of the study period.

Mean elevation changes for the transects in Plot 3 are shown in figure 9. The
high transect had less than 1 mm elevation change prior to installation of the
horizontal drains on April 6th. Mean elevation of this tramsect was higher (9
mm) on April 7th and 9th. Nearby foot traffic and/or soil creep may have
disturbed this transect during t{is time period. The middle and low transects
showed a gradual elevation decrease of about 6 mm from the start of the study
on April 3rd until the horizontal drains were installed on April 6th.
Following installation of the drains, the middle transect showed a slight
elevation increase on April 7th and 9th due to disturbance from excavation for

9
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drain installation. The mean elevation of the low transect decreased due to
erosion caused by water running out the mouth of the horizontal drains. The
study period did not continue long enough following installation of the drains
to determine if the horizontal drains would prevent erosion from taking place.
Rills were not observed to reform over the horizontal drains during the
remainder of the study period.

The amount of erosion at each transect was partially determined by the
relative position of the transect on the sand bar. For example, those
transects that were located higher up on the sand bar were only marginally
within the zone of fluctuation for several days during the study and totally
above the zone of fluctuation for several other days. Measurable erosion did
not occur on these transects on those days having small river stage fluctua-
tions because there was no opportunity for a seepage face to develop.
Transects located lowest on the sand bar, near the river’s edge at low stage,
showed either no change or a slight increase in elevation either from sand
grains eroding down the face of the sand bar and being deposited near these
transects or from sediment deposition by near-shore eddy action at high river
stage. Transects located midway up the face of the sand bar showed the most
erosion. These transects were within the zone of fluctuation during each day
of the study and were exposed to active rills for longer periods each day than
~ the other transects. Seepage faces developed at these locations every day in
response to the rapid fall of the river stage.

Horizontal Drains

Horizontal drains were installed in one of the study plots (Plot 3) late on
April 6th. The drains were installed to induce faster ground water drainage
from a section of the sand bar during the falling limb of the river
fluctuation. Lengths of blank (non-perforated) PVC pipe were placed in an
adjacent study plot (Plot 2) as a control to observe the impacts due to the
excavation for the placement of the drains. The third study plot (Plot 1) was
used as a experimental control to monitor erosion on an undisturbed plot
during the seven day (April 3 - 9) study period.

The drains were 5 cm (2-inch) factory slotted (0.020 inch) PVC approximately 2
m long. The drains were buried approximately 0.5 meters deep between (and
perpendicular to) the low and middle transects and spaced about 0.6 m apart.
The buried end of the drains was capped and the drains were placed at a slight
slope toward the river to allow drainage to occur. Installation was by shovel
trenching and the pipes were covered with excavated sand.

Blank (not perforated) PVC pipes were installed in Plot 2 in an identical
manner to allow evaluation of impacts that may have occurred from installation
of the drains and comparison with impacts due to effects of the drains. The
blank pipes were 1.5 m long due to available materials at the site and were
placed in corresponding locations in the middle group (Plot 2) of transects to
serve as a control for effects of drain placement. These pipes were installed
in the same manner as the horizontal drains in Plot 3.

Ground elevations along transects in Plots 2 and 3 were measured during the
remainder of the study period following installation of the drains and blank
pipe. Visual and photographic documentation was made of the observed changes
following installation of the drains.

10
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On each subsequent day following installation, the slotted drains in Plot 3
were observed to flow at an estimated rate of 0.25 1/s per drain. These
observations were only possible during the brief time of minimum river stage
due to the position of the end of the drains. Sand overlying the drains was
observed to be distinctly drier than corresponding areas of the other plots as
shown in figure 10. Rills did not form, i.e., no running water was seen, on
the face of the sand bar overlying the drains. Also, ground elevation
measurements indicate no elevation change during the remainder of the study at
the middle transect. The low transect was affected by the presence of the

drain openings and no conclusions are drawn from these data.

By contrast, Plot 2 which contained the blank PVC pipe exhibited rill
formation by flowing water. Analysis of ground elevation data from the middle
and low transects indicated subsequent erosion in the low transect. Although
data analysis of the middle transect does not indicate subsequent erosion
during the remaining 4 days of the study, it is believed that some erosion
processes were on-going, due to the observance of rill formation.

Wind Blown Sand

" Potential effects due to wind blown sand were investigated by establishing a

study site with one transect on the western portion of the sand bar above the
srea normally affected by river stage fluctuations. This site was selected
ecause:
1) It lacked nearby vegetation which might block wind effects.
2) It was out of the path of normal foot traffic and thus was not likely
to be disturbed.
3) Its relatively flat topography would reduce the potential for
slumping.
The site also was flagged to maintain its integrity.

The transect was first measured on April 3. The ping-pong balls created a
very faint depression in the sand which could be seen by looking at the
transect with the sun in the background. This visual observation was made for
the next 3 days and appeared unchanged. The following night winds were noted
in the early morning gours. A visual check of the transect the following day
showed that the ping-pong ball depressions were nearly obliterated.
Measurements with the surface profile gage on April 8th showed that elevations
gcgoss the transect had not changed from the first measurements made on April
rd.

Video Documentation

A video recording camera was used to document physical processes on the face
of the sand bar during the falling stage of river fluctuation. The video
documents the processes of seepage, rill formation, and movement of sand
grains. Record of the date and time of the video recording allowed comparison
to river stage and water table elevations for the same time period. Factors
affecting the erosion processes were thus identified.

Numerous, small channels on the face of the sand bar were seen to have

remained intact from the previous day as the river stage first started to
fall. As the river stage continued to fall, these small channels could be

11




Figure JO .

Downstream end of perforated lateral drains showing flow
of intercepted ground water at low stage of Colorado River.

Plot 3 with perforated lateral drains is seen at the center

of the photograph. Note relatively dry sand without rivulets
overlying the drains. Plot 2 with blank pipe is seen in the
center of the photograph. Wet sand and rivulets are seen
overlying these pipes.

Photographs of lateral drains in the sand bar at River Mile 43L,
April 7, 1991, about 24 hours after installation of the drains.
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seen to extend farther down the face of the sand bar under water. As the
river stage fell to expose the channels, rills formed in the channels. As the
river stage continued to fall, a seepage face developed and flow could be seen
to increase down the face of the sand bar. With substantial river stage
decrease, the uppermost portion of the channels became dry. In subsequent
days, the small channels were observed daily while still being under water.
Their continued presence indicates that river currents were not a major
erosion or deposition factor during the study. The elevation of the top of
the small channels is believed to approximately coincide with the water table

‘in the sand bar when the river is at low stage.

AUGUST STUDY PERIOD

Design and Instrumentation

The August study period consisted of 19 days (August 8-26, 1991) during which
field studies were conducted. Ground elevations were measured daily for 8

' days, from August 8 through August 15. The sand bar was unoccupied for 4

days, and measurements were resumed on August 20 and continued through August
26 (7 days). River stage and water table elevations were monitored
continuously with digital recorders.

Two study plots, with three transects each, were located on the face of the
sand bar, within the area affected by river stage fluctuations. The August
study site was in approximately the same location as the April study site.

The study plots were located in the zone of active erosion as indicated by the
presence of rills. 1In each study plot, two transects were parallel to the
river’s edge with a lower and upper transect spaced about 1.2 meters apart
(figure 11). The lower transects were located about 0.3 meter from the rivers
edge at lowest stage (280 m*’/s) and the upper transects were approximately
midway between the daily high stage (approximately 510 m*/s) and the lowest
stage. The third transect in each study plot was perpendicular to the river.
The two study plots were identified as upstream and downstream, according to
their position relative to river flow.

Five ground water monitoring wells were installed along a line perpendicular
to the river, approximately 1.5 meters apart. In comparison to the April
study, the increased number of monitor wells and their positioning at lower
elevations were modifications to enhance delineation of the water table in
proximity to the transects. The monitor wells were located between the study
plots to allow measurement of water table response to fluctuating river stage
in the vicinity of transects. The monitor wells were installed by augering to
the water table and then driving 5 em (2 inch) diameter PVC casing to a depth
of approximately 1.5 meters below the water table. Slotted casing with a well
point on the end provided hydraulic connection with the ground water in each
monitor well. Water levels in Wells 1-4 were monitored at 10 minute intervals
using pressure transducers in combination with a digital recorder. Data for
Well 5 was acquired by manual measurements with a chalked steel tape.
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Colorado River Flow Characteristics

During the August study period, the flow of the Colorado River was regulated
by Glen Canyon Dam releases in accordance with the Interim Test Flows
restrictions, implemented on August 1, 1991 under the direction of the
Secretary of Interior. River flow varied from about 280 to about 510 m’/s
during this period. Colorado River stage was monitored by a pressure
transducer in combination with the same digital recorder used for monitoring
water levels in the monitor wells. River stage fluctuated about 1.2 m from
low to high stage.

Data Analysis

River stage and water table fluctuations with associated lag times and daily
differences in fluctuation for the study period are shown in figure 12.
Minimum river stage ranged from about 97.4 to 97.7 m during the study,
corresponding to minimum flow releases from the dam of 290 to 305 m/s.
Maximum river stage varied from about 98.6 to 98.9 m, corresponding to dam

. flow releases of 515 to 545 m’/s. The exception to these ranges occurred

during the night of August 18-19 in response to smaller dam flow releases the
preceding weekend, maximum stage and discharge were 98.2 m and 415 m}/s
respectively. The pressure transducer used to monitor river stage showed some
drift during this period, accounting for the apparent increasing trend of the
river stage shown on figure 12.

Land surface measurements were made across the transects at each of the plots
using the surface grofile gage following the daily fall of the river stage
using the same methodology that as during the April study period.

Figures 13, 14, and 15 show the mean elevation changes for each of the
transects during this study period. All of the transects had a net_gain in
mean elevation. Mean elevation gain ranged from 4-9 mm/transect. Individual
ball elevations varied, with both increases and decreases occurring in
response to variations in the amount of erosion and deposition occurring on a
daily basis and meandering of rill channels. However, since the net effect
was an increase in mean e%evation for all of the transects, it can be deduced
tgat the dam flow releases during this period did not result in net erosion of
the sand bar.

Analysis of data for the Upper Transects, Figure 13 reveals similar
characteristics to the pattern of elevation change during the August study
period. The average elevation changes show similar breaks in the trend of
aggradation. Mean elevation of the Upper Transects had been increasing for
the first 8 days of the study. Measurements were not made for the next 4
days. When measurements resumed, the mean elevation decreased for two days at
both transects before resuming an increasing trend. The slightly higher river
stage on August 21 may have passed a threshold where seepage erosion became
dominant over aggradation processes. Or higher stage may have caused a slight
shift in the circulation patterns of the eddy cells. A shift or modification
of the eddy vortex and eddy fence in relation to the main river current may
1ically affect the supply of sand available for accumulation on the study
plots.

A similar reversal from aggradation to degradation may be seen in the lower

13




S[IoM JO}HUON pue adelg 1oA1y — sydeafoapdy isndny ‘g1 24ndiy
1661 Isnbny ur sAoQ

9¢ G¢Z +vZ ¢¢ ¢Z ¢ 0¢ 6L 8L LI 9t GL ¥L ¢ <ZL Li Ot 6 8
-__—fi — T — T A_‘J — T — T _ T —J d\ T — 14 — T _ T _ T — T — 1] — T __ OO.@@

A R . - OO.N@

" .s# B S B 4 05/6

./J } _ —d G/7LB

-1 00'86

(w) uo1pAs|g wnypg

\,._ |\ ] Hszss

4 0586

..... . . . — mﬁmm

00°66




T T 1 T T 1
97.928 |-
- Upstream Upper Transect
97.924

97.920

97.912

Datum Elevation (m)

97.908 |-

97.904 |-

97.916 O\Wo\o 4

97900 1 1 ] i | i i 1 - | 1 I 1 |

98.000 I T I T l T ‘ T ] T | T I T
97.996 + Downstream Upper Transect
97.992 - Ny
97.988 o

/
97.984

97.980 -

Datum Elevation (m)

97.976

97.972

| i ] I | I ] 4 1 1 ] ! i 4

8 10 12 14 16 18 20
Days in August 1991

Figure 13. Mean Elevation of Uppper Transects,

22 24 26

August 1991



Datum Elevation (m)

Datum Elevation (m)

97.640
97.636
97.632
97.628
97.624
97.620
97.616

97.612

97.7A4C’J
97.736
97.732
97.728
97.724
97.720
97.716

97.712

Figure

T T T T T T T T T T T 1
I Upstream Lower Transect |
L / -
- o/o -
| Wave / ]
- .

Terrace

SRS AR VNS SN NNV R S| L

8 10 12 14 16 18 20 22 24 26

A e A L L L A A
B Downstream Lower Transect |

S A

I 1 | L I ! I 2 | L | . ! L { L | L ]

8 10 12 14 16 18 20 22 24 26

Days in August 1991

14. Mean Elevation of Lower Transects, August 1991




98.084

98.080

98.076

98.072

98.068

Datum Elevation (m)

98.064

98.060

98.056

98.132

98.128

98.124

98.120

98.116

Datum Elevation (m)

98.112

98.108

Figure 15.

e I

Upstream Perpendicular Transect

8 10 12 14 16 18 20 22 24 26
T I T T T T T T T ]
Downstream Perpendicular Transect N
o ]
At ]
AN |
[ RIS N SO TS AU S S S
8 10 12 14 16 18 20 22 24 26

Days in August 1991

Mean Elevation of Perpendicular Transects,

August 1991




DRAFT
March, 1992

transect averages (figure 14) on August 13th. Close examination of river
stage and water levels in monitor wells confirm that a higher peak stage
occurred on the 13th compared to the previous days. Again, it is believed
that erosion processes became dominant or changes in eddy currents resulted
from the small difference in stage. Explaining such small changes in
aggradation or degradation on the face of the sand bar would require greater
sensitivity and quantification of eddy dynamics and sediment transport
processes. River stage was coincident with the elevation of the Upstream
Lower Transect for some time period on August 23 - 24. During this time, a
small wave-cut terrace formed, resulting in a relatively large elevation
change at this transect from August 23rd to 24th.

Irregularities in the river stage fluctuation pattern occurred on August 19th
in response to lower weekend electrical demand at Glen Canyon Dam.
Unfortunately, transect elevations were not measured due to absence of
observers from the study site. Subsequent measurements two days after the
weekend flow did not reveal significant deviation from the general trend of
aggradation.

