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"La plupart des erreurs des hommes ne viennent point tant de ce qu’ils raisonnent mal
Q partir de principes vrais, mais plutot qu'ils raisonnent juste @ partir de principes faux ou de
Jugements inexacts."

Lettre de Fenelon, dite de Port-Royal, pour I’éducation du Duc de Chevreuse.

Translation:

Man’s foremost errors do not arise from false reasoning based on correct principles,
but rather from correct reasoning based on incorrect principles or inexact judgement.
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FOREWORD

M. G. Berthault (1986, 1988) experimentally demonstrated that continuous settling
of heterogeneous sediment mixtures in air and water causes a repetitive segregation of
particles. The characteristic height of deposits increased with the difference in particle sizes,
but does not depend on the rate of sedimentation. Sorting on inclined surfaces was found
to remain parallel to the sloping bed. This mechanical process could explain the formation
of laminae generally found in sedimentary rocks.

The report "Flood Deposits, Bijou Creek, Colorado, June, 1965" by McKee, Crosby
and Berryhill (1967), showed that flood deposits are composed of more than 90% of
horizontal strata characterized by vertical sorting, with laminae and stratification joints.
After analyzing the report of Guy, Simons and Richardson (1986); "Summary of Alluvial
Channel Data from Flume Experiments, 1956-1961", he undertook to experimentally
investigate the Bijou Creek flood in laboratory flumes in order to observe the internal
structure of deposits through the glassed flume walls.

Subsequent contacts with Dr. E.V. Richardson and then P.Y. Julien lead to the
definition of the experimental program detailed in this report.

FOREWORD TO THE REVISED EDITION

The copies of several photographs, primarily those on stratification (Pictures 38-95),
turned out very dark and without contrast. It has therefore been decided to prepare a
revised edition which hopefully illustrates better the results of our experimental program.
Among the few modifications: 1) a new set of photographs to replace Pictures 38-43; 2) the
results of a very simple experiment on lamination in Appendix B; and 3) a comment from
M. G. Berthault in Appendix C. It may also be worth noting that a video cassette of the
experiments on lamination and stratification is available.
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L INTRODUCTION

Several researchers have carried out extensive field and laboratory investigations on
lamination processes under various flow regimes where bedforms of various shapes and sizes
migrate in the downstream direction. Few studies, however, examined the internal structure of
horizontal laminae seen in bed configurations with motion of sediment. Upper regime conditions
are difficult to control because of the inherent hydraulic instability of open channel flows near
critical flow conditions. For instance, McBride et al. (1975) stated, "we were unable to produce
laminae during aggradation at plane bed conditions."

This study stems from the recent investigations of Berthault (1986, 1988). The primary
objective of this experimental program is to examine the fundamental process of segregation of
heterogeneous sediment mixtures under settling conditions, and under fluvial conditions of plane
bed with sediment transport.

This study focuses on three primary aspects: 1) settling in air and water; 2) segregation
under fluvial conditions; and 3) desiccation of alluvial deposits.

The facilities used in the Hydraulics Laboratory at the Engineering Research Center,
Colorado State University, include a specifically designed settling column, a recirculating plexiglas
flume, and a wide rectangular flume.

The square cylindrical plexiglas settling column allows the visualization of segregation of
heterogeneous sand mixtures in air and water. Photographs are taken from the sides of the
column and the characteristics of sorting of various mixtures with different densities, sizes and
shapes are documented.

The recirculating plexiglass flume has been particularly designed for the analysis of
lamination , stratification and desiccation processes under a wide variety of flow conditions. The
flume recirculates both water and sediment in order to provide a constant supply of sediments
under steady flow conditions during the course of each experiment. The slope of the channel
is determined prior to each run in order to study the thickness of laminae and the angle of
laminated deposits with the slope of the flume bed.

The wide rectangular flume allows the study of lamination processes under wide flow
conditions not constrained by the wall effects of narrow flumes. This facility provides additional
insight for processes that occurred under field conditions.



A key feature in this investigation is the use of sand mixtures with grains of different
colors. Mixtures of natural black and white sediment particles of different sediment size, shape
and specific gravity ensure a better visualization of the laminae besides providing an assessment
of the distribution of different sediment particles.

This study is limited to horizontal lamination without bedforms under various conditions
of discharge and slope for two different sediment mixtures. The superposition of deposits is
induced by controlling the tailwater elevation which does not affect the lamination process and
maintains a constant supply of sediment during the entire investigation.

Several partial reports have been produced on various aspects of this program: Julien
and Chen (1989a), Julien and Chen (1989b), Julien and Lan (1989), and Julien and Lan (1990).
The purpose of this report is to compile the most relevant material from these early reports, and
present the synthesis of these partial reports completed with additional ideas, equipment and
measurements that were carried out in the latter part of the research program.

The reader will find in the following, a review of pertinent literature, an analysis of
settling of sand mixtures in a vertical cylinder, and a study of lamination, stratification and
desiccation in recirculating flumes with complementary experiments in the wide rectangular
flume. Numerous illustrations are provided in order to better visualize the results of our
experiments.

IL SEDIMENTATION OF SAND MIXTURES

This modified version of the studies of Julien and Lan (1990) reports on the experiments
of sedimentation of heterogranular mixtures in a rectangular vertical cylinder. Several types of
heterogeneous sand mixtures are used for the experiments, with materials of different sizes,
density and shape. Settling experiments were carried out in air and in water.

2.1 Literature Review on Lamination

Horizontal lamination in mixtures of sand particles is very common in many aqueous
environments. Horizontal laminae are composed of many thin layers of slightly different grain
sizes. Their dimensions range from fractions of a millimeter to several millimeters. Those thin
laminae are always in different thicknesses and the finer laminae are often darker than coarser
ones, due to relatively larger proportions of clay, mica, and heavy minerals (Bridge, 1978;
McBride et al., 1975).



Berthault (1986, 1988) conducted series of experiments on the lamination characteristics
in still water and running water conditions. These laminae resulted from spontaneous periodic
and continuous grading process, which took place immediately following the deposit of the
heterogranular mixture. From his experiments some lamination characteristics could be found.
The thickness of laminae increased as the difference between
the size of particles became greater in still water, and the laminae thickness also increased with
flow velocity of running water. Also, the slope of the surface has little influence on lamination
and seems to favor it.

Few laboratory experiments of horizontal lamination have been obtained for
unidirectional, upper flow regime flow conditions. However, from some observations, the
horizontal laminae were formed under lower flow regime near critical flow condition. Paola et
al. (1989), along with the experiments of Bridge and Best (1988), explained that lamination
results from the superposition of two processes: 1) high-frequency erosion and deposition due
to turbulence; and 2) migration of low-amplitude bed forms that is neither upper-regime nor
lower-regime solely.

Regarding the upper-regime bed, some researchers invoke the interaction of sediment
transport and turbulence to interpret the formation of horizontal lamination. Bridge (1978)
proposed the "burst-sweep cycle" in the turbulent boundary layers to explain the vertical sorting
that defines laminae. The bursting process, a quasi-cyclic sequence of fluid motion, caused
temporal and spatial variation in bed shear and lift forces acting on sediment particles in motion
over plane beds. It is an average deterministic sequence of ejection (burst) and sweep events
repeated in space and time. Bursts will cause upward dispersion of the suspended load
throughout the flow, also some of the saltating load will carry coarser grains due to higher shear
stress. As bed shear stress decreases, the dispersed particles settle down by a "like-seeks-like"
mechanism (Moss, 1963; and Kuenen, 1966) to deposit together and to form a laminated layer.
According to this possible explanation, the repeated burst-sweep cycle forms laminae.