Perpendicular transects (figure 15) were utilized in the August study period
to detect zones of erosion or deposition at different elevations on the face
~of the sand bar. We hoped to learn if the parallel transects on the lower

part of the face of the sand bar truly represented the quantity of aggradation
or erosion taking place on the entire face of the sand bar. Generally,
aggradation was uniformly distributed throughout the perpendicular transects.
However, a narrow region indicated by a finer texture of sand on the surface
of the sand bar was detected by the surface profile gage and seen in the
photographs. - It is believed that this different texture of sand was a recent
deposit on the sand bar and was gradually being eroded. A small ledge
(estimated height of 10 mm) was slowly retreating up the face of the sand bar.
The narrow region of sloughing was not measured by the parallel transects.

Rill formation and movement of sand grains down the face of the sand bar were
observed during both the April and August study periods. However,the mean
elevation was observed to increase in the August study period, whereas the
mean elevation had decreased in April. This apparent contradiction is
believed to be the result of two or more, opposing processes. Seepage erosion
occurs only during periods of low Colorado River stage. In August, the range
of river stage fluctuations was less than in April and therefore, the amount
of erosion from the beach face would be expected to be less. Aggradation
processes that could have been occurring include sand deposition by near-shore
eddies and creep or slumping of sand moving down the face of the beach. Other
processes that could have resulted in apparent aggradation include vertical
rebar settling or surveying errors in determining the elevation of the top of
the rebar. Each of these processes may occur daily, but at different rates
depending on flow characteristics of the river for that day.

DISCUSSION

Rills and small channels form on the face of the sand bar in response to
ground water seeping from the sand bar at low river stage. Rill channels were
also observed below the surface of the Colorado River during the daily
recession of river stage, indicating that the channels had remained intact
during high river stage (there was no deposition or reworking of the sand-bar

14
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face). Changes in rill and channel form and location were observed at low
river stage while water was flowing down the face of the sand bar. Lateral
channel shifting and erosion or deposition processes occurred continuously.
These small rill and channel changes are reflected in the measurements made
with the surface profile gage. Individual ball elevations show large (several
millimeters) changes, both increases and decreases, on a daily basis as a
result of lateral migration of channels. The daily variance of individual
ball elevations makes analysis of individual ball elevations on a daily basis
difficult. Thus, the arithmetic mean of ball elevations for an entire
transect was used to evaluate elevation changes.

The basic processes observed and conclusions drawn during this investigation

were:
1) The water table underlying the sand bars in the Grand Canyon
fluctuates in response to river stage fluctuations. Water table
fluctuation is greatest near the river and dampens with increasing
distance from the river.
2) When the river stage falls at a rate that is faster than the water
table can drain by gravity through the face of the sand bar, a saturated
zone (seepage face) forms on the face of the sand bar . The height of
this saturated face is dependent on the rate of river stage decline and
factors controlling the gravity drainage of water from the sand bar.
3) Water seeping from the saturated face of the sand bar forms rills
which move sand particles down the face of the sand bar to be deposited
in areas with lower gradients or at the river’s edge.
4) 1f the water table near the face of the sand bar can be artificially
drained to keep up with a falling river stage (i.e., no saturated zone
formed), erosion will be prevented or at least lessened.
5) When the river stage decline is equal to or less than the rate at
which ground water naturally drains from the sand bar, a seepage face
will not form.

In a large sand bar, such as the sand bar at River Mile 43.1L, a large volume
of ground water is stored in the sediments. The mean water-table elevation in
the sand bar is controlled by the elevation of the mean daily river stage,
taking into account the pattern of river stage fluctuations. Erosion occurs
when the river stage falls significantly below the mean water table in the
sand bar and a saturated seepage face forms as ground water flows toward the
river in response to the gradient differential. Ground water emits from and
flows down the seepage face, forming rills and eroding sand grains down to the
river’s edge.

The video film produced in this study was compared to river stage and water
table fluctuations to determine the sequence of events leading to seepage
erosion from daily fluctuations of river stage. The following discussion
explains our interpretation of the various phases of the ground water induced
seepage erosion process as illustrated in the accompanying figures (16a-16£):

Figure l6a -- Lowest River Stage.
The river is maintained at a low stage for several hours in response to

minimal discharges from the dam during times of low demand for
electricity. The water table in the sand bar is higher than the river
stage due to recharge at high river stage the previous day. The river
stage has been at a low level for a long enough time for ground water
near the face of the sand bar to drain, lowering the water table. The
saturated seepage face is either small or no longer exists, depending on
the volume of water draining from the sand bar.
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Figure 16b -- Rising River Stage.

As the river stage rises, the area near the face of the sand bar that
had been drained is resaturated very rapidly. The river stage continues
to rise above the average level of the water table in the sand bar,
causing a rise in the water table (recharging the aquifer) with it’s
high point coincident with the river stage and tapering back to an
average height of the water table at some distance from the river.

Figure 16c -- Highest River Stage.
The water table in the sand bar continues to be recharged from the

river. The water table near the face of the sand bar is coincident
with the river stage. This increase in the water table level will
extend some distance into the sand bar depending on the amount of time
the river is maintained at high stage and the permeability of the
sediments.

Figure 16d -- Falling River Stage, Phase I.
As the river stage begins to fall, gradients are reversed and ground
water that was recharged to the sand bar begins to flow back into the
river. Initially, this volume of water is small because the top of the
recharge ridge does not extend far into the sand bar. The water can
drain through the face of the sand bar at a rate such that the water
table in the sand bar declines nearly as fast as the river stage. A
seegage face normally does not form, and rill erosion does not occur
high on the beach face within the zone of fluctuations.

Figure l16e -- Falling River Stage, Phase II.
The river stage has dropped to a level below which the ground water can
no longer drain fast enough to keep up with the declining river stage
because of the large volume of ground water now influenced. A spring
line forms parallel to and above the river’s edge, and seepage occurs
through the face of the sand bar below the spring line. The water
concentrates in rills and flows down the face of the sand bar eroding
sand grains in the process.

Figure 16f -- Falling River Stage, Phase III.

The river stage has reached it’s lowest level. Ground water continues
to drain from the face of the sand bar. The zone of active erosion
(flowing rills) is still visible on the face of the sand bar. The
seepage face has migrated down the face of the sand bar as the river
stage receded. The height of the seepage face will decrease as the
volume of stored ground water and the gradient decreases.

FACTORS AFFECTING SEEPAGE EROSION

Based on the preceding discussions, erosion by ground water seepage through
the face of a sand bar will primarily be a function of operationa% factors at
the Glen Canyon Dam; range of stage fluctuations, ramping rate, and length of
time the river stage is held at high or low stages. Stage range is the change
between high and low river stage on a daily basis. Ramping rate is the rate
at which stage changes. Whatever the stage range and ramping rates are, the
river stage fluctuates cyclically on a daily basis. These operational factors
are somewhat interrelated and combine to determine whether the net effect of
river fluctuations is erosion or deposition.
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Stage range is probably the more important of the two factors in affecting
ground water seepage and related sand-bar erosion at large sand bars (i.e.,
sand bars in which ground water storage is large compared to the rate of
seepa%e, and a near "static" water table can be maintained over the period of
a daily river stage cycle). If the river stage has a large range, then the
river stage will fall further below the average ground water level in the sand
bar. (The average ground water level would be approximately the same as the
mean daily river stage where it not for the changes in daily fluctuations.)
The seepage face that forms will have a greater length (height) and duration
and will therefore cause more erosion when the range of river stage
fluctuations is large.

Large ramping rates induce the formation of a seepage face when the rate is
maintained after the river stage drops below the average level of the water
table in the sand bar. However, the seepage face will not form if the ramping
rate is reduced after the river stage has dropped to approximately the mean
ground water level. Decreasing the ramping rate after the river stage has
dropped to approximately the mean ground water level will also reduce the
range of fluctuations because there is a limit to how much stage change can
occur in a given time with a given rate of change.

Another factor affecting seepage erosion from the face of the sand bar is the

* volume of water stored in the sand bar, which is directly related to the width

of the sand bar. Narrow sand bars will have a smaller volume of ground water
in storage. When the river stage falls below the static ground water level,
this smaller volume of ground water can drain from the sand bar relatively
quickly. Faster drainage time (reduced lag time between river stage and water
table decline) reduces the length of time during which erosion from ground-
water seepage occurs. In contrast, wide sand bars will have a larger amount
of ground water in storage. Seepage through the face of the sand bar will
occur, as previously described, when the river stage is lowered below the
average ground water level. This seepage will continue for a longer period of
time to drain the larger volume of water stored in the sand bar. It is likely
that erosion via rill formation will occur for a longer time period.

Other factors affecting the amount of erosion from ground-water seepage on the
face of the sand bar include:
1) Slope and length of the face of the sand bar.
2) Sediment grain size and distribution.
3) Sediment cohesion, which is dependent on particle size, particle
shape, and to a lesser extent on sediment and water chemistry.
4) Geomorphic position above the main river channel.

Horizontal drains installed in one of the study plots verify the role of
ground water in seepage erosion. The drains induced more rapid drainage of
ground water from near the face of the sand bar, thereby limiting formation of
a seepage face. There was a noticeable difference in the appearance of the
face of the sand bar in the vicinity of the drains after installation. Ground
water near the face of the sand bar drained very quickly through the
perforated pipe after the river receded. The area above the drains appeared
to dry very quickly. Rills did not reform in the immediate area, indicating
that ground water was no longer seeping out the face of the sand bar.

Adjacent areas on the sand bar, including the study plots where blank pipes
were installed, still appeared saturated and rills reappeared.
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CONCLUSIONS

Erosion and deposition processes occur daily in response to changing
hydrologic and hydraulic conditions. The net effect of these opposing
processes varies with changing river flow characteristics. Sand bar erosion
caused by ground water seepage was documented in the April study period,
during wiich the daily range of the Colorado River stage fluctuation was
relatively large and the mean stage of the river was low. Net aggradation on
the sand bar was documented in the August study period. Several processes
could be responsible for the net aggradation. One possibility is that because
the daily range of the Colorado River stage fluctuations was less than in
April, erosion by ground water seepage was reduced. Also, the mean river
stage was higher in August. The higher mean stage may have resulted in
slightly different eddy characteristics. Changes in eddy-flow patterns may
locally affect the sediment supply available for accumulation on the sand bar.
Another possible explanation is creep or other mass wasting. Another is
vertical rebar movement. Because several processes have been identified as
possibly affecting sand-bar erosion and sediment deposition, future
investigations of this type should attempt to isolate effects from each of
these processes.

River stage fluctuations occur daily as a result of variable flow releases
from the Glen Canyon Dam for power generation. When the river stage is
lowered rapidly, the rate at which the sand bar drains will not permit the
water table to decline as fast and remain coincident with river stage. The
water table in the sand bar is temporarily higher than the river stage. This
condition can be described as a difference in potentiometric head between the
water table and river stage and will result in ground water movement towards
the river. Ground water will drain from the sand bar at a rate limited by the
aquifer progerties of the sand bar and the head difference between the water
table and the river. When sand bar discharge (seepage) is of such quantity
that the upper limit of the discharge zone (interface between the water table
and the sand bar) is higher than the river stage, water will flow down the
face of the sand bar forming rills and transporting sand grains down the slope
to the river’s edge. This process was documented in the April study period.

The amount of sand-bar seepage (and therefore erosion) decreases when the
range of river stage fluctuations is reduced. The reduced range in stage and
less prominent formation of rills in the August study period reflected this
case.

This study has focused only on the role of ground-water seepage on sand bar
erosion. Erosion by ground water seepage is only one of many geomorphic
process affecting sand bars in the Grand Canyon. System-wide sediment budget,
main channel sediment transport, mass wasting, creep, eddy dynamics and
related sediment storage in eddy basins are other aspects being studied that
affect sand bar stability. Interaction by research scientists will be
necessary to determine dominant components of sand-bar stability affected by
river stage fluctuations.
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APPENDIX 1

GLOSSARY

Aggradation' - The building-up of the Earth’s surface by sediment
deposition. A synonym of accretion, as in development of a sand bar.

Drains - Perforated pipe buried in the face of the sand bar and used to
intercept and convey ground water to an outlet.

Eddy' - A circular movement of water that is generally in a different
direction from that of the main current. It is a temporary current,
usually formed at a point where the main current passes some
obstruction, or between two adjacent currents flowing in opposite
directions, or at the edge of a permanent current.

Erosion! - The general process or the group of processes whereby the materials
of the Earth’s crust are loosened, dissolved, or worn away, and
simultaneously moved from one place to another, by natural processes,
which include weathering, solution, corrosion, and transportation, but
usually exclude mass wasting. The mechanical destruction of the land
and the removal of material (such as soil) by running water (including
rainfall), waves and currents, moving ice, or wind.

Fluctuating Zone - A zone on the face of a sand bar that is influenced by the
fluctuation of river stage. The area of a sand bar between the range of
high and low water levels.

Range - The difference between high and low flow releases from Glen Canyon Dam
as measured on a daily basis.

Ramping Rate - The rate of change of flow releases from Glen Canyon Dam.

Return Channel - A feature of sand bars formed by a large eddy or
recirculation zone usually found on the upstream portion of the sand bar
where a counter current formed a depression in the deposit by means of
scour. The remnant land form is categorized as a return channel by
Schmidt and Graf (1989).

Rill Erosion' - The development of numerous, small, closely-spaced channels
resulting from the uneven removal of surface soil by running water that
is concentrated in rivulets of sufficient discharge and velocity to
generate cutting power.

Sand Bar' - A ridge-like accumulation of sand, gravel, or other alluvial
material formed in the channel, along the banks, or at the mouth, of a
stream where a decrease in velocity induces deposition.

Sand-Bar Face - The surface of a sediment deposit (sand bar) adjacent to and
sloping toward the river. Synonym beach face.

Seepage Line' - The uppermost level at which flowing water emerges along a
seepage face; an outcrop of the water table.

Seepage Face'! - A belt along a slope, such as the bank of a stream along which
water emerges at atmospheric pressure and flows down the slope.
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Stage - The elevation of a river water surface relative to a datum.

Surface Profile Gage - A device to determine accurate elevation of 58 points
along a transect without disturbing the ground surface, i.e. erosion
bridge.

Transects - A line or profile of scientific interest on the ground surface
that is delineated by the position of stakes 15 feet apart.
Measurements made along the transect are used to document vertical
changes in topography. A transect and surrounding area is identified by
flagging and protected from trampling by human footprints or other
intrusive activities.

Transect Stake - A five or ten foot length of metal rod (1/2-inch re-
enforcement bar) driven into the sand bar to support the surface profile
gage and delineate the end point of a transect.

Zone of Active Erosion - A section of the sand bar susceptible to seepage from
bank stored ground water usually indicated by the presence of rilling.

!Source: Glossary of Geology, 1980 Second Edition, edited by
Robert Bates and Julia Jackson, American Geological Institute,
Falls Church, VA.
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APPENDIX 2

DESIGN AND OPERATION OF THE SURFACE PROFILE GAGE

An instrument to quantify erosion and deposition on the sand bars in the Grand
Canyon needed to be portable, accurate and adapted to specific conditions
encountered at remote sites. In general, measuring the topography of land
surfaces utilizes bench marks, optical leveling devices, rods that serve as
measuring sticks and a surveyors notebook. Likewise, measuring the profile of
surfaces requires a reference datum, distance indicators and documentation.

Design

The surface profile gage was designed and constructed by Water Operations
Branch staff. This instrument measures the elevation of a ground profile at
3-inch intervals over a distance of 15 feet without individuals having to
traverse the area to be measured. A total of 58 data points are acquired over
the profile.

Preliminary tests were conducted to determine the least penetration of pliable

- gurfaces by falling rods. Several materials including brass and plastic tubes,

aluminum arrow shafts, and fiberglass rods were examined for weight, stiffness
and length. One-eighth-inch wooden dowels had the best combination of material
strength and least weight. Various designs were tested to reduce the
sharpness of the end of the dowel. Styrofoam cubes, plastic disks, and ping
pong balls were tested on a loose surface of fine sand collected from a sand
bar along the Colorado River. Measurements were compared from each assembly
to determine the least deformation of the sand surface. Spheres have the
advantage of lack of sharp edges found on flat disks or cubes, which tended to
cut into sloping surfaces. Ping pong balls were chosen due to good performance
in the tests and lack of porous surfaces which could absorb moisture and the
ease of removing wet soil that may adhere at the contact surface.

The surface profile gage was developed to collect accurate data on erosion and
deposition of soft ground surfaces. The length of the gage allows measurements
of undisturbed plots without trampling or other human induced soil
deformation. Measurements of vertical distances from a supported beam can be
repeated accurately at periodic time intervals. Vertical support stakes
delineate 15 foot transects across study plots. The gage is positioned on
these stakes and the vertical rods are allowed to drop to the ground surface.
Each rod has a ping pong ball attached to the lower end to prevent the rods
from penetrating the soil surface. The rods are clamped in position while
touching the ground and the gage is removed for measurements. The extended
distance of each rod is recorded.

The surface profile gage was designed with specialized features that allow:

1. Measurements without disturbance to the study plot by human foot
prints.

2 Long enough span that the vertical support stakes do not affect
the study plot.

3. Measurement rods that do not penetrate in soft, pliable ground
surfaces.

4 A clamping system that holds the rods in position when the gage is

removed from the vertical support stakes.
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Precise measurements to determine very small differences in ground
elevations.

Light weight to insure easy operation by two people.

Portability to the study site by disassembly for shipping,
rafting, and/or backpac{ing.

Durability during field travel.

N N W

Construction

The surface profile gage was constructed with an aluminum frame 15 feet long
(4.6 m) which positions 58 ping-pong balls, each attached to a 2-foot length
of 1/8-inch diameter wooden dowel. The frame is made from two beams which are
vertically separated 8 inches by short diagonal braces to form a truss (hence
the common term of erosion bridge). Each beam is spliced from two 7-1/2-foot
lengths of 2-inch aluminum angle. Small guide holes of 3/16-inch are drilled
at a 3-inch spacing, 3/8-inch from the edge of the beams to the center of each
hole.

The gage can release the dowels (allowing free movement) or clamp the dowels l
in place. A clamping bar was constructed from l-inch aluminum angle and foam

. weather stripping. The clamping bar rests on the upper beam and may be
pressed against the row of dowels to hold them in place or moved away to allow
the dowels to slide freely in their guide holes. A mark on each dowel was l
made to indicate a specific distance from the bottom of the ball. A marking
jig was constructed to improve consistency in locating the mark on the dowel.
Each ball and guide hole are numbered to insure the balls and dowels could be
replaced to their original holes if the dowels were removed. The distance l
measurement of each dowel is taken from the top beam of the gage.

Two larger holes were drilled at the ends of the surface profile gage where
the top of the vertical support stakes fit into place for positive positioning
the gage. A thick piece of metal with a hole was attached to the bottom of
the upper beam to guide the vertical support stake to rest in the same
position for every measurement. Slots were filed in the lower beam to
eliminate problems encountered with aligning the holes at the end of the gage
with the vertical support stakes. This reduced problems encountered from not
driving the vertical support stakes in a true, perpendicular position.

Operation

Transects were established by placement of stakes to support the surface
profile gage. In the first study period, stakes were S5-foot long, 1/2-inch
diameter rebar. During a second study period, 10-foot long rebar was used.
The method of setting the stakes consisted of wading in the river from outside
the study plot to the selected point and approaching it directly from the
water. The stakes were driven into the ground until about one foot remained
exposed. One end of the gage is placed on the first stake while the other end
is supported and used to locate the position of the second stake. After
setting the second stake the gage is used to check that the distance is equal
to the support holes in the gage.

Use of the surface grofile gage consisted of positioning the balls close to
the lower beam of the bridge by inverting the gage and releasing the dowels
and reclamping. After approaching the transect from the water’s edge, the
gage was carefully placed over the vertical support stakes. The gage support
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holes are positioned firmly onto the two vertical support stakes. This forces
the gage in an upright, rigid position. With the gage in position, the
clamping bar is released and the balls fall by gravity to the ground surface.
Due to the short distance between the surface profile gage and the ground, the
measuring rods drop lightly to the ground surface. The clamp is reset,
holding the measuring rods in place while touching the ground surface. The
gage is lifted off the support stakes and carried to a staging area for
measurement of each rod in the clamped position. The distance from the upper
beam of the gage to the mark on the dowel is measured and recorded.

The elevation of the top of the vertical support stakes was surveyed to
established bench marks several times during the study to determine if any
elevation changes (of the vertical support stakes) were occurring. The
surface profile gage was checked for sag or warping by stretching a string
line over the length of the upper beam and measuring the distance to_the
string at the center of the beam. Repeated measurements of a control, fixed
transect indicates the reliability of the gage and the recording methodology.

Fifty-eight data points are acquired for each surface profile measurement. The
information is recorded on data forms along with transect identification,
date, time, and observers names. All balls must drop correctly and the data
must be properly recorded. Data points which plot beyond reasonable limits on

" graphs are discarded from analysis and are probably caused by error in

recording or the initial measurement of the individual rods. Elimination of
stick measurements near the vertical support stakes from analyses assured that
the remaining data points reflected an undisturbed conditions along the
transect.
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APPENDIX 3
INTERIM OPERATING CRITERIA FOR FLOW RELEASES

FROM GLEN CANYON DAM

On November 1, 1991, the Secretary of the Interior implemented the following
criteria for Interim Flows for the Colorado River downstream from Glen Canyon
Dam. These criteria are to remain in place through the completion of the
Record of Decision for the Glen Canyon Dam - Environmental Impact Statement,
currently scheduled for December, 1993. The purpose of the Interim Flows is
to minimize the loss of the natural resources in the Grand and Glen Canyons
until a longer term solution is defined through the Glen Canyon Dam -
Environmental Impact Statement program.

Parameter Flow in Cubic Feet per Second (cfs)
Maximum Flow 20,000 cfs!
" Minimum Flow 5,000 c¢fs - nighttime

8,000 ¢fs - 7 a.m. to 7 p.m.?

Ramp Rates

Ascending 8,000 cfs/ 4 hours not to exceed 2,500 cfs/hour
Descending 1,500 cfs/hour

Daily Fluctuations
5,000, 6,000, or 8,000 cfs®

'To be evaluated and potentially increased as necessary for years when
delivery to the Lower Basin exceeds 8.32 maf.

*The 8,000 cfs minimum flow requirement from 7 a.m. to 7 p.m. will be shifted
to 8 a.m. and 8 p.m. respectively beginning the last Sunday in October and
ending the first Sunday in April, Arizona local standard time.

*Daily fluctuation limit of 5,000 cfs in months with release volumes less than
600,000 acre-feet, 6,000 cfs for monthly release volumes between 600,000 and
800,000 acre-feet, and 8,000 cfs for monthly volumes over 800,000 acre-feet.
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ABSTRACT

Six automatic time-lapse cameras were installed overlooking river-bank deposits along the
Colorado River in Grand Canyon during a series of test releases from Glen Canyon Dam.
Photographs were taken daily, at or near low river stage, from August 1990 to November
1991. Measurements of deposit area were made from photographs taken during regularly
scheduled constant low discharge periods. Deposit areas were estimated between measured
photographs by visually inspecting daily images. The method was effective in monitoring
sand bar responses to test flows.

It was found that sand bars responded daily to changes in flow regime. The most obvious

.responses were erosional. Day to day photographs documented rapid and large-scale erosion
events (bank failures) occurring repeatedly at five out of six sites. Most deposits rebuilt to
nearly the same area, or greater, in as little as one week when the dam released daily high
fluctuation flows. There were exceptions to this however, where one deposit that eroded
rapidly in December, 1990, was still greatly reduced in size at the end of the study. When
low fluctuation releases followed erosion events, little deposition occurred. This was
observed during "interim" flows, when bank failures were not rebuilt.

External processes were documented on one occasion when a deposit eroded 50% in 4-5
~hours. However, out of 23 bank failure events documented, half were temporally associated
with dam operations that produced 2-3 day low flow periods following high fluctuations, and
followed by high fluctuations. Slumping of high-angle deposits and seepage of bank-stored
water explain some of these events. Other events were physically observed where high
current velocities from rising river stage were directed toward very low-angle deposits, and
scouring occurred. It is probable that seepage and scour are mutual forces in bank failure
events. Both types of bank failure are driven by operations of Glen Canyon Dam.

"Weekend" low flows, a component of "normal” fluctuating flows, are responsible for the
majority of bank failures. It was also found that "normal” flows eroded two-times more river-
bank sediment and deposited one-third as much as did test flows that fluctuated regularly.
Since bank failures are caused by dam operations, they are an important new element of river-
bank dynamics that needs to be treated in managing the sediment resources along the
Colorado River corridor in Grand Canyon.



INTRODUCTION

Background

In 1989, the U.S. Bureau of Reclamation decided to conduct a series of designed releases

from Glen Canyon Dam to help evaluate alternative flow scenarios that might reduce impacts
to downstream resources from normal daily fluctuations that provide peak hydroelectric
power. The designed releases have become known as test flows, each having different
hydraulic characteristics in mean discharge, daily range in discharge, up and down ramping
rates, and duration. The test flows were designed to imitate seasonal flow patterns during
normal operations for hydro-power production, for evaluation of potential alternative flow
regimes, and each test flow was separated by a short period of low constant flow so that
measurements could be made on otherwise inundated river-bank deposits.

Objective

During a short reconnaissance survey in 1989, during a pre-test flow evaluation, and in the
early surveys during the test flows in 1990, it became apparent that Colorado River-bank
deposits might erode dramatically over very short periods of time. The driving processes were

~unknown. Time-lapse photography was selected as a method to study rapid changes in river-

bank morphology. The objectives of this investigation were to document daily changes in
sand bar morphology and determine if operations of Glen Canyon Dam were responsible for
those changes.

Setting

The Colorado River flows through the highly incised Grand Canyon bedrock gorge for 250
miles between impoundments at Glen Canyon Dam and Lake Mead backwaters (Fig. 1). Over
most of its length, short, steep, ephemeral tributaries have deposited fans of coarse debris
along their confluences resulting in constrictions of the main channel. Where main stem flow
is upset by channel constrictions, flow recirculation zones and stagnation points develop,
creating depositional environments for sediments transported by the Colorado River. Four
types of fluvial deposits have been classified; separation deposits, reattachment deposits,
upper pool deposits, and channel margin deposits (Fig. 2) (Schmidt and Graf, 1988). The
impoundment of the Colorado River behind Glen Canyon Dam in 1965 efficiently removed the
historically high sediment load. Modern fluvial sediment sources are restricted to tributary
loads between impoundments, with the Paria and Littie Colorado Rivers providing the majority
of annual sediment supply. Unexpected high releases from Glen Canyon Dam in the spring
of 1983, and the following three years, resulted in reworking the existing river-bank fluvial
deposits. There is considerable debate still over the effects of those high releases on fluvial
sediments held in storage in both the channel and river-bank settings. Most interest has been
paid the river-bank deposits, as they provide substratum for the entire riverine ecology and
are more readily observed.
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Figure 1. Location map of Grand Canyon and surrounding region, and study sites in this
investigation.
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Site Selection and Description

The sites selected for this study were: 1) Colorado River mile 43 left (CR 43 L); 2) CR 51 L;
3)CR68R;4)CR172L;5)CR 211L; and 6) CR 216 R. (See figure 1). A short period of
record was obtained at CR 81 L, however this data is not presented. Site selection criteria
included: daylight during low river stage; coincidence with instrumented seepage erosion sites;
presumed high activity from prior experience; where high angle slopes suggested vulnerability
to fluctuating flows; and where large cut-banks were commonly observed.

CR 43 L The sand deposit at this locale lies immediately upstream of a channel constriction
(Fig 3). Consequently, it is classified as an upper pool deposit. There are typically two small
recirculating eddies along the face of the deposit that shift and change size in response to
changes in river stage. Current velocities at this site are relatively low because of its upper
pool environment.

Figure 3. Aerial photograph of study site CR 43 L. River flows from top to bottom of image,
note channel constricting debris fan downstream of deposit. Lines indicate location of camera
and field of view. Photo taken at 5,000 ft*/s.
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CR 517 L This deposit lies downstream of a channel constriction, in a flow recirculation zone,
and is classified as a reattachment deposit. The deposit is broad, flat, and low in topographic
relief. The heavily vegetated portion is inundated during high daily releases.

Figure 4. Aerial photograph of study site CR 51 L. River flows from right to left in the photo.
Note small separation deposit at the downstream side of the channel constriction (right
center), return flow channel (lower right), and flow reattachment point (center). Photo taken
at 5,000 ft*/s.




CR 68 R Thisis a complex deposit consisting of separation and reattachment deposits along
the inside of a tight river meander. Much of the upstream gravel bar was over-topped by high
flows in the 1980’s, so the fine grained deposit would have originated in a separation
environment. It has since been reworked by lower flows, and discrete separation and
reattachment deposits currently exist. This site was the first instrumented with time-lapse
cameras in August, 1990.