In the report of investigation in horizontal laminae formed under upper-regime plane bed
by Cheel and Middleton (1986b) they suggested that the probable mechanism for the formation
of FU (fining-upward) and CU (coarsening-upward) laminae was the burst-sweep process: 1)
FU laminae formed by fallout of progressively finer sand bursted upward temporarily, and 2) CU
laminae formed of sorting by dispersive pressure in a layer of high grain concentration produced
by locally high shear stress developed beneath a sweep of high speed fluid approaching the bed.



They added that because of the arbitrary position of the units over which measurements
were made, there may be some overlap of laminae so that the heavy minerals assigned to fining-
upward laminae may actually be at the base of coarsening upward laminae. Allen (1984) created
a model based on the larger coherent structures of the turbulent boundary layers to explain the
formation of horizontal laminae from upper-regime plane bed. He assumed that the upper-
regime plane bed occurred in a long bed wave of little height which was driven rapidly
downstream and forced by the larger coherent turbulence structure to which they were coupled
through a pattern of bed shear stress. Under steady uniform flow conditions each bed wave
generated a normally graded lamina. This model provides one possible explanation for the origin
of horizontal lamination at high sediment transport stages but is inadequate in describing the
formation from flat bed in slow-moving bed forms (e.g. Smith 1971; McBride et al., 1975). Also,
the larger coherent turbulent structure within outer region of boundary layers was different than
Bridge’s model (1978) within inner region of turbulent boundary layers.

In the experiments of Paola et al. (1989), the deposition of a lamina was usually initiated
by a surge of high-concentration of coarser grains near the bed, which decelerated and rapidly
stopped during a few tenths of a second. Subsequently, the fine grains were sieved from the flow
as their saltation or rolling paths direct them into pockets in the pores created by the larger
stationary grains. This process of selective removal of fine grains by smoothing the top of the
bed: the effective friction angle between the bed surface and the larger grains was reduced while
that of the fine grains trapped in the bed was decreased. This "glazing" process took place over
several seconds and was not directly related to turbulent fluctuations. It differed with Bridge’s
model (1978).

Through the investigation of bedforms in the Platte River, Nebraska, Smith (1971)
observed that horizontal laminae were produced by migration of thin sand sheets, i.e. low
amplitude sand waves, with downstream foresets. They had very shallow to nearly horizontal
stoss sides, steep foresets at the angle of repose. In cross section, the thinnest waves appeared
as horizontal laminae, whereas the thicker waves showed readily discerned planar or cross-
lamination. The most important factor controlling production of the thin flat-topped waves is
the very shallow depths in which they formed. The Froude numbers range from 0.46 to 0.73
which were below unity. They produced internal horizontal stratification which is similar to
upper-regime plane bed deposition except that the grains were differentiated into alternating
coarse and fine lamination by sorting processes at the foreset.



Moreover, McBride et al. (1975) proposed a series of experiments to reproduce horizontal
laminae under lower-regime bed. They found that lamination is observed as the result of the
migration of very low-relief ripple and in-phase waves which produced thin laminae when coarser
grains in the lee side of the bedforms buried finer grains in the stoss
side of the bedforms; the lack of avalanche face prevented cross-laminae from developing.
Shallow depths also were essential to form the near horizontal laminae, because at greater flow
depths, ripples developed avalanche faces and produced micro cross-laminae.

Bridge (1978) listed hypotheses formulated by various authors to explain the origin of
near-horizontal lamination in unidirectional aqueous flow. Cheel and Middleton (1986b)
summarized some research results on the formation of horizontal laminae under upper-regime
bed conditions. Table 1 summarizes the various hypotheses attempting to explain horizontal
lamination, also indicating those found in recent literature.

As stated by Allen (1984), many workers explaining such a combination of features, have
qualitatively recognized the importance of some periodic or quasi-periodic phenomenon, either
located in the flow or in the uppermost levels of the bed. Velocity pulses or, what amounts to
the same thing, the passage of large eddies have had a wide appeal (Kuenen and Menard, 1952;
Kuenen, 1953, 1957; Ten Haaf, 1956; Pettijohn, 1957, 1965; Bouma, 1962; Lombard, 1963; Allen,
1964). On the basis of field observations or laboratory experiments, other investigators have
explained parallel laminations by the travel of extremely flat symmetrical to strongly asymmetrical
bed waves (Jopling, 1964, 1966, 1967; Jopling and Walker, 1968; Smith, 1971; McBride et al.,
1975; Allen, 1982), although not always in the context of an upper-stage plane bed. Unrug
(1959) and Wood and Smith (1959) saw parallel laminations as caused by the segregation of the
coarser grains into distinct clouds within the flow. Hsii (1959) attributed lamination to laminar
flow at the bed. A "like-seeks-like" mechanism of grain sorting in the bedload layer was
advocated by Moss (1962, 1963) and Kuenen (1965, 1966). A sorting process was also supported
by Frostick and Reid (1977).

The idea that parallel lamination depended on a deterministic flow phenomenon achieved
semi-quantitative expression under Bridge (1978), who proposed that each texturally defined
lamina represented a cycle of bursting, in circumstances of net sediment accretion. The uplifting
and eventually bursting streak was expected to advect bedload sediment into the outer parts of
the flow, from whence grains were subsequently redeposited after sorting. The textural grading
of the lamina was suggested to vary with the general coarseness of the sediment in transport and
with the net deposition rate. A particularly appealing feature of Bridge’s model is its apparent
ability to predict the streamwise scale of a lamina from the burst period, dependent as pointed



Table 1. Summary of hypotheses explaining the origin of horizontal lamination

Reference

Summary of Hypothesis

L

10.

1L

12.

13.

14.

15.

16.

17.

18.

19.

Kuenen and Menard (1952)
Kuenen (1953, 1957)

Ksiazkiewicz (1952)
Ten Haaf (1956)
Hsii (1959)

Unrug (1959)
Wood and Smith (1959)

Bouma (1962) & Lombard (1963)

Moss (1963)
Kuenen (1966)

Allen (1964)

Walker (1965)

Sanders (1965)

Jopling (1967)

Pettijohn (1957, 1975)

Smith (1971)
McBride et al. (1975)

Frostick and Reid (1977)

Bridge (1978)

Hesse and Chough (1980)

Allen (1984)

Bridge and Best (1988)

Paola, Wiele and
Reinhart (1989)

Velocity pulsations in turbidity current, perhaps with one sorting
sorting by traction.

Diluted secondary turbidity currents suspended above bed.
Sorting action of vortices by turbulence in turbidity currents.
Setiling and laminar flow of fluidized sediment along bed.

Settling from tail of turbidity current with a non-uniform concentration.

Small turbulence eddies. Current velocity pulses with settling or traction.

Grains of similar susceplibility to transport tend to deposit together, Le.
spatial & temporal selection similar grains due to grain interaction under
quasi-steady flow condition - the "like-seek-like" principle.

Pulsating sedimenl supply due 1o separate large scale eddies. Upper regime
plane bed.

Intermittent supply of mixes sediment to top of viscous sublayer followed by
differential settling through; for finer grained laminae. Coarser grained laminae
under upper regime plane bed.