Figure 5. Aerial photograph of study site CR 68 R. River flows from right to left in image
around two channel constrictions. Lines indicate camera location and approximate field of
view. Note narrow reattachment deposit, elongated separation deposit, and semi-circular
return flow channel between the two deposits. Photo taken at 5,000 ft*/s.
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CR 172 L About 104 miles downstream is the next study site, 1-mile downstream of
Mohawk and Stairway canyons. This deposit is in a relatively narrow portion of the canyon,
and consists of a narrow, flat reattachment deposit with a strong recirculating eddy.

Figure 6. Aerial photograph of study site CR 172 L. River flows from left to right in image.
Note separation deposit at flow constriction (upper left) and reattachment deposit in channel

expansion (upper right and center). Lines indicate camera location and approximate field of
view. Photo taken at 5,000 ft’/s.



CR 211 L Next downriver is a reattachment deposit with an uncommonly long and steep
slope that extends to river level during all normal fluctuations. Vegetation on this slope was
suspected as being disturbed by fluctuating flows.

Figure 7. Aerial photograph of study site CR 211 L. River flows from left to right in photo.
Study site is a reattachment deposit, downstream of a debris fan channel constriction. Lines
indicate camera location and approximate field of view. Photo was taken at 5,000 ft3/s.
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CR 216 R The last study site is typical of Grand Canyon reattachment deposits, formed
downstream of a channel constriction.

Figure 8. Aerial photograph of study site CR 216 R. River flows from lower right to upper
left in image. Channel constriction appears in the lower right portion, associated with the
separation deposit. Reattachment deposit at channel expansion is at right center. Lines
indicate location of camera and approximate field of view. Photo taken during interim flows

at approximately 10,000 ft’/s.



METHODS

This project was originally conceived to provide supporting qualitative descriptions to existing
land surveying approaches to sand bar investigations (Beus and Avery, 1992). However, it
became apparent that consistent and comparable quantitative measurements of sand bar area
could be made from photographs taken at known constant river stages.

Cameras and Installation

During the fall of 1990, an elaborate Nikon time-lapse camera system was temporarily
installed overlooking the fluvial deposits at Colorado River mile 68 to test the feasibility of
time-lapse photography in fluvial deposit studies. The initial results were encouraging, and
preparations were made to install six additional cameras during a November-December, 1990
surveying trip. Pentax Camera Corporation had introduced their first inexpensive
programmable camera just months prior to the beginning of this project. The camera, model
IQ Zoom 105, was the only point and shoot (inexpensive) camera then available with an
integral 24-hour intervalometer. This feature was necessary in order to allow daily image
capture while providing 30-35 days of film capacity in an off-the-shelf camera. The cameras
used for this study also had optional datebacks to imprint each image with the date or time.

A weather proof enclosure was designed to house and protect the cameras in the harsh Grand
Canyon environment. Standard military surplus steel ammunition containers were used. They
are readily available, inexpensive, water-proof, and easily modified for this application. The
containers were modified to include an optically transparent acrylic window, a mounting base
for the camera to ensure repeatable camera alignment, and a sun and rain shade for the
window (Figure 9). The camera housings were affixed to large and immobile rocks using inert
silicone adhesive. The housings were aligned to insure desired photo coverage prior to fixing.
This system resulted in remarkable camera performance through wide ambient temperature
swings and severe thunderstorms.

Figure 9. Camera and weather proof housing used in this study.
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Data Gathering

Six cameras were installed and collecting daily images by December 10, 1990. During
regularly scheduled sand bar surveying river trips (Beus and Avery, 1992) and other pre-
scheduled trips, film was replaced in the cameras and batteries were checked. The film used
was standardized early in the investigation to ensure color balance from roll to roll.
Kodachrome 64 Professional color reversal film was used almost exclusively. Various
processing laboratories and mounting systems were experimented with. However, the most
consistent and flexible method was Kodalux processing without cutting or mounting the film.

Analysis

All images were reviewed under 4x magnification while still in strips. When low flows
occurred (5,000 ft3/s constant for 3 days following each test flow) images were selected from
all sites for measurement. Measurements were taken from images using a 10x magnifying
loupe with a scaled base lens. The scaled lens was placed directly on the image surface to
eliminate distortion, and cross-section lengths were measured. Vertical cross-sections were
originated at geographic reference points visible in all photographs, and were chosen to
adequately cover the width and various features of the subject (Fig 10). Cross-section Iengths
were averaged and multiplied by horizontal length to yield area values.

Because the cameras were immobile and consequently in the same position for each
photograph, reliable and repeatable measures of sand bar area were readily obtained. Fixed-
camera photogrammetry lends itself to repeatable measurement of any visible change or
movement in the field of view. A fixed-camera system also makes it possible to make
comparable measurements from photo to photo without having ground-control even
photographic scale information. The results presented in this report are daily area values
expressed as percentages of the original area measured. Daily area values were estimated
between measured values by carefully inspecting each daily image for changes in deposit
morphology. Many technological refinements of this precursory analytical method are possible
and some have been instituted since the beginning of the interim flows period.

2 5

Figure 10. Depiction of photogrammetric measurement scheme used for this analysis. Black
lines are cross-sections repeated on each measured photograph, each beginning at prominent
geographic reference points. Sample site is CR 68 R.
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Oblique terrestrial photography permits perception of sand bar morphology in three
dimensions. Horizontal planar measurements can be qualified by observations in the vertical
dimension. For example, it is easy to differentiate between low-angle slopes and high-angle
slopes. This qualitative information is further refined through field observations of the
commonly encountered slope angles. Although not directly measured in this investigation,
slope angles will be discussed in the qualitative terms of low and high, or gentle and steep.
From field experience, these generally correspond to the theoretical minima and maxima of
11 and 26 degrees for wet and dry materials composing Grand Canyon sand bars (see Budhu,
this report).

RESULTS

This investigation resulted in over 1,800 time-lapse photographs, of which about 100 were

“used for actual sand bar area measurements. All images will eventually be transferred to

video format and time-lapse animation products will be available. The sand bar area tables
were graphically prepared as daily time-series plots of deposit area and associated river
hydraulic parameters (Figs. 11, 13, 14, 16, 17 and 20). Hydraulic descriptions of each test
flow were compiled from test flow hydrographs and GCES-II test flow designs (Appendix |,
this report). Comparisons of relative sediment transport capacity were made using data
presented also in Appendix | and are ploted on the time-series diagrams as relative indexes
for comparing the different test flows. Photographs of the more dramatic findings accompany

the time-series plots (Figs. 12, 15, 18, 19, 21, 22, 23, 24, 25, and 26).

Normal Flow August 8-September 17, 1990 The first time-lapse camera was installed on
August 8, 1990, at CR 68 R. Using a standard roll of film with 36 exposures, and
programming the intervalometer for 6 hours between photos, 9 days of record were obtained
(Fig. 11a). Film was replaced on September 2, 1990, and the intervalometer was
programmed for 1 photo each day at estimated low stage, about 5:30 PM. The photographs
of September 5 and 6, 1990 show that approximately 10% area of sediment in the return
flow channel was eroded in the previous 24 hours (Fig 12a-b). This occurred on the second
day of fluctuation following 2 days of low fluctuating "weekend" flows (see Appendix |,
hydrograph of September, 1990). The CR 68 R deposits remained constant in size through
the remainder of the Normal Flow and deposit areas were measured on September 17, during
the 5,000 ft®/s evaluation period.

140 , ‘ . . 5000
Normal Flows E'flow {*A"flow! g ! Normal | Nommal Flows 1k
irreguiar 5-29 k i ragular | regular | Fait i wregular 2-21k w/ +-4500 %
130 with weekends | 3-27k | 313k {inegular. weekends o
i ! 2-17 k wih +-4000 CT)
8 , yveekend? aQ
@ 1 | , 3500
— 120 ’ ‘ T 8
< i ., | el
c s ; °od | 3000
£ __7—_%/_—‘—— ‘ | :
o = o | ; ‘ | 3 -
5 11ot—1{Brosk|- I , 2500 &
] ] 3 5
© | Sep 24 : ‘ BREAK IN RECORD ‘ | 2000 uc-;
€ downstream : ‘ <
4] : ; g
8 100 Sep 6 v bank fail ; ! : L1500 =
6 scour of : ; ! ; ‘: 7 —A QC)
Q return flow 1 ! . . , L1000 &
g0-— Channel | _ =
1 500 G
— ; ;
BgugIglllIHIIIIII:(Hé‘eHF;H‘HXl!v!.siek.l\’ .1‘l'7!llx'6]cltllfll,l’voll(c:{”{all.la'cl{llzhjl”R’;)\\X/.T;BHXHI”HHDHéIéYHlilll‘b.é%u{g”llB’élc.3$
. 1990
r . - !
‘ A measured area — estimated area —=— sediment transport |

Figure 11a. Time series plot of daily deposit area at CR 68 R. Area is expressed as a
percentage of area measured in original photograph. Test flow details are described along the
top, and sediment transport capacities are shown as the heavy horizontal lines.
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Figure 11b-c. Time series plots of daily deposit areas at CR 68 R.
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Figure 12a-b. Photographs of September 5 (a) and September 6 (b), 1990, at CR 68 R. Note
erosion of return flow channel area (right center) in lower photograph.
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"E" Flow September 17-October 1, 1990 The "E” flow immediately began depositing
sediments along the separation deposit, and the area of CR 68 R was increased 10% by
September 20 (Fig. 11a). The deposits continued to increase in size until sometime between
September 23 and 24, when the return flow area was eroded, reducing area about 4% in the
past 24 hours. This erosion event occurred in the middle of the regularly fluctuating test flow
(see Appendix 1). The downstream portion of the reattachment deposit was also being eroded
during this period of test flow (Fig. 12c-d) even though the overall area was increasing.

Figure 12c-d. Photographs taken on September 23 (c) and September 24 (d) at CR 68 R.
Note enlarged return flow channel (right center) and cut-bank formation (left center) in lower
photograph.
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A" Flow October 1-October 14, 1990 During the "A" flow, CR 68 R stabilized from its prior
rapid deposition and erosion, and enlarged in area about 2% (Fig. 11a).

Normal Eall October 27-November 10, 1990 Record was not obtained for this test flow.

Normal Flow November 10-December 16, 1990 Six sites were instrumented with time-lapse
cameras between November 28 and December 10, 1990. The Normal Flow test was the first
test recorded at sites other than CR 68 R. At CR 43 L, no measurable changes were recorded
(Fig. 13a). At CR 51 L, the reattachment deposit eroded about 10% (Fig. 14a) between
photographs taken on December 12 and 13 (Fig. 15a-b). Area stabilized for the remainder of
the test flow at CR 51 L. Records had not been established for the remaining sites.

11,000 ft’/s Constant Flow December 16-December 31, 1990 At CR 43 L, the constant
flow test resulted in slight area increase (about 1%) (Fig. 13a). Slight area decrease was
recorded at CR 51 L (Fig. 14a). The constant flow test was not recorded at CR 68 R and CR
172 L. At CR 211 L, the test reduced deposit area about 1% (Fig. 16a), and at CR 216R, the
deposit eroded 5% over the two-week test period (Fig. 17a).

“C" Flow December 29, 1990-January 13, 1991 No record was acquired at CR 43 L. At
CR 51 L, deposit area increased about 3% to the pre-77,000 ft’/s test area (Fig. 14a). CR

. 68 R eroded about 2% during the two-week test (Fig. 11b). Camera malfunction at CR 172

L resulted in no record for the "C” test. At CR 211 L, dramatic erosion occurred over the
two-week test period (Fig. 18a-b), resulting in about 17% reduced area (Fig. 16a). An
increase of about 7% area was recorded at CR 216 R during the same period (Fig. 17a).

Normal Winter Flow January 14-January 28, 1991 Approximately 1% area reduction was
recorded at CR 43 L (Fig. 13a). At CR 51 L, erosion of about 16% area was documented
(Fig. 14a). About 2% increased area was measured at CR 68 R for this test (Fig. 11b).
Camera malfunction still affected CR 172 L. CR 211 L eroded approximately 17% over the
two-week test period (Fig. 16a). CR 216 R eroded about 3% during the last day of the prior
evaluation flow (Fig. 19 18?), but rebuilt and gained about 1% area over two-weeks (Fig.
17a).

"B” Flow January 27-February 10, 1991 Area increased at CR 43 L about 1% over the two-
week test period (Fig. 13a). Area continued to decrease at CR 51 L by about 3% (Fig. 14a).
At CR 68 R, area continued to increase at a rate similar to the previous test, resulting in about
2% increase (Fig. 11b). The camera system was operating at CR 172 L during the "B" test,
and the deposit area increased about 2% (Fig. 20a). At CR 211 L, the previous erosion was
recovered in about 8 days, and the deposit increased about 2% during the test flow (Fig.
16a). CR 216 R responded similarly to the Normal Winter and "B” tests through erosion of
the exposed high-angle bank, forming a cut-bank, reducing area about 4% in the last day of
the evaluation period. However, the area loss was recovered quickly during the ensuing “"B"
test, and the deposit enlarged about 1% overall (Fig. 17a).
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Figure 13a-b. Time-series plots of daily deposit area at CR 43 L.
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CR 51 LEFT

Figure 14a-b. Time-series plots of daily deposit area at CR 57 L.
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Figure 15a-b. Photographs taken on December 12(a) and 13(b), 1990, at CR 51 L. Note
eroded area at right edge of lower photograph.
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Figure 16a-b. Time-series plots of daily deposit area at CR 27117 L.
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Figure 17a-b. Time-series plots of daily deposit area at CR 216 R. .
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Figure 18a-b. Photographs taken on December 31, 1990(a) and January 14, 1991(b) at CR
211 L. Note erosion of reattachment platform (left center) in lower photograph.
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Figure 19. Photograph taken on January 14, 1991, at CR 216 R. Note -cut-bank formation
along reattachment deposit (right center).
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Figure 20a-b. Time-series plots of daily deposit area at CR 172 L.
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Normal Flow February 10-April 20, 1991 Gradual deposition occurred at CR 43 L over the
lengthy test flow period, resulting in 2% increased area (Fig. 13a). Erosion continued at CR
51 L for the first month of the test period, and record was not obtained for the remainder of
the test (Fig. 14a). At CR 68 R, deposition was continuous at rates similar to those of the
prior two tests. A break in record between April 13-22 however, apparently missed
documenting rapid erosion of about 12% during that period (Fig. 11b). CR 172 L also
aggraded during the Normal Flow period until on the evening of April 17, during rising river
stage, about 30% of the deposit was eroded in 5-6 hours (Fig. 21a-b). This dramatic erosion
event was witnessed by the author and others who had been working at the site for 4-days
prior. Erosion occurred on the first stage increase following a 3-day low fluctuation
"weekend” period (see Appendix I). At CR 211 L, there was a gradual 3% increase in area
over the test period (Fig. 16a). CR 216 R was eroding at a high but steady rate for the first
half of the test period (Fig. 17a). A break in record occurred during the second half due to
battery failure, but the deposit was about 25% smaller at the end of the Normal test flow (Fig.
22a-b).

Normal Spring Flow April 20-May 4, 1991 There were no changes in area at CR 43 L (Fig.
13a) or CR 51 L (Fig. 14a) during this test. There was a dramatic increase in size recorded
at CR 68 R, approximately 13% increase, bringing the area curve to a point similar to the end
of the prior Normal Flow response just before rapid erosion occurred (Fig. 11b). CR 172 L
. eroded gradually during the two-week test period, resulting in about 10% decreased area (Fig.
20a). Rapid deposition occurred at CR 211 L during the same period, with about 10%
increased area. CR 216 R increased about 5% over the test period.

"D"” Flow May 4-May 18, 1991 CR 43 L increased area slightly during the test, about 1%
(Fig. 13a). The "D" test increased the area at CR 51 L about 12%, the first substantial
increase since rapid erosion on December 13, 1990 (Fig. 14a). CR 68 R responded wildly to
the “D” test, first by erosion of about 17% area between May 6 and 7 (Fig. 23a-b), followed
by rapid deposition until May 15. Then between May 15 and 16, about 15% area was eroded
within 24-hours (Fig. 24a-b). The first erosion event occurred between the first and second
fluctuations of the "D " flow, and the second erosion event occurred during the last fluctuation
of the test flow (see Appendix |, May 1991, "D" test flow).

The "D” flow test had similar but less dramatic results at CR 172 L. On May 8, the deposit
had eroded about 3% in the past 24-hours. Deposition followed until May 13, when the same
area eroded about 7% in the previous 24-hour period. Carpenter et al., this report,
documented both erosion events by sudden drops in the stage record of 1.3 meter each
during rising river stage. CR 211 L and CR 216 R both responded to the “D"” test with high
deposition rates (10 and 13% respectively) over the two-week test period (Figs. 16a and
17a).

15,000 ft*/s Constant Flow May 18-June 1, 1991 No area change was measured at CR 43
L during the test period (Fig. 13a), and only minor area increase (1%) was measured at CR
51 L (Fig. 14a). At CR 68 R, the deposits increased area about 5% (Fig. 11b) and at CR 172
L, the deposit increased dramatically (20%, Fig. 20a) in the reattachment platform area (Fig.
25a-b). CR 211 Lincreased in area steadily by about 2% over the test period (Fig. 16a). CR
216 R also increased in area during the test period, but not enough to overcome the erosion
that occurred on the last two days of the prior evaluation period (Fig. 17a).
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Figure 21a-b. Photographs taken on April 17(a) and April 20(b), 1991, at CR 172 L. Note
erosion of reattachment platform area in lower photograph.
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Figure 22a-b. Photographs taken on March 12 and April 22, 1991, at CR 216 R. Note
reduction of area along water line in lower photograph.
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Figure 23a-b. Photographs taken on May 6(a) and 7(b), 1991, at CR 68 R. Note enlargement
of return flow area in lower photograph.
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Figure 24a-b. Photographs taken on May 15(a) and 16(b), 1991, at CR 68 R. Note enlarged
return flow area in lower photograph.
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Figure 25a-b. Photographs taken on May 20 and June 2, 1991, at CR 172 L. Note elongated
reattachment deposit in lower photograph.
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Normal Summer Flow June 1-29, 1991 The Summer test flow eroded the deposit at CR 43
L about 7% over the test period (Fig. 13b). This was the highest erosion rate documented
at CR43 L. CR 51 L also eroded at a high rate during the test flow, but a secondary sand
wave came into view on June 18, and the deposit increased in area for the remainder of the
test as the sand wave migrated further into the recirculation zone (Fig. 14b). Area increased
at CR 68 R about 2% (Fig. 11c). The Summer test flow produced more dynamic results at
the three down river sites. CR 172 L began rapid deposition, about 18% area increase in 16
days, but on June 18, massive erosion reduced the area about 25% (Fig. 26a-b). Rapid
deposition resumed at CR 172 L for the remainder of the test flow. At CR 211 L, area
increased gradually about 3% over the test period. CR 216 R responded to the test similarly
to CR 172 L. Following erosion of the lower deposit toe during the evaluation flow, rapid
deposition began. Area increased about 8% in the first 25 days, but between photographs
taken on June 26 and 27 (Fig. 27a-b), 20% of the downstream portion of the reattachment
deposit had been eroded (Fig. 17b).

"G” Flow June 29-July 13, 1991 Similar small increases in deposit area were measured
during the "G” test flow at CR 43 L, CR 51 L, and CR 68 R (Figs. 13b, 14b, and 11¢c). CR
172 L responded with area reduction of about 5% (Fig. 20b) and CR 211 L eroded at a very
high rate of 16% in 11-days (Fig. 16b). The antithetical response was measured at CR 216
R where deposition increased area about 35% (Fig. 17b).

"F" Flow July 13-27, 1991 A mixture of results were measured during the “F” flow test.
CR 43 L responded with a rapid area increase of 7% over the 11-day test (Fig. 13b). CR 51
L actually decreased area about 2% (Fig. 14b) and CR 68 R remained constant (Fig. 11c).
However, at CR 172 L, deposition increased deposit area by about 20% (Fig. 20b). CR 211
L responded similarly with about 8% area increase, following small cut-bank formation during
the preceding 3-day evaluation period (Fig. 16b). CR 216 R experienced cut-bank formation
also during the evaluation period, but deposition following resulted in little area change (Fig.
17b).

INTERIM FLOWS

High Flow Month August 1-31, 1991 All sites responded negatively to the first month of
reduced-range flows. CR43 L, CR 51 L, and CR 68 R gradually eroded, at rates of about 3%
during the first month (Figs. 13b, 14b, and 11c). Area at CR 172 L remained constant.
However, at CR 211 L, about 3% area was eroded between July 30 and 31 (Fig. 16b).
Gradual erosion pervaded at CR 216 R, reducing area about 6% during the month-long period.

Medium Flow Month September 1-30, 19917 Gradual erosion continued but at reduced rates
atCR43L,CR51L,and CR 68 R (Figs. 13b, 14b, and 11c). September 1 at CR 172 L was
eventful (Fig. 28a-b). Scientists working at that site reported rapid erosion beginning about
5PM, and continuing for about 4 hours. Within 4 hours, the deposit had eroded about 50%
(Fig. 20b). The erosion event occurred during a normal daily rise in river stage, but was
coincident with local flash flooding of nearby Mohawk Canyon about 1 mile upstream. One
scientist reported observing foam suspended on the river surface flowing toward the left bank,
impinging upon the deposits, rather than down the center or right of center portion of the
channel where main current flow normal exists. Rapid erosion was documented a few days
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latter at CR 211 L between photographs taken on September 6 and 7 (Fig. 29a-b).
Approximately 10% of the deposit area was eroded within the 24-hour penod (Fig. 16b).
Gradual erosion continued at CR 216 R (Fig. 17b).

Low Flow Month October 1-31, 1991 Gradual but reduced erosion continued at CR 43 L
(Fig. 13b) and CR 51 L became stable (Fig. 14b). CR 68 R continued to respond with gradual
erosion (Fig. 11c). The two deposits that experienced rapid erosion events in the prior month
appeared stable throughout the Low Flow Month (CR 172 L and CR 211 L)Figs. 20b and
16b). CR 216 R continued to respond with gradual but reduced erosion (Fig. 17b).




Figure 26a-b. Photographs taken on June 18(a) and 19(b), 1991, at CR 172 L. Note erosion
of deposit face in lower photograph (right center).
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Figure 27a-b. Photographs taken on June 26 and 27, 1991, at CR 216 R. Note erosion of
downstream portion of reattachment deposit in lower photograph.
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Figure 28a-b. Photographs taken on September 1 and 2, 1991, at CR 172 L. Note erosion
of entire reworked portion of deposit in lower photograph.
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Figure 29a-b. Photographs taken on September 6 and 7, 1991, at CR 211 L. Note erosion
of reattachment deposit platform in lower photograph.
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DISCUSSION

It was discovered during the course of this study that sand bars in the Grand Canyon are
generally composed of two sections: 1) the static perennial section; and 2) the dynamic
ephemeral section along the face of the perennial section (Fig. 30). The ephemeral deposit
is a highly reworked zone that absorbs the stresses of daily river stage fluctuations and other
changes in flow regime that would otherwise impact the perennial deposit. The ephemeral
portion acts as a buffer for the perennial portion. All the dynamic activity documented in this
study occurred within the ephemeral section of sand bars. Very rapid erosion and deposition
{measurable daily) were documented at most sites. On two occasions, the entire ephemeral
deposit at one site was eroded in less than one day, and redeposited in a period of about one
week. The ephemeral section varies in size depending on deposit type and environment. At
reattachment bars, the whole platform area (Fig. 2) is usually ephemeral. At separation and
channel margin deposits, the ephemeral section is usually a narrow band extending the whole
length of the deposit. The ephemeral section of deposits is vertically bounded by the high-
water line above and extends to some variable and unknown depth toward the main channel.

Ephemeral
Deposit

Perennial

Typical Range
\. Deposit

of Stage

Figure 30. Schematic cross-section of two-part sand bar model. Perennial portion was
deposited either before closure of Glen Canyon Dam or during the high releases in the 1980°s.
It is not usually inundated by flows at power plant capacity. It is often composed of a mixture
of sediment sizes, it serves as habitat substrate, recreational area, and stores large volumes
of fluvial sediment. The ephemeral portion is highly reworked, with each high flow. It is
usually composed of well sorted sand to silt sized material. The ephemeral deposit protects
the perennial deposit from erosion processes that occur within the range of power plant
capacity. The ephemeral portion extends vertically from the high water line to some unknown
depth, and horizontally depending on deposit type and local environment. At reattachment
deposits, the whole platform area (Fig. 2) may be ephemeral. At separation and channel
margin deposits, the ephemeral deposit is usually a narrow band extending the length of the
deposit.
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Erosion

Erosion occurred at essentially two rates, gradual and rapid. Gradual erosion rates were
observed at all sites under various flow conditions. The predominant erosion events were
however, rapid, and often at rates so high that photographs separated by 24-hours showed
only the aftermath. These erosion events are called bank failures in this report.

Bank Failures Large-scale erosion occurred on many occasions between photographs that
were taken 24 hours apart. The author and others also observed large-scale erosion events
on several occasions that affected as much as 1/3 of a sand bar in as little as 3-5 hours.
Table 1 summarizes the bank failure events documented in this investigation. Bank failures
were observed on slopes with angles ranging from steep to gentle. On steep deposits, bank
failures occurred during extended drawdown periods ("weekend" low flows or 3-day
evaluation periods), or within 1-2 days following such a period. Bank failures also occurred
on steep deposits during regularly fluctuating flows.

On gradually sloped deposits, bank failures were observed that occurred on the rising limb of
the river hydrograph. One observation of gentle slope bank failure (from CR 172 L, April 17,
1991) was on a small reattachment platform with about 1 meter relief and slope angle of
about 5-10 degrees (see Fig. 21 for before and after photos). During this event, current into
the eddy was noticeably stronger than usual, and the direction of flow was directly toward
the reattachment platform. The platform was undercut and eroded away within a few hours.

The occurrence of bank failure events on two distinctively different slope angles is explained
by a two process model that includes seepage and traction processes (Fig. 31). River stage
fluctuation is the driving mechanism for both tractive and seepage processes. In the model,
seepage processes occur within the zone of river stage fluctuation, as a result of outward
flowing bank water that infiltrated the sand bar during high stage. As river stage recedes, the
outward component of flow increases, ultimately resulting in bank failure during descending
or lowest river stage (see Carpenter et al., and Budhu, this report).

Traction processes occur over the whole wetted perimeter of the river, predominantly during
rising or peak river stage, when the hydraulic gradient is greatest. The model premise is that
seemingly minor changes in local river or eddy current velocity or geometry result in
redistribution of channel sediments, likely resulting in minor scouring or filling. Any
subsequent scouring that occurred at the toe of the fluvial deposit would be translated
upslope as subaqueous landslides, and observed at the surface as a bank failure event.
Changes depicted here could also develop secondary recirculation vortexes that could reach
the surface. Both manifestations of traction could trigger movement along pre-existing
seepage induced failure planes, thus obscuring the dominant process in analysis.
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Table 1. Chronology of rapid erosion events at sites on the Colorado River. DATE is date of
event when timing is known to 2 hours or less, or date of photograph when event appears.
TIME QUALITY indicates quality of known timing of event, relevant to corresponding test flow
HYDRAULICS. SITE lists Colorado River mile and left or right bank.

DATE TIME SITE HYDRAULICS
QUALITY

9/6/90’ 24 hrs 68 R Second fluctuation following two days of low flow
9/20/90 24 hrs 68 R Middle of test flow period, "E"
12/13/90 24 hrs 51L Last fluctuation before 3 days of low flow
1/14/91 24 hrs 216 R Middle of 3 day 5,000 ft3/s constant flow
1/28/91 24 hrs 216 R Middle of 3 day 5,000 ft%/s constant flow
4/15/21 24 hrs 68 R First fluctuation flow 3 days of low flow
4/17/91 '2 hrs 172 L Rising stage, 1st fluctuation after 3 days of low flow
5/7/91 24 hrs 68 R Second fluctuation after 3 day low, highest in 90 days, "D"
5/8/91 220 min 172L ditto
5/13/91 20 min 172L Rising stage, middle of "D" flow
5/16/91 24 hrs 68 R Last fluctuation of high fluctuation "D" flow
5/20/91 24 hrs 216 R Middle of 3 day 5,000 ft*/s constant flow
6/3/91 24 hrs 216 R Middle of 3 day 5,000 ft3/s constant flow
6/18/91 20 min 172 L First fluctuation following 2 days of low flow
6/27/91 24 hrs 216 R Middle of high fluctuating flow
7/16/91 24 hrs 211 L Middle of 3 day 5,000 ft3/s constant flow
7/16/91 24 hrs 216 R Middle of 3 day 5,000 ft*/s constant flow
7/17/91 32 hrs 225 R Rising stage following 3 day 5,000 ft*/s low, beginning of "F"
7/29/21 24 hrs 211 L Middle of 3 day 5,000 ft%/s constant flow
7/30/91 24 hrs 216 R Middle of 3 day 5,000 ft3/s constant flow
9/1/91 24 hrs “81L Last fluctuation in high release interim flow period
9/1/91 20 min 172L Rising stage in middle of regular fluctuations
9/7/91 24 hrs 211L Second fluctuation following 2 days of low fluctuation flows

' All 24 hour data is from author’s photographic records.