Settling and traction during current velocity fluctuation. Not upper regime
plane bed.

Altributed laminae to the superposition of longitudinal segregations of bedload
grains under aggradation of a upper regime plane bed.

Transitory ph or minor chance fluctuati in velocity of deposiling current.

Migration of very low relief bedforms (diminished ripples and dunes).

Combine the ideas of Pettijohn, Moss and Kuenen.

Described possible lamination formation due to the effect of single burst-sweep
cycle on a plane bed.

Suggested that a horizontal lamination formed with multiple burst and sweep
events on plane bed.

Laminae form due to the shilting distribution of boundary shear stress as
large eddies move down-siream over a plane bed.

Laminae form by both migration of low-relief bedwaves and the turbulent
bursting process.

Extremely low amplitude bedforms. Initial deposition from small scale
turbulent fluctuations in shear stress followed by sieving out mechanism
resulling in a smooth surface process termed glazing.




out on flow thickness and mean velocity. The difficulties - and they are critical - concern the
transverse scale of the lamination and the volume of a typical lamina in relation to the burst
from which it is supposed to have been largely deposited.

Bridge and Best (1988) concluded that: "it appears that laminae can be formed by both
the migration of low-relief bedwaves and the turbulent bursting process, as recognized by Paola
et al. (1989). Laminae formed by these two processes should be interposed, but will differ in
lateral extent and thickness.

It is interesting to notice that Kuenen (1966) reported that: "current pulsations are so
numerous that they should produce ten to a hundred times more laminae than are present." He
also states in his abstract: "the selective concentration is due to the tendency of particles moving
along the bottom to join stationary ones of equal weight, density and shape..." The principle of
"like-seeks-like" dominates the accumulation of grains that are rolling over the bed between
excursions into the saltating carpet. Kuenen (1966) also stated that "in spite of extremely
uniform discharge without pulsation, lamination developed in nearly all experiments."
Additionally, "Rolling of grain on this surface and selective accumulation becomes possible - the
lamination begins to join... Lamination developed as soon as sufficient time was allowed for the
required sorting to take place."

2.2 Experiments

2.2.1 Experimental Set Up

The experimental equipment particularly designed for this study is sketched in Figure 1
and also shown in Picture 1. The vertical cylinder is made of plexiglass with a dimension of 10
cm x 10 cm x 84 cm(height). The release of heterogranular mixtures from the square cone to
the cylinder is well controlled by a precisely designed gate valve at the bottom of the cone. A
valve is installed at either end of the cylinder to supply or drain water during and/or after
experiments. The cone at the top is removable.

2.2.2 Sediment Mixtures Used in the Experiments

Ten types of sediments, varying in size, density, and shape, have been used in this study.
The size distributions of these materials are shown in Figure 2 and some characteristics of these
sands are listed in Table 2 where D,,, D, Dg;, D55 and Dy, represent the sizes of which 10%,
25%, 50%, 15% and 90% of the materials are finer, respectively. Not listed in Table 2 is the



sphericity of the particle which is difficult to define. Visual observations indicate that ERC #1,
ERC #2, ERC #3, ERC #3, limestone #1, and limestone #2 are rounded, coal #1, coal #3,
coal #4, B2040 and B3060 are angular, and the others are between rounded and angular.

With these many sediment samples ranging from very fine material to coarse sand size,
we are able to obtain different types of mixtures for different purposes. In order to see the
possible differences of lamination from differences in size, density, and shape, mixtures listed in
Table 3 are proposed for this experiments. Generally, a mixture is composed of one white
material and one black material for convenient observations. Also listed in Table 3 includes the
conditions under which the experiments are conducted.

2.2.3 Experimental Procedure

After a designed mixture is well prepared in a certain container, the mixture is poured
into the cone at the top of the cylinder. The control valve is then opened to let the mixture
settle directly to the center of the cylinder. The rate of settling is controlled by the control valve.
During the process of sedimentation, the cylinder is held stationary without vibration. Time
spent in each run is recorded in order to determine the rate of deposition by dividing mixture
volume by time. The process of sedimentation of different mixtures is also documented. At the
end of each run, a few pictures in different directions are taken to illustrate the lamination
phenomenon.

The experiments are conducted under two conditions, with or without water in the
cylinder. Under both conditions, the fall (or settling) velocity of the particles influences the
formation of laminae. To achieve this, a base, defined as the original height of sediment at the
bottom of the cylinder before the start of each run is set before starting the run. This base can
be replaced by several short wood logs in square shape (approximately 10 cm x 10 cm x 10 cm).
Obviously, higher base reduces the fall velocity of particle when it impacts with the particles on
the base and surely weakens the splashing of particles.
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Table 2. Characteristics of sands tested

Sand Color | Density | Angle of repose | Angle of repose Angularity | Dy, Dys Dsp D75 Dy

(degree) in air | (degree) in (mm) | (mm) | (mm) | (mm) | (mm)

waler
B2040 black | 2.70 39.5 38 angular .380 480 575 670 760
B3060 black | 2.70 37 36 angular 140 .205 335 550 620
ERC #1 white 245 35 32 rounded .084 110 130 155 180
ERC #2 white 2.65 37 34 rounded 720 500 1.200 1.500 1.900
ERC #3 white | 2.65 375 35 rounded 480 .550 635 730 825
ERC #5 beige 2.65 42.5 35 rounded .150 290 558 970
limestone#1 | white 2.65 310 390 470
limestone#2 | white 2.65 37 34 angular 760 910 1.005
coal #1 black 1.30 .260 410 575
coal #2 black 1.30 40 40 very 250
angular

coal #3 black 1.30 665
coal #4 black 1.30 1.240

Table 3. Sand mixtures and testing conditions

Mixture Combination Characleristics In Air In Water
1 B2040&ERC#3 similar size & density yes yes
2 ERC#1 & B3060 different size & similar density (fine sands) yes yes
3 ERC#1 & coal#1 different density, size and shape yes yes
B ERC#3 & coal#3 similar size & different density & shape yes yes
5 limestone#1 & B3060 similar size, density & different shape yes yes
6 limestone#2 & coal#1 different size & shape, similar density yes yes
7 limestone#2 & B3060 different size & shape, same density, yes no

limestone much coarser

8 ERC#2 & coal#1 "| different size, shape & density, lighter yes no
material, finer '

9 limestone#1 & coal #2 different density, size & similar shape yes yes

10 limestone#1 & B2040 same density, different shape & size yes yes

12




2.3  Experimental Results
A summary of experimental results from the present experiments is given in Tables 4 and

5 for those in air and in water, respectively. In these tables, ‘proportion’ means the volumetric
ratio of one type of material over the other in the mixture, and ’rate of dep’ denotes the rate
of sedimentation of the mixture. Tables 4 and 5 give a general idea how different types of
mixtures affect the formation of laminae. Detailed explanation of these two tables are given in

the next two sections.

Table 4. Results of tests in air

Run # Mixture Proportion Rate of Dep. (cm‘;)‘s) Observation Pictures
1 1 1:1 205 & 5.76 no clear lamination 2,3

2 2 1:1 9.14 clear lamination 4,5 6
3 2 1:1 9.14 clear lamination 7, 8 9
4 3 1:1 7.00 clear lamination 10

5 4 1:1 4.01 no clear lamination 11

6 5 1:1 9.00 no lamination 12

7 6 1:1 5.20 no lamination

8 7 1:1 9.00 no lamination 13

9 8 1:1 9.00 no lamination 14

10 9 1:1 3.44 no clear lamination 15

11 10 1:1 1.619 no clear lamination 16
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Table 5. Results of tests in water

Run # Mixture | Proportion | Rate of Dep. (cm’/s) | Observation Pictures

12, 13, 14, 15 2 1:1 9.14 no clear lamination 17, 18, 19, 20
16 2 1:1 0.384 no clear lamination | 21, 22, 23

17 3 1:1 9.0 no lamination 24

18 B 1:1 0.797 clear lamination 25, 26, 27, 28
19 5 1:1 0.837 no clear lamination | 29, 30, 31

20 10 1:1 0.759 clear lamination 32, 33, 34

21 b 1:1 1.02 no lamination no picture

22 6 1:1 1.05 no lamination no picture

23 7 1:1 0.90 no lamination no picture

24 8 1:1 0.750 no lamination no picture

24 9 1:1 1.30 no lamination no picture

2.3.1 Sedimentation in Air

Detailed results from sedimentation experiments in air are presented in the following

including observations of the sedimentation process and pictures.

Run #1

This run actually includes two tests, one at a higher rate of sedimentation with no base

and the other at a lower rate with high base.

In the first test, the base height, denoted as H, is zero. The rate of sedimentation is 2.05
cm?/sec. During the experiment, splashing of falling particles, when they impact with surface of
deposit on the bottom, dominates the process due to high fall velocities of the particles. The
jumping distance of particles can vary from zero to S centimeter, this is, from the center to the
wall of the cylinder (see Figure 3 below). Rolling of one type of particles on the other is not

obvious. And eventually, no lamina is formed (see Picture 2).
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Figure 3. Positioning of cylinder for run #1
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Picture 2. No clear laminae from run #1

Mixture #1: white ERC #3, D5, = 0.635 mm
and black B2040, D50 = 0.575 mm

In the second test, the height of the base is no longer zero but 61.5 cm. And the rate is
5.76 cm’/sec. Consequently, the fall velocities of particles are dramatically reduced. The
splashing of particles is much weakened. Meanwhile, a cone is well formed and landsliding
occurs (see Figure 4). Again, no lamina is observed (see Picture 3).
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Figure 4. Positioning of cylinder for run #1 (2)

Picture 3. No clear laminae from run #1 (2)

Muxture #1: white ERC #3, DSO = (.635 mm
and black B2040, Dg, = 0.575 mm
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Run #2

In this run, the height of the base is zero. And the rate is 9.14 cm?/sec. Splashing of
particles does not occur while landsliding is dominant. Rolling of black particles on the white
particles before landsliding is observed. Consequently, clear laminae with thickness less that 0.5
cm are observed (see Picture 4, 5, and 6).

Picture 4. Clear laminae from run #2

Mixture #2: white ERC#1, Dg, = 0.130 mm
and black B3060, Dg, = 0.335 mm
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Picture 5. Clear laminae from run #2

Mixture #2: white ERC#1, Dsp = 0.130 mm
and black B3060, D 50 = 0.335 mm

Picture 6. Clear laminae from run #2

Mixture #2: white ERC #1, DSG = (.130 mm
and black B3060, D 50 = 0.335 mm
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Run #3

This run is under the same condition as in run #2 except that the cylinder is not straight
up but a little inclined with an angle of approximately 5 degrees (see Figure 4). The purpose
of this setup is to see the importance of rolling distance of the particles. Pictures 7, 8, and 9 are
taken in directions of A, B, and C shown in Figure 4. From these pictures, it can be seen easily
that a longer rolling distance produces clearer lamination. The thickness of the laminae,
however, remains unaffected by the inclination angle.

S}
°

Ground surface ]

Figure 5. Positioning of cylinder for run #3
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Picture 7. Clear laminae from run #3

Mixture #2: white ERC #1, D50 = 0.130 mm
and black B3060, D5, = 0.335mm
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Picture 8. Laminae becomes clearer as deposit gets higher

Mixture #2: white ERC #1, Dgy = 0.130 mm
and black B3060, D, = 0.335mm
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Picture 9. Clearer laminae from side far from the center

Mixture #2: white ERC #1, DSO = 0.130 mm
and black B3060, DSO = 0.335mm
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Run #4

In this run, the height of the base is zero. And the rate is 7.00 cm®/sec. Splashing of
particles does not occur while landsliding is dominant. Rolling of black particles on the white
particles before landsliding is observed. Consequently, clear laminae with thickness less than 0.5
cm are observed (see Picture 10).

Picture 10. Clear laminae from run #4

Mixture #3: white ERC #1, Dsp = 0.130 mm
and black B3060, D50 = 0.335 mm
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Run #5

In this run, the height of the base is 63.5 cm, and the rate is 4.01 cm’/sec. Consequently,
the fall velocities of particles are dramatically reduced. The splashing of particles is weak.
Meanwhile, a cone is well formed and landsliding occurs. No clear lamina is observed (see
Picture 11).

Picture 11. No clear laminae from run #5

Mixture #4: white ERC #3, DSO = 0.635 mm
and black coal #3, D, = 0.665 mm
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Run #6

In this run, the height of the base is zero, and the rate of sedimentation is 9.0 cm’/sec.
The splashing of particles is weak because both types of particles are fine materials. Meanwhile,
a cone is well formed and landsliding occurs occasionally. Laminae is observed but not distinct
(see Picture 12).

Picture 12. No laminae from run #6

Mixture #5: limestone #1, {)50 = 0.390 mm
and black B3060, Ds, = 0.335 mm
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Run #7

Compared with run #6, the limestone used in this run is much coarser. Consequently,
splashing of particles is dominant in the sedimentation process. Lighter material, coal, is pushed
to the wall of the cylinder. No lamina is observed.

Run #8

The conditions in this run are the same as in run #6, except that the limestone is much
coarser. The height of the base is zero, and the rate of sedimentation is 9.0 cm?/sec. The
splashing of limestone particles is strong and the cone is not well formed. Meanwhile, the black
sand is pushed to the wall of the cylinder. Landsliding does not occur. Laminae are not
observed (see Picture 13).

Picture 13. No clear laminae from run #8

Mixture #7: limestone #2, DSB = 0.910 mm
and black B3060 DSO = 0335 mm
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Run #9

In this run, the lighter material, namely coal, is much finer than the other material,
ERC#2. The height of the base is zero, and the rate of sedimentation is 9.0 cm*sec. Splashing
of particles is weak but no landsliding is observed, and the cone is not well formed. Meanwhile,
the black coal is pushed to the wall of the cylinder. Laminae are not observed (see Picture 14).

Picture 14. No laminae from run #9

Mixture #8: white ERC #2, DSO = [.200 mm
and black coal #1, D50 = 0.410 mm
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Run #10

In this run, the lighter material, namely coal, is coarser than the other material, limestone
#1. The height of the base is zero, and the rate of sedimentation is 3.44 cm®/sec. Splashing of
particles is weak, and landsliding occurs but no distinct separation of black and white particles
is observed. Rolling of one particle over the other is observed, but no clear lamina is formed
(see Picture 15).