2 20 minute data is from Carpenter et al., this report.

3 2 hour data is from anecdotal information related by other observers of events.

4 Event at CR 81 L was captured photographically by recently installed time-lapse camera.
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Examples of both types of bank failure were documented during this study. The first traction
induced bank failure was observed on April 17, 1991, at CR 172 L (Fig. 21). The author and
a team of NPS and USGS scientists were instrumenting the site for seepage monitoring when
the failure occurred. During the rising stage, about 10 PM on April 17, loud splashing noises
were heard coming from upstream. Inspection of the reattachment bar platform area revealed
that the deposit was eroding at an alarming rate. Swift current was transporting the eroded
material away from the bar as rapidly as the bank collapsed. The current velocity affecting
the collapsing bank was estimated to be in excess of 1 meter per second, and was the
primary recirculating flow pattern. However, the pattern was directed at a high angle to the
deposit, unlike the pattern observed during the prior 4 days. Progressive erosion of the later
stages of this bank failure was documented using time-lapse photography (Fig. 32). The
event lasted about 4 hours, and approximately 30% of the sand bar was eroded.

inflow

RIVER FLUCTUATION outflow

SEEPAGE INDUCED
BANK FAILURE

SAND BAR

TRACTION INDUCED

BANK FAILURE triggering movement on seepage failure planes

Figure 31. Model of two-process bank failure system. River stage fluctuations drive bank
failure processes that result from rising stage and from descending stage. Rising and peak
river stages are associated with the greatest hydraulic gradient in the typical daily river
fluctuation, resulting in increased turbulence and current velocity. Dynamic activity of channel
and eddy-stored sediments would be expected during rising and peak river stage. This is
when traction induced bank failure would occur, and translate upslope. As river stage recedes
and bottoms out, bank water outflow increases, sometimes resulting in bank failure or
development of incipient failure planes (Budhu, this report).
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Figure 32. Time-lapse images of April 17, 1991, bank failure event at the reattachment
platform on CR 172 L. First image was taken at 23:59, on April 17, and the second image

was taken at 0:29, on April 18.
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Other bank failures occurred at CR 172 L that were documented with land tilt sensors and
water column height sensors recording at 20-minute intervals (Carpenter et al., this report),
and recorded by daily photography. The most spectacular bank failure event documented in
this study occurred at CR 172 L on September 1, 1991. Fortuitously, riparian scientists and
interested boatmen were camped at the site when erosion began, and they documented their
observations. At about 5 PM on September 1, the automatic time-lapse camera took its daily
photograph (Fig. 28a). Shortly thereafter, as the river stage began typical rising, the river
became very turbid. Local thunderstorm activity had caused Mohawk Canyon (1 mile
upstream) to flash flood. The boatmen reported that main channel current was observed
across the entire width of the channel, and that their boats were covered with floating foam
that was traveling along the left bank, where recirculating eddy current normally exists.

. Within the next few minutes, massive erosion of the sand bar began, as large blocks of

consolidated sediment calved into the current. About 4 hours latter, 50-60% of the sand bar
had been eroded away (Fig. 28b). Colorado River stage records were checked at the USGS
temporary stage recorders above Mohawk Canyon and below, and no measurable evidence
of tributary input from Mohawk Canyon can be seen on a 2-week record. This is evidence
that the event was caused by a sudden increase in sediment supply (particularly bedload)
rather than a sudden increase in river stage. It suggests that main channel and recirculating
stream currents can shift rapidly, causing rapid large-scale erosion of river-bank deposits.
Although this bank failure event was caused by external processes, this scenario may operate

~at a smaller scale during daily river stage fluctuations, explaining many of the smaller-scale

bank failure events documented. Further investigation is necessary to determine if this
process occurs regularly as river stage fluctuates on a daily basis.

Formation of temporary secondary recirculation vortexes may have been documented on
several occasions at various sites. For example, the bank failure on December 13, 1990, at
CR 51 L appears in aerial photography to be a semi-circular feature (Chapter 7, this report,
Fig. A6h). Similar examples were documented with fixed-camera photography at CR 68 R on
May 7, 1991, (Fig. 23) May 16, 1991 (Fig. 24) and at CR 216 R on June 27, 1991 (Fig. 27).
The contoured, semi-circular shapes suggest that bank failures of this type are caused by
newly formed recirculation vortexes that reached the surface and eroded the adjacent sand
bar in a characteristic semi-circular pattern. However, it is not known exactly when during
the daily fluctuating river stage these features developed. Further information on timing and
river conditions are needed to fully understand this process.

Seepage-induced bank failures are most likely to occur on steep deposits during periods of
extended low river stage (Budhu, this report). Periods like these occurred often during the
study, as 3-day evaluation periods between regular test flows and as "weekend" flows during
the "normal” and seasonal test flows. Several bank failure events were documented during
this period of time. In fact, half of the 23 events documented in this study (Table 1) were
temporally associated with "weekend" or 3-day evaluation flows. Other seepage processes
were also documented during these periods, such as seepage rill and tunnel scour
development (Howard and McLain, 1988) on steep, newly deposited slopes. An example of
seepage-induced bank failure is from CR 172 L, on June 18, 1991 (Fig. 26). Between
photographs taken on June 18, and 19, about 25% of the sand bar was eroded. This
occurred during the first river stage fluctuation following a 2-day "weekend" low flow, during
moderately high river stage fluctuations. The steep, downstream portion of the deposit was
eroded, leaving the gentle-angle reattachment platform untouched. This event has been very
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closely modeled by a seepage-induced failure model (see Budhu, this report). However, the
local river stage sensor record indicates that it dropped about 1.3 meters in 20 minutes during
rising river stage about 1-hour after the photograph was taken on June 18, (Carpenter et al.,
this report). This is probably an example of traction-induced processes triggering seepage-
induced incipient failure planes, resulting in bank failure observation during rising river stage.

Deposition

Six out of seven sand bars that sustained rapid erosion events during highly fluctuating flows
were subsequently rebuilt to pre-event areas within a few days or weeks. This was
documented at CR 68 R in September, 1990 during the "E" test flow. Also at CR 68 R during
the "D" test flow in May, 1991, 2 events eroded the bar about 15% each. The first eroded
area was rebuilt in 8-days, the second failure occurred 3-days before the "15,000" constant
flow test began, and did not recover to pre-event area until the end of the high fluctuation "G"
test flow in July, 1991, 60-days later. Similarly, at CR 172 L, two events occurred during
the May, 1991, "D" test flow, and both times the bar was rebuilt within 3-days. During the
high fluctuation "normal” Summer test flow, the sand bar at CR 216 R eroded about 20% on
June 27, 1991. Twelve days later, during the high fluctuation "G" test flow, the area had
been completely rebuilt, and 4-days later at the end of "G", the area was 13% larger than
before the bank failure event. Following bank failure events, very rapid deposition usually
occurred, but only if flow regimes with high river stage followed. During the time between
failure and redeposition of the ephemeral deposit, the perennial deposit is exposed to the
various erosion processes. Consequently, maintenance of the ephemeral deposits protects
the higher, older, vegetated, and recreationally important perennial deposit. This observation
indicates that the bank failures documented during the first 3-months of interim flows
(August-October, 1991) have exposed the perennial segments of depositsat CR81L,CR 172
L, and CR 211 L to erosion forces. It also indicates that those deposits will remain exposed
until the river stage raises to normal peak level where the ephemeral segment can be re-
deposited.

General

Rapid deposition often lead to instantaneous erosion, or bank failure, indicating over-
steepening of newly deposited slopes. Bank failure was usually followed by rapid deposition,
provided high river stage followed. This is evidence that sediments may be stored in the local
eddy during bank failure. Contrary to this observation is the observation at CR 51 L, where
the area of bank failure on December 13, 1990, was not redeposited during subsequent high
fluctuation flows (Figs. 14 and 15). This is evidence that sediment from bank failure may not
be stored in the local eddy at some sites or under certain conditions. Unless the eddy at CR
51 L behaves uniquely, this suggests that there is greater sediment supply and storage in
eddies downstream of the major tributary, the Little Colorado River. Supporting evidence is
the much higher dynamic activity observed in the deposits downstream of the Little Colorado
River [this report, land surveying (Beus et al., Chapter 6 this report), and aerial
photogrammetry (Cluer, Chapter 7 this report)]. Consequently, bank failures in sediment-poor
reaches are more critical than in sediment-rich reaches. Further studies should address this
observation.
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The responses of sand bars to the "normal” flows and the imitation "seasonal” flows (i.e.,
Normal Summer) were distinctive. For example, there was a marked divergence between the
amount of active sand bar area and the net or resulting area during the "normal” flows.
Conversely, there was a demonstrated convergence of active area and net area during the
regularly fluctuating test flows (Fig. 33). Plots of discharge time-series for each of the GCES-
Il test releases reveal the basic hydraulic differences between "normal” and regular test flows
(Appendix |, this report). The most basic difference is the "weekend" 2-3 day low fluctuation
period that was an integral element of each of the "normal” test flows. Figure 33 shows that
the number of bank failures increased during periods of "normal” flow and that the active and
net area curves diverge simultaneously. This indicates that bank failures were most often
observed during "normal” flow periods, in fact "normal" flows resulted in 72% of the bank
failures that involved more than 5% area. Regular test flows resulted in 28% of the bank
failures that eroded more than 5% area. During the 17 test flows studied, 7 were "normal”
and 10 fluctuated regularly. The "normal" flows accounted for 69% of the total erosion and
27% of the total deposition. The regularly fluctuating test flows resulted in 31% of the total
erosion and 73% of the total deposition (Fig. 34). During the course of the study, the overall
area of the six sand bars increased about 7%.
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CONCLUSIONS

1)

2)

3)

4)

5)

6)

7)

Fixed-camera terrestrial photogrammetry was an effective method for monitoring sand
bar responses to the test flows from Glen Canyon Dam.

Sand bars respond daily to changes in flow regime, and the sand bars upstream of the
Little Colorado River were less responsive than those downstream.

There are two parts to Colorado River sand bars, the perennial and ephemeral
components. The ephemeral component serves as a protective buffer around the
perennial component. ‘

Bank failures were documented during rising and declining river stages. Declining
stage failures are explained by seepage of bank-stored water. Rising stage failures
may be caused by deposit scour resulting from increased hydraulic gradient during
rising river stage. Future studies should consider this possibility.

Bank failure is the most erosive process affecting Colorado River sand bars.

"Weekend" type low flows, a component of "normal" flows, are responsible for the
majority of bank failures.

"Normal” flows, fluctuating irregularly, eroded two-times moreriver-bank sediment and
deposited one-third as much as regularly fluctuating test flows did.
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ABSTRACT

This study involved evaluation of the effects of 16 experimental discharge test from Glen Canyon Dam
on sand bars along the Colorado River in Glen and Grand canyons, Arizona. This series of test flows
‘was desighed by the Bureau of Reclamation’s Glen Canyon Environmental Studies Phase II(GCES-II)
program to bracket the range of discharge parameters that comprise normal dam operations. We
collected and analyzed ground-based topographic and bathymetric survey data from 33 sand bars
during test flows from September, 1990 through July, 1991. These results may be useful for the GCES-
II/ EIS process and for the testing of sediment transport models under development in long-term studies
by the U.S. Geological Survey.

Fluctuating discharges from Glen Canyon Dam affected the geomorphology and stability of downstream

~sediment deposits in Glen and Grand Canyons during the GCES-II test flows. Changes in topography,

volume and area occurred on sand bar faces in what we termed the "hydrologically active zone" (HAZ),
lying between 142 and 900 m ¥sec stage elevations. HAZvolume change rate (%VCR)and HAZ areal
change rates varied on a bi-weekly basis between the 29 study sites for which sufficient data were
available and between the 16 test flows. From late summer, 1990 through July, 1991, three bars (10.3%)
sustained significant net losses of HAZ sand, eleven bars (37.9%) remained relatively unchanged, and 15
bars (51.7%) gained sand. The 29 sand bars under study sustained a mean aggradation of 2.9% by
volume (s.e. = 2.6%) between 27 October, 1990 (the first run for which survey coverage was virtually
complete) and 31 July, 1991. During that period the total 87,435 m®of HAZ sand under study

decreased by 1,034 m®(1.2%) because several large losses occurred at a few sites, in contrast with the

* general condition of near-equilibrium observed on most sites.

Factors influencing sand bar stability included geomorphic setting, distance downstream, season,
recreational use intensity and flow regime parameters. Although mean %VCRwas approximately equal
between reattachment and separation bars (mean %VCR = 0.040 and 0.037 percent/d, respectively), the
standard deviation on 13 reattachment bars was 0.072 percent/d, one third greater than that of
separation bars (0.054 percent/d). This finding supports the assertion that reattachment bars are less
stable than separation bars. Bar instability increased with distance downstream from Glen Canyon Dam,
perhaps attributable to sediment supply. Fall and winter flows in 1990-1991 were generally erosive,
whereas some spring and summer flows were aggradational; however, this seasonality effect may also
reflect sediment contribution by tributaries. Recreational use intensity was not significantly correlated
with sand bar erosion or aggradation.

Constant and controlled low-fluctuation test flows resulted in little change or in degradation. Three of
five regular, high-fluctuation flows of short duration resulted in system-wide aggradation of HAZ sand
volume, while two such flows resulted in system-wide degradation. Each of the three constant flow tests
resulted in stable or slight net erosion of HAZ sand volume.

Aggradational events were correlated with regular, highly fluctuating flows coupled with significant
tributary sediment input. High stage levels (larger fluctuations) were required to deliver sand to higher
elevations. Aggradation was observed following three of the five high-fluctuation flows ("E","D"3nd
normal summer in June, 1991), whereas one of the high fluctuation flows ("G"in 1991) was strongly
degradational and the other ("F"in 1991) resulted in little net change. Two of the three aggradational
flows were associated with significant sediment input from tributaries; however, the normal summer,
1991 flow was not associated with sediment input. In addition, two minor aggradational flows ("Normal
Fall"in 1990, and "C"in 1991) were associated with minor pulses of sediment input.