Picture 15. No clear laminae from run #10

Mixture #9: limesione #1, Dg, = 0.390 mm
and black coal #2, Ds, = 0.250 mm
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Run #11

The height of the base is zero, the rate of sedimentation is 1.619 cm’/sec., and splashing
of particles is moderate. Landsliding occurs occasionally, but no distinct separation of black and
white particles is observed. Rolling of one particle over the other is observed, but no clear
lamina is formed (see Picture 16).

Picture 16. No clear laminae from run #11

Mixture #10: limestone #1, D50 = 0.390 mm
and black B2040, Dsy = 0.575 mm
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23.2 Sedimentation in Water

Run #12, 13, 14 and 15
The rate of sedimentation in these three runs is the same, 9.14 cm®sec. The only

difference among these runs is the height of base and the original water depth. These conditions
are summarized in Table 6. Laminae can be seen although not distinctly when the original water
depth, h, is low (see Pictures 17, 19 and 20). When the original water depth is too high, no
lamina is formed due to the uniform settling at the bottom of the cylinder (Picture 18).

Table 6. Experimental conditions for runs #12, 13, 14 and 15 (height in cm)

Run # | Height of Base Original Water Depth, h Picture #
cm cm
12 0.0 35.00 17
13 0.0 68.50 18
14 65.0 6.50 19
15 10.0 5.00 20
A
_% A

Original water depth h

Figure 6. Definition of base height and original depth
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Picture 17. Laminae from run #12

Mixture #2: white ERC #1, Dg, = 0.130 mm
and black B3060, Dsa = 0.335 mm
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Picture 18. No laminae from run #13

Mixture #2: white ERC #1, Dg, = 0.130 mm
and black Bm, D50 = 0.335 mm
H=00h=35cm
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Picture 19. Laminae from run #14

Mixture #2: white ERC #1, Dg, = 0.130 mm
and black B3060, D5, = 0.335 mm
H=650cm, h =65 cm
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Picture 20. Laminae from run #15

Mixture #2: white ERC #1, DSG = 0.130 mm
and black B3060, D 50 = 0.335 mm
H=100cm, h = 50 cm

Run #16

The mixture used in this run is the same as in runs #12-15. However, the rates of
sedimentation are much lower, 0.384 cm®/sec, 1.24 cm*/sec, and 2.00 cm?/sec, respectively. The
original water depth is 62 cm, and base height is zero. The process of sedimentation can be seen
in Pictures 21 and 22, taken at the water surface and bottom of cylinder, respectively. Laminae,
although not clear, can be seen in Picture 23.
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Picture 21. Sedimentation process at the water surface
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Picture 22. Sedimentation process at bottom of run #16
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Picture 23. Laminae (not clear) from run #16

Mixture #2: white ERC #1, DSO = 0.130 mm
and black B3060, D 50 = 0.335 mm
H=00,h=62cm

i
=2
h=62cm
o TR .
?.::_. Sy :‘,—E:L R rate = 2.00 3
AT PR rate = 1.24
T T oe® oy cm S
"‘“‘\':.9:“3?",""{! ( f )
hed :"J;t:g :5;-::45’ rate = 0.384
[ ] H=0

Figure 6. Explanation sketch for picture 23
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Run #17
In this run, the height is zero and the original water depth is 79.2 cm. Since the settling
velocity of coal is much smaller than that of the white sand, heavier materials deposited on the
bottom of the cylinder first, and then both materials together. If there is a discontinuity during

the process, a layer of coal, with thickness depending on the interval of discontinuity, would form.
Otherwise, no lamina is observed (see Picture 24).

? 2
-

=y

Picture 24. No laminae from run #17

Mixture #3: white ERC #1, DSG = (.130 mm
and black coal #1, D5y = 0.410 mm
H=00,h=792cm
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Run #18

The base height is zero, and the original water depth is 60 cm in this run. Since the
settling velocity of the white sand is much larger than that of coal, the settling of the white
materials is straight down to the bottom while coal particles suspend in water up and down for
a while and then settle down. The white sand, therefore, deposits at the center of the cylinder
while the coal deposits around the cone from by white particles. This is demonstrated by
Pictures 25 (taken during the process), and 26 (taken after the water is drained). Landsliding
is observed during the process. Eventually, laminae are formed (see Pictures 27 and 28).

Picture 25. Sedimentation process in run #18

Mixture #4: white ERC #3, D5y = 0.635 mm
and black coal #3, D50 = (.665 mm
H=00,h=60cm
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Picture 27. Clear laminae from run #18

Mixture #4: white ERC #3, [350 = (.635 mm
and black coal #3, DSO = 0.665 mm
H=100,h=60cm
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Picture 28. Clear laminae from run #18

Mixture #4: white ERC #3, Dy = 0.635 mm
and black coal #3, D 509 = 0.665 mm
H=00h=60cm

Run #19

The base height is zero and original water depth is 59 c¢m in this run. Since particle
settling velocities are small, particles suspend all over the cross-section. Landsliding occurs, but
is not as dominant as in run #18. laminae are much clearer from the side wall farther from the
center of cylinder (the cylinder stands at a little incline). This can be demonstrated from
Pictures 29, 30, and 31, with reference from Figure 7.
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Picture 29. No clear laminae near the center (run #19)

Mixture #4: white ERC #3, Dg, = 0.635 mm

and black coal #3, DSO = (.665 mm
H=0.0,h=60cm
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Picture 30. Better laminae in frontal view (run #19)

Mixture #4: white ERC #3, Dsp = 0.635 mm
and black coal #3, DS(J = (.665 mm
H =00,h = 60 cm

Picture 31. Clearer laminae from the far side (run #19)
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Run #20
The base height is zero and original water depth is 58 c¢cm in this run. The rate of

sedimentation is 0.759 cm®/sec. A cone in water is well created. Landsliding appears to be
stronger than that in the air because splashing of particles could not happen in water. The
obvious segregation of black particles from the whites really causes the clear formation of
laminae. Again, it is indicated from Pictures 32, 33 and 34 that longer distances from the crest

produce clearer lamination.

o | B e ®

1 :
M wl j —-: .......... *-_ p s
Ground surface \W_‘f'

Figure 9. Positioning of cylinder for run #20
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Picture 32. Laminae from the near side (run #20)

Mixture #10: limestone #1, DSO = (0.390 mm
and black B2040, D5, = 0.575 mm
H=00h=58cm

Picture 33. Good lamination in frontal view (run #20)
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Picture 34. Clearer lamination from the far side (run #20)

Mixture #10: limestone #1, DSO = 0.390 mm

and black B2040, Dg, = 0.575 mm
H=00,h=58cm

Run #21

In this run, the base height is zero, and water depth is 55 cm. The rate of sedimentation
is small, 1.02 cm®/sec. Landsliding is dominant during the process, which is in contrast to the
experiment in the air where splashing is dominant (run #1). Although the sizes of ERC #3 and
B2040 are different, segregation of black and white particles during the landsliding is not
observed. Obviously, no lamina is observed.
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III.  STRATIFIED DEPOSITS IN A NARROW LABORATORY FLUME

The structure, texture, and shape of sand material deposited provides a useful
interpretation of the ancient deposits formed during floods. They also help in relating the types
of structures in a recognizable flood deposit to the specific stage of flood deposition, or stream
regime, and in distinguishing the deposits of a river channel from those of adjacent flood plains.
A former investigation of the deposits of Bijou Creek flood, June 1965 (McKee et al., 1967),
showed criteria that might be used in the recognition of flood deposits in ancient rocks and a
study of sedimentation in terrestrial environments.

The proposed laboratory experiments in a small plexiglas recirculating flume are intended
to examine the depositional characteristics of Bijou Creek sand under plane bed conditions with
sediment motion. A recirculating plexiglass flume has been designed at the Engineering
Research Center of Colorado State University for the analysis of deposition processes under a
wide variety of flow conditions (Julien and Chen, 1989a, 1989b). This flume recirculates both
water and sediment under steady flow conditions during the course of each experiment.

This study focuses on parallel lamination and delta formation processes without bed forms
because horizontal deposits constituted 90% to 95% of all deposits of the Bijou Creek flood
(McKee et al., 1967). Experiments are carried out under various flow conditions under different
bed slopes. After each experiment, the sediment deposits were dried in the flume to examine
the appearance of vertical cracks and stratification joints. The results of the desiccation
experiments are reported in Section VI

3.1 Literature Review on Bijou Creek Flood, June 1965

The heavy rains in June, 1965, caused floods of unusual magnitude in the area drained
by the South Platte River. The floodwaters spread extensive, locally thick deposits of sand and
mud along the South Platte River and its tributaries. It was a good opportunity to study the
distribution, texture, composition, and structures of sediment deposits under flood conditions.
The deposits of Bijou Creek, a tributary of the South Platte River, were investigated by McKee
et al. (1967) in recognition of flood deposits in ancient rocks and in studies of sedimentation in
terrestrial environments.

The geological environment of the area drained by Bijou Creek is underlain by the Pierre
shale, Fox Hills sandstone, and Laramie Formation of Late Cretaceous age. These formations
consist of poorly to moderately well consolidated shale, sandy shale, sandstone, and lignitic coal
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beds; they contain little or no coarse material, in contrast to younger deposits of this area. The
surface material is confined within the older alluvial deposits on the channel and flood plain
(McLaughlin, 1946).

The local rainstorms across eastern Colorado and heavy rains at Bijou Creek drainage
area caused a flood peak discharge of 466,000 ft*/sec near the mouth of the creek, breaking the
former observed peak discharge of 282,000 ft’/sec. A mean velocity of 16.4 ft/sec was reported
for the entire cross-sectional area, and velocities up to 21.8 ft/sec for the main channel were
reported (McKee et al.,, 1967). The corresponding Froude number Fr = 0.6 is close to unity,
which indicates near critical flow conditions. Four localities were studies along Bijou Creek,
including East and West Bijou Creeks, for flood deposit of 1965 as shown on Figure 10. There
were 75 trenches dug in this area with depths ranging from a few inches to 12 feet deep, and
lengths from 2 to 12 feet. In each trench two vertical faces at right angles were planed and the
structures were recorded by field sketches and photographs as shown in Figure 11. Measured
thicknesses and angles of dip were recorded on the sketches. The investigated results in the
report are summarized on Table 7 for each locality. The maximum measured thickness of
deposits attributable to the flood was about 12 feet, and the thicknesses of 2 to 4 feet were
common at all localities. However, within the main channel, most new deposits could not be
distinguished from older ones as no soil or vegetation zone was present. The scouring and filling
was continuously occurring in the cross-section during flow and may cause changes of 5 to 10 feet
in elevation of the sediment-water interface during flooding.

At all localities sampled, the most abundant sediment was quartz sand of fine to coarse
texture. Small amounts of silt and clay, mostly less than 2%, were intermixed with sand in some
beds, and a few thin beds of silt, silty clay, and clay were noted in overbank deposits. Several
samples from locality I contain 5% to 30% fine gravel and a few larger pebbles. However,
samples for downstream localities yielded much less very coarse sediment. It was a sorting
process along Bijou Creek from upstream to downstream.

On the flood plain, the newly-formed flood deposits were mostly flat bedded. Low to
moderate-angle foreset bedding formed where receding water poured back into the main or
subsidiary channels or where it swirled around the bases of large trees. Climbing-ripple laminae
and convolute structures were well developed in limited area. Cut-and-fill structures were
present, but common in overbank deposits. In channel deposits, both flat bedding and festoon
cross-bedding were formed. Those depositional structures are similar to the sedimentary
structures investigated in the deltaic plain of the Mississippi River (Coleman and Gagliano,
1965). The analysis of the sedimentary characteristics of flood deposits should be useful in
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interpretation of depositional environments represented by ancient rocks. The flood plain
deposits extended over several thousand feet in width and up to 12 feet in thickness, and were
characterized by a variety of sedimentary structures accumulated during a few hours.

The strata of sand deposited by a violent flood contain dominantly horizontal layering
characteristic of the upper stream regime. In contrast to the horizontal stratification of rapid
flow characteristic, climbing-ripple lamination, convolute structures, festoon bedding, and scoured
surfaces commonly result from the decrease of velocity during the waning stage of flood.

In contrast, texture of sand, although it may record rapid flow, relatively coarse grains,
and decrease in velocity with finer grains, can be deceptive. Relatively slow, receding water may
rework coarse sediments deposited earlier, and thus reverse a normal depositional sequence of
texture. The medium to large-scale festoon cross-bedding and the megaripples, common to
stream channels where flow is concentrated, contrast with the typical climb-ripple lamination and
convolute structures of blanket deposits formed during the waning phase of flood plain
deposition.
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Figure 10. Index map of Bijou Creek, north of Byers, Colorado
showing localities where flood deposits of June, 1965 were
investigated (McKee et al., 1967).

Note: * showing locality of sand samples in this experiment.
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Figure 11. Sedimentary structures on West Bijou Creek
(from McKee et al., 1967)
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Table 7. Summary of Bijou Creek flood deposits, June 1965

Locality | Locality Il
Trench
number 23 28
#20-30 inches near cutbank along channel edge; *Site A: A blanket ranging in thickness from 2 or
*A maximum thickness of 40 inches in a trench; ft near bank to 1 ft or less at down-
¥|n eastern 2/3 of the deposits, the sand maintain current margin;
Thick- | 2 thickness of 20 inches or more to within 100 ft | ¥Site B: Thickness is greater than that in most of
S of edge of deposition; the flood deposits; 12 ft of thickness is
#*Northward (wooded area), the sand thinned ir- the greatest thickness observed during
regularly across a distance of 1000 ft or more. study ;
%*Site C: Depth to the preflood surface was not
determined, but deposits ranging from m:
to coarsersand and including many mudba
are exposed to S0 inches.
*#Dominately even-bedded, flat-lying or essentially | #Site A: Relatively thin overbank deposits consis
horizontal strata; almost entirely of flat, nearly horizonta
*¥Dips of less than S degree were most commen; strata;
some were more than 10 degree; *site B: Several of which indicate a lower flow
¥ ow-angle foreset bedding along outer margin and regime like climbing ripple laminae, fore:
28 deqree steeper foresets around trees; sets forming tabular planar crossbeddir
Struc= |%Small scale cut-and-fill near top of one trench; and convolute lamination;
ture *2 examples of deformation that shallow V's bent [xgite - Flat-lying layers of sand, sets of trough
downward in a zone of near flat-lying laminae planar crossbeds in 5 ft thickness, clim
were noted. ing ripple laminae near top layers, and
layers or lenses of dominantly spherica
mudballs.
¥*41% medium sand, 32% coarse sand and 14% fine| *Most in medium to fine dominant grain size amo«
sand in total 52 samples; 40 samples;
*Sorting, according to the Payne scale, was fair in | *Site A: Medium to coarse grains in essentially
S0 sample, good in one, and poor in one; horizontal strata; most in sorting of fa
*Material larger than coarse sand was con- *Site B: 15 0f 24 samples in fine-grain; most of®
spicuously present both within the bedded deposits reminder are either slightly coarser or
Texture slightly finer; 21 samples in fair sortir

and as a veneer over much of the surface of sand
sheet. Very coarse sand and granules were inter-
bedded with finer sand in some trenches; pebbles
and cobbles up to 7 or 8 inches long were
scattered through the sand and on the sand
surface.