Antecedent conditions exerted an important influence over subsequent %VCRunder daily fluctuating
flow regimes. A significant pattern of cyclic aggradation and degradation characterized these sand bars.
Periods of aggradation tended to be followed by periods of degradation, particularly when large-
fluctuation flows were followed by low-fluctuation or constant flows.
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INTRODUCTION

Problem Statement

Regulated “flow from Glen Canyon Dam influences the stability and dynamics of fine-grained alluvial
deposits in Glen and Grand canyons (Howard and Dolan 1981; Beus et al. 1985; Webb et al. 1987;
Rubin et al. 1990; Schmidt and Graf 1990; Water Science Technology Board 1991). Fine-grained
sediments tend to accumulate - in areas of reduced velocity in the Colorado River corridor below Glen
Canyon Dam, particularly in recirculation zones associated with channel constrictions (Schmidt and Graf
1990). Recent public concern stimulated the Bureau of Reclamation to conduct an environmental
assessment and, most recently, an Environmental Impact Statement analysis, to determine whether and
how dam operations influence sand bar dynamics.

The purpose of this study was to determine how the Bureau of Reclamation’s Glen Canyn Environmental
Studies Phase II (GCES-II) test flows affected sand bars along the Colorado River downstream from Glen
Canyon Dam. Present knowledge of fluvialsand bar dynamics (aggradation, degradation, and rates of
change) and stability (morphologic continuity) in the Colorado River downstream from Glen Canyon
Dam is based on sporadic profile surveys of 30 sand bars since 1973, and occasional aerial

photography since 1965 (Howard 1975; Howard and Dolan 1981; Beus et al. 1984 et subsequen; Zink
1989; Schmidt and Graf 1990; Schmidt 1989 and this report). These previous studies documented slight
to significant erosion of sand bars under the post-dam fluctuating flow regimes. Aggradation was
reported for some deposits and degradation of others under the high flows of 1983-1986, with both prior
- and subsequent erosion. Erosional patterns are obscured by variability in reach characteristics, local
channel geometry, poorly developed stage/discharge relationships, unknown antecedent conditions, and
unknown survey accuracy. Additionally, the historic study sites are heavily used campsites by river
runners and therefore may not be representative of system-wide sand bar conditions. Schmidt and Graf
(1990) suggested that sand bars typically used as campsites were an unusually stable subset of the
entire population of sand bars.

Under the auspices of the Bureau of Reclamation’s Glen Canyon Environmental Studies program and the
Glen Canyon Dam Environmental Impact Statement, the National Park Service, Northern Arizona
University and the U.S. Geological Survey have undertaken a study of short-term sand bar dynamics in
the Grand Canyon. The Bureau of Reclamation conducted a series of 11-day test flows in 1990-1991 to
determine the impacts of specific dam operations on downstream resources (Appendix I, this report).
These test flows provided an ideal opportunity to collect data and test hypotheses relating sand bar
responses to flow regimes. The present study was designed to document volumetric and areal changes
on representative sand bars through the test flow series from September, 1990 through July, 1991, and
evaluate survey data and several possible mechanisms influencing sand bar dynamics. This report
summarizes the large-scale patterns found during this period of study. This study was designed to serve
in short-term management decision making until completion of long-term sediment transport models by
the U.S. Geological Survey.

Objectives
The research objectives of this project were to statistically evaluate the effects of GCES-II experimental
flow test regimes on sand bar stability in the Colorado River corridor downstream from Glen Canyon

Dam. Specifically we investigated:

1. The effect of discharge parameters (magnitude, range of daily fluctuation, and ramping rate) on sand
bar volume and area changes.

2. The effect of estimated sediment transport potential of test flows on sand bar dynamics.




3. The effects of normal dam operations on sand bars.

4. The effects of constant flows on sand bars.

5. The effects of various other flow regimes on sand bars.

6. The relationship between sand bar dynamics and distance downstream from Glen Canyon Dam.
7. The relationship between sand bar dynamics and seasonality.

8. The surveying and data analysis protocol suitable for long-range monitoring.

Study Assumptions

The GCES-II test flow program was designed to distinguish the optimal flow criteria for sand bar
maintenance from a wide array of alternative discharge regimes. Several initial assumptions were made
regarding these test flows:

1) A 14-day test flow duration could generate a measureable topographic change in sand bar volume.
Survey precision studies suggested that surveys were capable of detecting changes greater than
approximately 0.2 percent/day for the HAZ. Changes of this magnitude were encountered regularly,

. thus a 14-day test flow duration was capable of generating measureable change.

2) Measureable changes in HAZsand bar volumes were attributable to test flow parameters and not the
intervening, three day "constant 141 m ¥sec” evaluation flows or other factors. This assumption was
tested during the daily repeated surveys at Mile45 (below). A bank failure event on the reattachment
bar was associated with a "constant 141.5 m¥sec” evaluation period, while aggradation may have
occurred during the following "D"(high-fluctnations) test flow period.

3) Hydrologic characteristics of test flows from Glen Canyon Dam were consistent relative to each other
through the Grand Canyon. We clearly recognize that discharge parameters change over distance
downstream from Glen Canyon Dam. We obtained hydrographic information on the GCES-II test flows
from the Bureau of Reclamation and the U.S. Geological Survey and these are compiled in Appendix I
(this report). Relative differences between test flows were detected at different gaging stations
downstream for most parameters, although up-ramping rate may be an exception. The translation of
flow parameters over distance are being described by the U.S. Geological Survey, and we anticipate
incorporating these flow translation analyses to the patterns observed in this study.

METHODS AND SCOPE

Study sites

Thirty-three fine-grained alluvial deposits (sand bars) were selected for repeated surveys of bar
topography through the GCES-II test flow series (Figure 1). This set of sand bars comprises
approximately 15% of the 219 major sand bars between Glen Canyon Dam and Diamond Creek
(Kearsley and Warren 1992) and is believed to be representative of the kinds of sand bar found
throughout the river corridor. Twenty-nine of the 33 sand bars were surveyed with sufficient consistency
to provide useful comparative information on GCES test flow effects. Survey data are available from the
four sites omitted here, but are not included in this analysis. Sand bars were selected on the basis of:
(1) distribution throughout the geomorphic reaches identified by Schmidt and Graf (1990); (2) sufficient
size to guarantee persistence through the period of study; (3) geomorphic diversity within and between
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Figure 1. Map showing study locations, Colorado River corridor, Arizona.
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sites (separation and reattachment bars, with or without return current channels); (4) availability of
historical topographic data; (5) variation in recreational use intensity and vegetation cover (Howard and
Dolan 1981; Beus et al. 1984 and subsequently; Schmidt and Graf 1990). Site selection, baseline
surveys, and protocol development were accomplished during June and August, 1990. Study sites
(sand bars) were named on the basis of river mile from Lees Ferry, Arizona. General descriptions of
study sites, metric conversions of site names (river mile to river kilometer), are provided in Table 1. One
of the 29 sand bars (Mile-6) was located above Lees Ferry. Eleven of the 29 sand bars were situated
between the Paria and Little Colorado River confluences, a reach supplied with largely from the Paria
River. Seventeen sand bars were located between the Little Colorado River and Diamond Creek, and
receive sediment from the Paria, Little Colorado River and other tributaries. Survey runs were

designated "A" through "V"and corresponded to test flows "A"through "G",with "N"denoting normal
dam operations periods. Unconstrained releases were called normal flows. These study sites appear to
be representative of the kinds of sand bars downstream from Glen Canyon Dam and can, as a group, be
used to characterize system-wide responses of sand bars to flow regimes.

Field Data Collection

Following each 11-day GCES test flow, discharge was reduced to a constant 141.5 m¥s (5,000 cfs) for
three days to allow evaluation of test flow effects. During these 17 evaluation periods, four motorized
craft, each with a six-person survey crew, were positioned throughout the canyon at river miles -10, 43,
91, and 145. Individual survey crews consisted of a foreman, a surveyor/instrument operator, a data

. entry assistant, a rodman, a depthfinder operator and a boat alignment assistant. Using Lietz SET

and SET 4C electronic total stations, data collectors and printers, the six-person crews surveyed
subaerial topography on two to three sand bars per day, for a total of approximately eight sand bars per
crew during the three days of low water.

In addition to ground surveying, bathymetric surveys of the subaqueous zone (water’s edge to the shear
zone (eddy/current interface) were conducted using a Lowrance X-16 depthfinder mounted on the raft.
Sonar profiles were located by attaching one end of a metered cable to the transducer mount on the
boat and locating a survey assistant with a cable/reel system on the beach at a surveyed point along
the longitudinal beach profile. Two points along the beach were marked and used to guide the boat
along the proper azimuth. Distances from the cable operators location to the boat were recorded every
two meters and corresponded to fiducial marks on the analog sonar recording. Coordinates of
individual depth and distance were obtained by calculating offsets along the azimuth of the profile based
on the surveyed location of the cable reel operator. Elevations of the bathymetry points were calculated
by subtracting the sonar depths from surveyed water’s edge elevations. The sonar equipment was
calibrated daily to control for changes in the suspended sediment load.

Surveying protocol was developed and documented according to standard practices for ground
surveying. Benchmark and backsight relationships were verified on all sites during mid-March, 1991.
Upon completion of a survey run, field data were transferred to micro-computers and edited. Preliminary
maps were made that combined ground and bathymetric surveys to detect anomalous survey points
using SOKKIA/LIETZmapping software. Survey and bathymetric data were modeled using triangular
irregular networks to produce topographic contour maps for each sand bar (e.g. Figures 2, 3). Site
photographs were repeated at each site from camera stations established during the baseline surveys.
Beginning in September, 1990, as many as 33 sand bars were surveyed during each of the three-day
evaluation-flows, for a total of 561 surveys.

Response Variables

For each sand bar a specific area was defined as the "hydrologically active zone" (HAZ),a zone directly
affected by fluctuating dam releases (Figure 2), and lying above the permanently wetted "bathymetric
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Table 1: Sandbar study sites on which historic, topographic volumetric data surveys, and/or fixed
camera data were collected. Distance downstream from Lees Ferry, Arizona, after Stevens '
(f983) Deposit types after Schmidt and Graf (1990): R - reattachment deposit, S - separation
deposit, UP - upper pool deposit. Relative recreational use intensity data from interviews with 36
commercial river guides: 1 (no use) to 5 (high use). Weighting values applied to recreational l
use indices: 1 for winter, 2 for spring and fall,and 3 for summer. Reach (0-11) and channel
width (W - wide, N - narrow) after Schmidt and Graf (1990).
TOTAL '
RIVER REACH/ RELATIVE VOLUMETRIC
MILE/SIDE SITE DEPOSIT RELATIVE RECREATIONAL CHANGE (m 3}
(RIVERKM) NAME TYPE WIDTH USE INTENSITY (10/90 -7/92) .
-10.5R (-16.8) --— R ow Moderate NA
v** -6 5R (-10.5) Hidden Sioughs R ow Moderate 20 '
vh* 2.6L (4.2) --- R 1w 2.4 +403
vh 8.0L (12.9) Lower Jackass Cyn. § 1w 4.2 -50
v 16.4L (26.4) Lower Hot Nana S 2N 3.5 -116
h 19.0L (30.6) Opposite 19-Mile Cyn. R 2N Moderate NA '
v¥ 22 0R (35.1) -- R 2N 1.6 +157
v 30.0R (48.3) — R 3N 33 +52
vh 31.2R (50.2) Lower South Canyon R 3N 4.5 +46
33.0L (53.2) Redwall R 3N High NA
h 34.7L (55.8) Nautiloid Canyon S 3N High NA
vh**43.0L (69.3) Anasazi Bridge R/UP 4W 2.7 -38
vh* 45.0L (71.6) Eminence Break S 4w 3.6 +349 l
vh* 47.0R (75.8) Lower Saddle Cyn. R 4 W 4.6 -530
v 50.0R (80.5) Dino S 4w 3.2 +65
vh* 51.0L (82.9) --- R 4w 1.9 -1853
h 61.7R (99.3) Lower LCR Conlfl. S SW Moderate NA '
h 65.5L (105.4) Tanner Mine N SW Moderate NA
v* 68.0R (109.6) Upper Tanner R/UP 5W 3.0 -104
vh* 81.1L (130.5) Upper Grapevine R/S 6 N 4.5 +168
v 87.5L(140.8) Upper Cremation R/UP 6 N 4.7 -2 .
v 91.1R (146.6) Upper Trnity S 6N 3.2 +59
vh 93.0L (149.6) Upper Granite R/UP 6N 4.7 -74
,98.0R (157.7) Middle Crystal R/UP 6 N 4.3 NA l
v 103.9R (167.2) Upper 104 Mile R/UP 6 N 3.1 +32
v 119.0R (191.5) --- R 7N 3.6 +825
vh 122.1R (196.5) --- R 7N 3.3 +7 )
vh 122.8L (197.6) Upper Forester R/UP 7N 3.1 -114 '
v 137.0L (220.4) Middle Ponchos R 8N 4.6 +268
139.0R (223.7) Upper Fishtail R/UP 8N 2.8 NA
v 145.0L (223.3) --- R 9N 2.5 +125
vh*172.0L (276.9) --- R/UP I0W 2.0 -109 l
v 183.5R (295.3) - R/UP 10W 34 +81
vh 194.1L (312.3) --- R/UP 10W 3.1 +14
vh 202.0R (325.0) 202 Mile S 10 W 34 + 182 l
vh 213.0L (342.7) Pumpkin Spring R/UP 10W 4.0 -929
vh 219.9R (353.8) Middle 220-Mile S/UP 1IN 4.5 +72
25.3R (362.5) --- R/UP 11 N 1.6 NA l
* Sites for which QA/QC data have been compiled and analyzed
** Bankstored groundwater/secpage  erosion model validation sites
h Sites used in historic analyses of sandbar changes l
v Sites for which volumetric measurements were analyzed
; i




Figure 2. Sample topographic map of the 43L mile site.
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zone." The HAZ lay within the area of survey coverage and between the discharge range of normal dam
operations (141.5 m¥sec and 900 m¥sec stage elevations),and was therefore the zone most likely to
change in response to dam operations. An examination of six sand bars showed that the HAZ occupied
15 to 50 percent of the total area of the sand bar. Sand volume and area were calculated within the
HAZ. The percent volume change rate per day (%VCR)was calculated between each survey run by
dividing the volume difference between successive runs with the volume of the previous survey:

%VCR; = {-100 * [(Vy - Vi, )/ VY D

where %VCRis the percent volume change rate per day for sand bar i, Vy, is the HAZ volume of sand
bar i at time x, Vr,, ,is the volume of sand bar i at time x+1, and D is the number of days between time
x and time x+1. One longitudinal and five normal cross sections that corresponded to profiles staked
during the field survey were generated from the modeled surface. Field and analysis procedures were
approved by Charles W. Dryden, PE, RLS (Arizona Engineering, Inc., Flagstaff, AZ).