*Small elay ball and large crumbling clay ball were
exposed at upper surface of the sand deposit.

2 poor and 1 good;
¥Site C: 6 of 11 samples in medium grain size ar
8 samples in fair sorting and 3 in poor ;.
*The dominant grain size in horizontal laminae
ranges from very fine to very coarse; howeve
ripple lamination and convolute structure are p
dominantly fine to very fine grained.

53



Table 7 (continued)

Locality 1l Locality IV
Trench
number 17 7
¥The sand sheet is a lens bisected by the stream | #Ty/6 lens deposit on flood plain and main channel;
channel; the thickness of sand on the east flood *An asymmetrical lens on flood plain whose thick-
.| plain is 72 inches at cutbank but decreases uni- est part, near the north edge, is 34 inches;
Thiek= | formly eastward to the margin of the deposits; | #Maximum thickness in main channel is unknown
ness | ¥Thickness is 17 inches at cutbank and increases ir | gue to unrecognized preflood surface in a trench
regularly to 54 inches on west flood plain; to 28 inches.
*Thickness in main channel is unknown due to the
difficulty in recognizing preflood surface.
*Laminated, flat-lying to near flat-lying beds on | *Horizontal to nearly horizontal layer across flood
flood plain; dips of less than 5 degree in common; | plain; less 5 degree of dip in common;
deposition near margin has dips of mere than 10 | # A Jower unit of laminated sand, a middle unit of
degree; virtually structureless sand that contains thick
*Both cut-and-fill crossbedded and horizontally laminae Tocally, and a local thin upper unit of
laminated sand deposits fill main channel; horizontally bedded to crossbedded sand that is
Struc- |*Climbing-ripple bedding and cut-and-fill bedding absent in 3 trenches on the flood plain.
ture along secondary channel at outer edge of west ¥In the channel the part of sand deposit exposed by
flood plain; two units of crossbedded sand separated by a
*Along east bank of main channel two types of horizontal layered, laminated unit; the lower unit
erosional structure: wedge-shape beds at channel | has cut-and-fill bedding of well developed festoon
edge against truncated, laminated deposit before pattern; in upper unit the crossbedding is more
flood and faults that formed at still water when tabular and wedge shaped, but still has festoon
slices of sand along bank slumped to channel floor.| pattern; and the surface of channelis marked by a
series of megaripples.
*The predominant grain size is medium, but the ; . . :
degr:e of sorting is only fair in most samples; *Coarse grains dominate at this loca.htyf however,
*The coarsest material in deposit is in main channel & range of med.lum 10 VeIy gomme grain wee
b . : more nearly typifies the deposit as a whole; the
and decreases in both outer margin of flood plain vertical variation in grain size is more apparent
direction; than lateral variation;
*#The coarser sand not only is largely in main *At this locality stratigraphic units could be
channel but most is associated with cut-and-fill recognized by differences in grain size more
Texture| crossbedding. readily than by structure; lateral variation in

ain size is also apparent;

e distinctiveness of two main units across
flood plain in the upper coarse-grained unit
ranges from nonlayered to crossbedded indicate
an increase both in water velocity and in bed
load of coarse material.
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3.2  Principles of Open-Channel Flows

This section, compiled from Julien (1987), reviews some fundamentals of fluid mechanics.
The major topics discussed are: kinematics of flow, equations of motion, turbulence, velocity
profiles, rough versus smooth boundaries, specific energy equations, and backwater curves.

3.2.1 Kinematics of Flow
The most common orthogonal coordinate system is cartesian with linear coordinates (x,

Y 2)-

Vector Normal
o the Surface

Surface
dS —]

Figure 12. Cartesian system of coordinates

The rate of change in the position of a fluid element is a measure of its velocity. Velocity
is defined as the ratio between the displacement ds and the corresponding increment of time.
Velocity is a vector quantity. Its magnitude V can be evaluated from the square root of the sum
of squares of its perpendicular components. The direction and the magnitude of the velocity
vector vary both spatially and temporally.

A line tangent to the velocity vector at every point at a given instant is known as the
stream line. The path of fluid element is the locus of the element through time. A streak line
is defined as the line connecting all fluid elements that have passed successively at a point in

space.
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The differential velocity components at an infinitesimal distance (dx, dy, dz) from a point

(x, y, z) are:

dv:%dx+ﬁ{dy+—_‘dz (1)
" ox 3y 3z
v v ov
B s+ i g &
v, £ v
=% —= —= )
dv, aJ':«:i:t+ aya‘y+ pe dz

3.2.2 Equations of Motion
The forces acting on a rectangular cubic element of fluid (dx, dy, dz) are considered. The
internal forces, or body forces, per unit mass existing at the centrad of the element are written
as g, g, g - The external forces per unit area are subdivided into normal and tangential stress
components on each face of the element. The normal stresses, o,, 0,, 0,, are designated positive
T

for tension. Six shear stresses, 7 »y » are distinguished with two orthogonal

w9 Tyxy T Fags Typn T,
components acting on each face as shown in Figure 13. The first subscript indicates the direction
of the normal to the face, and the second the direction of action with positive values along the
X, ¥, and z coordinates.

When considering the moments of the shear stresses around the centroid, n a demonstrate

the following identities. 7, = 7., , 7, = 7, and 7, = 7, .

P T,

@
=
+ir Sz ’_‘:——4

i doy 4 -
x *—/—dx T gl J \
12 ! S do
dx \\M““%“—r--\[ ~— o, - dr:-"
dr 2 g B 2T W ; ¥
few :\rdx_____..r-“‘" r¥ax - - 37

Figure 13. Normal and tangential stresses
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The fluid element in Figure 13 is considered in equilibrium when the sum of the forces
per unit mass in each direction x, y, and z is equal to the corresponding acceleration components
a,, ay and a,. After expanding the acceleration components a,, a, and a,, the equation of motion
in x-direction in rectangular coordinates can be written as:

v, dv, v, v, 1 op 1] 9, o, 61:3} )
—-+vx~——+v—+vz——-=gx-——+— + +
at & Yy & e & | &* ¥y &

Similar equations are obtained in the y and z direction.

3.2.3 Turbulence

Most flows encountered in fluvial systems are characterized by irregular velocity
fluctuations indicating turbulence. The fluctuation superimposed to the principal motion is
complex in its detail and still poses difficulties to mathematical treatment.