The area of sand bars is of considerable importance to managers concerned with campsite availabilty
and riparian habitat; however, we considered HAZvolume (m% to be a better primary response variable
for evaluating sand bar change. Although planimetric area (m? is commonly employed as a response
variable, we reasoned that areal measurement may become less reliable for estimating change on sand
bars with steeply sloping faces. The correlation between HAZ volume and corresponding HAZarea for
all study sites and test flows was:

V= 1.1494 + 382.770

where V= HAZvolume (m?% and A4 = area (m?. This correlation was highly significant but was
somewhat variable (R? = 0.843; F = 2334.896, p < 0.0001, df = 1,434). Because the HAZ represented
15 to 50 percent of the sand bars under study here, this correlation typically represents a substantial
portion of HAZ area. The variation in correlation between volume and area was attributable to
irregularities in sand bar morphology. For example, Mile43L sand bar was flat with a steep face,
whereas the Mile 51L bar was broad with a gently sloping face (Figure 4).

Survey Precision and Accuracy

Survey accuracy and precision were evaluated by conducting repeated daily surveys on two sand bars
and comparing backsight controls and HAZ volumes. Repeated daily surveys were conducted on the
separation (upper) and reattachment (lower) bars at Mile45 from 6 May, 1991 through 31 May, 1991
(Table 2). One total station location was established for both sand bars during the "D"and "Constant
15,000 cfs” test flows and used each day for all surveying. Surveys crews were switched in mid-May
between flow tests.

Survey accuracy was evaluated using repeated surveys of backsight control points. Mean difference
from the grand mean on Backsite 1 elevation was 0.008 m (1 sd = 0.007 m, n = 16) and 0.027 m for
Backsite 2 elevation (1 sd = 0.031 m, n = 16). Multiple analysis of variance (MANOVA)was employed
for assessment of these survey data because several response variables were measured from the single
station location. These differences were not significantly different in the MANOVAtest (Wilk’slambda =
0.602; approximate F = 1.322; p = 330, df = 5,10; pgg; = 0.973, pgs, = 0.117 with df = 1,14 for each).
Horizontal deviation from the grand mean value was 0.027 m (1 sd = 0.027 m, n = 17) and did not differ
significantly between crews (same MANOV Astatistics, p = 0.350, df = 1,14).

The same MANOVA test was employed to evaluate survey precision for the HAZ zone between the 425
m ¥sec and 900 m ¥sec stages in the HAZ. This zone was selected because it was continuously

exposed, at least during low water, during the period of repeated surveys. The mean deviation from the
grand mean on the separation bar was -0.44 percent (1 sd = 2.621, n = 18) and -0.48 percent (1 sd =



Volume (cubic meters)

Volume (cubic meters)

Figure 4 Examples of sand bars having greatly different volume to area relationships.

- 1060

Sand Bar at Mile 43

1080

1040 A

1020 a

1000 “ —&—

980 -

960

y =1073.3 - 7.7335e-2x R”"2 =0.004

940
920

940

960

980

Area (square meters)

Sand Bar at Mile 51

1000

1020

9000

8000

7000

6000 -

5000 -

y = -473.00 + 1.1052x R"2 =0.944

4000 T T T T T T

4000 5000 6000 7000

Area (square meters)

8000




Table 2: Daily repeated topographic surveys of the 45 Mile separation and
reattachment bars (5-06-91 to 5-31-91). Volume refers to the HAZ
volume above the 425 m®stage elevation.

SEPARATION BAR REATTACHMENTBAR

SURVEY HAZ VOLUME HAZ VOLUME

DATE TEST FLOW CREW ABOVE 425 m? ABOVE 425 m®
5-06-91 141 m® constant 1 1098.08 2298.88
5-07-91 D flow 1 1102.64 2031.32
5-12-91 D flow 1 1117.04 2032.17
5-13-91 D flow 1 1087.21 2045.63
5-14-91 D flow 1 1068.80 2103.42

" 5-15-91 D flow 1 1060.74 2151.00
5-16-91 D flow 1 1140.12 2083.21
5-17-91 141 m® constant 1 1064.16 1061.69
5-21-91 141 m constant 2 1129.69 2131.02
5-2291 425-m ® constant 2 1069.80 2176.13
5-23-91 425 m® constant 2 1065.38 2187.60
5-25-91 425 m° constant 2 1086.80 2188.57
5-26-91 425 m° constant 2 1084.84 2183.71
5-27-91 425 m° constant 2 1084.36 2136.35
5-28-91 425 m® constant 2 1060.70 2181.80
5-29-91 425 m°® constant 2 1045.89 2171.70
5-30-91 425 m® constant 2 1053.30 2154.28
5-31-91 141 m°® constant 2 1134.92 2181.82
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3.238, n = 18) for the reattachment bar. The MANOVA test using arcsine, squareroot-transformed
percent change from the grand mean at these two sites showed no difference in survey precision
between crews on the separation bar (same MANOVA statistics, p = 0.487, df = 1,14). Although the
overall MANOVA showed no significant difference between survey crews, the lower bar HAZ did change
significantby in response . to a bank failure event observed on the second day of the surveying effort.
These results indicate that survey error was less than plus or minus three percent on the separation bar,
a relatively stable sand bar during this survey period. We generalized this estimate of three percent as
our estimated survey precision for all surveys.

The daily repeated surveys of the Mile45 reattachment bar documented a bank failure event (Figure 5).
The upstream portion of the sand bar failed on the night of May 6, 1991 on the second day of a
constant 141 m ¥sec evaluation flow. Gradual bar rebuilding was recorded on this site during
subsequent weeks. The bank failure at this site resulted in a detectable 10.9% decrease in volume
during the "D"test flow.

RESULTS AND DISCUSSION

Variability Between Sand Bars

The percent volume change rates (%VCR)and areal change of sand bar hydrologically active zone
(HAZ) varied considerably between the 29 study sites for which sufficient data were available and

" between the 16 flow tests evaluated (Tables 3, 4). Sand bars that demonstrated %VCRless than +-0.3
percent/d were categorized as being "stable” during a given test flow, while bars having greater than 0.3
percent HAZ % VCR were classified as "gains” and those with less than -0.3% HAZ % VCR were "losses"
(Table 5). From late summer, 1990 through July, 1991, three bars sustained significant net losses of
HAZsand, eleven remained relatively unchanged, and 15 sand bars gained sand (Table 5). From 27
October, 1990 (the first run for which survey coverage was virtually complete) to 30 July, 1991, the 29
sand bars under study sustained mean aggradation of 2.9% by volume (s.e. = 2.6%); however, the total
87,435 m° of sand under study in the HAZ was reduced by 1,034 m? a volume loss of 1.2% because
several large losses occurred at a few sites in contrast with the general condition of near-equilibrium
observed on most sites (Figure 6).

Stability varied considerably between sand bars, as demonstrated in the mean %VCR of sand bars to all
discharge tests (Tables 4, 5; Figure: 6). The Mile-6.5 site in Glen Canyon showed the least change,
with about 6% gain or loss in December, 1990, while the Mile 172 site was the least stable. Differences
in stability between sand bars may be, in part, attributable to changes in sediment supply with distance
downstream. Study sites below the Little Colorado River (Mile61) demonstrated far more variability than
those upstream from that confluence (Figure 7).

Sand bar stability also varied between depositional environments. Although the differences in mean
%VCRon separation (mean %VCR = 0.040) versus reattachment bars (mean = 0.037 percent/d) were
not significantly different (t = -0.031, p = 0.976), the %VCR standard deviation for 13 reattachment bars
was 0.072, much greater than that of eight separation bars (0.054). These results generally support the
conclusion of Schmidt and Graf (1990) that reattachment bars are inherently less stable than separation
bars.
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Figure 5. Daily repeated surveys of the Mile 45 reattachment sand bar during
May, 1991 (adjusted Julian day 489 = May4). Note the bank failure
event during the initial "constant 5,000 cfs" (141.5 m¥sec) test flow.
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Table 3. Compilation of sand bar survey data and volume plots for 29 sand bars.

MILE: -65 KILOMETER: 108
BEACH #: 2 DEPOSIT TYPE: REATTACHMENT
TEST
RUN SURVEY FLOW  JUUAN HAZ HAZ AREA VOL AREA % % AREA VOL % % VoL
ID " DATE EVALUATED DAYS AREA VOL CH. CH  CH/DAY AREACH. CH/DAY CH/DAY  VOLCH. CH/DAY
A NORM
B NORM
c 900712 G 188 341 3655
) 900727 F 08 M7 ML - -164 -1200 -0.697 -0.05 -8.200 —487 -0.22%
" E NORM
F 900914  NORM BT BB M5 M -3 ~0.6% ~0.9% -0.020 —0.ms -1t —0.01
G 900928 E 7 M0 M6 57 1 oL 1685 0120 0071 0029 0.002
H 01012 A B U7 B -3 18 -2357 ~059 -0.069 -1.286 -0s21 -0.7
1 901026  8000CFS 9 19 Mk 12 -3 0857 0352 0025 —216 -087m ~0.062
7 %0110  NORM 33 3% asee 7 1% 0500 0208 0015 1sm 5164 0369
K %24  NORM ue B BT - 187 —om -0.78 -003 -5343 -5218 -0.149
L 128 1L000CPS %2 MBS %3 % 26 1857 0765 0.5 16.143 6553 047
M 9101t c 6 M 3536 PR 0286 0117 0.008 ~6214 -2401 -01m
N 910125  NORM 0 M2 MW -7 107 -L214 ~0.496 -0.038 ~7.643 -3.6 -0.216
0 910208 B 04 M 3R ® 108 20m 0850 0.061 7357 3.004 0215
P 91049  NORM TR V77 S V1™ s -3 007t 0145 0002 ~047 —0.9%4 —0013
Q NORM
R 910517 D S02. MM 368 - 2% 109 1.000 0813 0029 389 3.1 011
s 910531 15000 CPS 516 3540 386 6 -2 e 1,900 013 -157 0510 ~0.04
T 91063  NORM s B8 BE 3 - 0107 0.8 0.003 ~8.000 ~su47 -0223
v 910712 G S8 B B -6 -1 ~0429 -0.169 ~0012 -Lon ~0.446 -0032
v 910726 F s B3 nE -1 4 ~L.000 -0.3% -0.028 2929 1210 0.087
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Table 3. (continued)

MILE: 6 KILOMETER: 42
BEACH #: 3 DEPOSIT TYPE: REATTACHMENT
H TEST.
RUN SURVEY FLOW JULIAN HAZ HAZ AREA VOL. AREA % % AREA VOL. % % VOL
D DATE EVALUATED DAYS AREA VOL. CH. CH CH/DAY  AREACH. CHDAY CH/DAY  VOLCH. CHDAY
A NORM N
B NORM
c G
D P
E NORM
F 900944 NORM 257 2487 2793
G 900928 E N pap) 3109 236 316 16.857 9.489 0678 25N 11314 0808
H 901012 A 285 2670 3155 -~53 46 -3.786 -1.946. -0.139 3.286 1.480 0.106
1 901026  8000CFS 29 p273 3161 52 6 3714 1948 0.139 0429 0.190 0.014
b 901109 NORM 313 2754 in 32 -39 2286 1176 0,084 -2.786 ~1.234 ~0.088
K NORM
L 901228  11000CFS 362 2897 3219 143 b2 2918 5.192 0.106 1980 3107 0.063
M 910111 C 376 2989 3444 » 28 6571 3.176 0227 16.071 £.990 0499
N 910125 NORM 390 261 3250 -128 ~194 -9.143 -4.282 -0.306 ~13857 ~5.633 -0.402
() 910208 B 404 2866 3200 5 -50 0357 0175 0.012 =357 -1.538 =-0.110
P 910419 NORM 474 2769 3230 -97 1] ~1.386 -3.385 ~0.048 0.429 0938 0.013
Q 910503 NORM 488 2826 3195 57 ~35 40M 2.059 0.147 ~2.500 -1.084 -0.077
R 910517 D 502 874 3542 48 347 3429 1699 0.121 24.786 10.861 0.776
S 910531  15000CFS 516 2835 3578 -39 36 ~2.786 -1.357 ~0.097 251 1.016 0073
T 910628 NORMS 544 2726 3591 ~109 13 -3.893 ~3.845 -0.137 0.464 0363 0.0t3
u 910712 G 558 2950 3606 224 I 16.000 8217 0587 Lo 0418 0.030
v 910726 B 52 3016 3564 66 -42 4714 2237 0.160 -3.000 -1.178 -0.083
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Table 3. (continued)

MILE: 8 KILOMETER: 128
BEACH #: 4 DEPOSIT TYPE: SEPARATION/REATTACHMENT
TEST
RUN  SURVEY FLOW JULIAN HAZ HAZ AREA VOL. ARBEA % % AREA VOL. % % VOL
D DATE EVALUATED DAYS - AREA VOL CH. CH. CH/DAY AREACH. CHJ/DAY CH/DAY VOLCH. CH/DAY

A NORM
B NORM
C G
D 900725 F 206 1630 1416
E NORM
F 9009LS NORM 258 1559 1432 - i6 -1.368 -4.356 —=0.084 0308 1130 002
G 900929 E m 1573 1468 14 36 1.000 03% 0.064 un 2514 0.180
H 901013 A 6 1558 1360 -5 -108 -Lo7 -0.954 -0.068 =1.714 -7.357 -0.525
1 901027  8000CFS 300 1605 1401 47 41 3357 3017 0215 299 3015 0215
J 901110 NORM 34 1585 1348 -2 -53 ~1.429 -1.246 -0.089 -3.786 ~3.73 -0.2%
K 901215 NORM 349 1587 1342 2 -6 0057 0.126 0.004 =0.17 —0.445 -0.013
L 901229  11000CPs 363 1574 1430 -13 88 -0.929 —0.819 -0.059 6286 6557 04GR
M 910112 C m 1611 1464 37 34 2643 2358 0168 2429 37 017
N 910126 NORM 9t 1591 1381 -2 -8 -1.429 -1.24t -0.089 -5.929 -5.669 ~0.405
0 910209 B 405 1511 1370 -80 -1 =-5.714 -5.028 -0.359 -0.786 -0.797 ~0.057
P 910419 NORM 474 1502 1337 -9 -33 -0.130 ~0.5% -0.009 -0478 -2.409 ~0.035
Q 910503 NORM 488 1506 1343 4 6 0286 0266 0019 0429 0.449 0032
R 910518 D 503