In describing turbulent flow in mathematical terms, it is convenient to separate the mean
motion from the fluctuation. Denoting the time average of the v, component by v, and its
fluctuation by v’ , the pressure and velocity components are obtained similarly:

p-5+p ®
vx=v_.'£.+v; (6)
v = e, ()
V=7, e, ®)

the time-averaged values at a fixed point in space are given by:

Vx-'-

L+
[ v a ©)
tﬂ

...-""Ir—-
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Taking the mean values over a sufficiently long interval of time t,, the time-averaged

values of the fluctuations are equal to zero, thus:

x=“,};‘;=\,’z=;=0 (10)

<_|
"‘hl

It is seen that both the time-averaged velocity components and the fluctuating components
satisfy the equation of continuity, thus for incompressible fluids:

i G, W (11)
ox ay oz
¥ ¥ /
B s 0 L o (12)
ox dy oz

The velocity and pressure terms are substituted into the Navier-Stokes equation to give
in the x direction:

= = W 77 7/
¥, — 1 ap, a0 |5 vy | 13
oy o Ox % ox dy oz

,
ot

,
ox

+'VI + Vy

In addition to the terms found in the Navier-Stokes equations, three additional terms
involving the cross products of velocity fluctuations are added to the right-hand side. These
additional stresses are known as Reynolds stresses, or apparent stresses, for turbulent flow.

Generally speaking, these apparent stresses far outweigh the viscous components in turbulent
flow.

3.2.4 Velocity Profiles

Since the no-slip condition prevails at solid boundaries, all turbulent components must
vanish at the walls and they are very small in their immediate neighborhood. It follows that all
apparent stresses become smaller than the viscous stresses of. the Navier-Stokes equation.
Therefore, in turbulent flows, laminar motion must persist in a very thin layer next to the wall.
This is known as the laminar sublayer.
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With analogy to the mean free path in the kinetic theory of gases, Prandtl imagined the
mixing length concept which implies that the transverse velocity fluctuation v’y is of the same
order of magnitude as v’ and can be written in the form:

in which ¢ denotes the Prandtl mixing length.

viv; ~ = V] ]v;| (15)
—e

5-+[5)
dy

Following the Prandtl mixing length hypothesis, the shear stress can be written as:

v, |? dv,
t:pﬂz[d;] +p_d_£ (17)
Y

In turbulent flows, the first term of Eq. 17 outweighs the second term due to viscosity.
Prandtl hypothezied that the mixing length is proportional to the distance from the boundary,

0

Ky (18)

in which k is the von Karman constant.
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The shear stress in the region close to the wall remains relatively constant and with the
use of the shear velocity u., one obtains:

(5ol
P dy

The variables v, and y can be separated and integrated to yield the well-known

logarithmic velocity distribution.

v
_‘=lgny+cl (20)
u, x

in which ¢, is a constant of integration evaluated as a function of the distance y, from the wall
at which the velocity v,, equals zero. Hence:

Vs

.. on L (21)
u‘

Yo

A |-

3.2.5 Rough Versus Smooth Boundaries

When the boundary roughness or sediment size d, exceeds the laminar sublayer

thickness, § = 11.6 v/u. , these elements protrude in the turbulent zone and the flow is described
as turbulent over a rough boundary. In such a case, experiments indicate that the distance vy,
= dy/30 (when u. d; /v > 70).

It can be found from dimensional analysis that for turbulent flows over a smooth
boundary, the distance y, is proportional to the ratio v/u. . This has been verified with
experiments that define y, = v/9u. .

By definition, the Darcy-Weisbach friction factor f is obtained from:

(22) 7
T, = —‘g- psz

where v, is the depth-averaged flow velocity, thus:

o= 23)
P,




3.2.6 Specific Energy
In rectangular flumes, the specific energy function E for flows with unit discharge q = Vy
is:
2
E=y+-4 (24)
2gy?

Properties of the specific energy function are such that critical flow depth y, corresponds
to the minimum of the specific energy function E_;, when F, = 1. After substitutions, the
resulting equation for gradually varied steady one-dimensional flow is:

& _ S5 (23)
dx 1-F?

3.2.7 Backwater Curves
Gradually varied flows are classified depending on the slope and the position of the water
surface relative to the critical depth y, and the normal depth y,, see Figure 14.
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From the general classification table of gradually varied flows, the most commonly seen
type of backwater curve is the M-1, which involves downstream control of the water elevation.
Such flow conditions can be simulated in laboratory flumes by controlling the tailwater elevation
with tailgates. The M-1 backwater curve is favorable for sedimentation because the velocity and
the shear stress decreases in the downstream direction. Additional experiments are carried out
under adverse A-2 and horizontal H-2 slopes.

3.2.8 Incipient Motion of Noncohesive Sediment Particles

The flow of water around sediment particles exerts forces which tend to initiate their
downslope motion. The resisting forces of noncohesive material relate to the weight of the
particles. When the hydrodynamic forces acting on a single particle equal the resisting forces,
threshold conditions are reached and the particle is impending incipient motion.

The forces acting on a sediment particle sketched in Figure 15 are the submerged weight,
buoyancy, and the lift and drag forces.

Figure 15. Force diagram for a single particle under steady uniform flow.
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From the analysis of the hydrodynamic forces around a sphere, no lift force is present
under creeping flow conditions. In turbulent flows, however, lift forces depend on the circulation
around the particle and it is assumed that lift and drag forces are proportional. The sum of

moments around the point of contact 0 can be written:

v, =cd =c, (Y,~Y) d: (26)

in which: Ty is the bed shear stress,
i specific weight of a sediment particle,
¢ specific weight of the fluid,

sediment size, and
¢,, ¢, product of moment arms and constants function of the shape of the

particle and the geometry of the channel.
The ratio of the two moments in Equation 26 defines the Shields number 7. which is
a function of the laminar or turbulent flow conditions around the particle. The value of the
Shields number corresponding to beginning of motion (7, = 7.) becomes a function of the ratio
of sediment size to the laminar sublayer thickness expressed either as d/§ or u. d/u (because

§ = 11.6 v/u. ):

, -t =f[“'d’} 27)
(v,-v) 4 v

Early experiments by Shields (1936) led to the widely accepted diagram shown in Figure
16.
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Figure 16. Shields diagram
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Shields determined the threshold condition by measuring transport for values of the
Shields parameter at least twice as large as the critical value and then extrapolated to the point
of vanishing sediment transport. This indirect method avoids the implications of random
variability of sediment and flow properties.

For turbulent flows over rough boundaries the critical shear stress becomes proportional
to the sediment size since the threshold value of the Shields parameter remains constant.

Figure 18 shows data on critical velocity plotted against mean sediment size for quartz
sediment in water (p, = 2.65 g/cm’) obtained from three sources. The data points and the
curves of the upper limit, mean, and lower limit of the critical mean velocity are taken from the
work of Hjulstrom (1935) who prepared the curves based on data of several workers. The
curves are for flows with depths of at least 1m. In such fine sediments, cohesion is an important
factor in determining critical conditions.
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Figure 17. Critical water velocities
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3.3  Experimental Procedure

33.1 Equipment

All the experiments are carried out in a tilting, recirculating flume: 0.15m wide, 0.15m
deep, and 2.40m long, as sketched in Figure 19. The flow rate is controlled by a gate valve and
measured by a Venturi orifice. The deposition of sand in the flume is controlled by small
tailgates 0.15m wide and 0.02m high. In one experiment, a 0.04m high tailgate is also used. The
depth of water and deposition is measured by an affixed ruler on the sidewall of the flume. The
slope of the flume can be adjusted by a screw jack. The details on the experimental flume are
shown in Figure 18 and a photograph of the flume is also presented in Picture 35.

Particular consideration in the design procedure has been given to the entrance condition
of the flume. The return of water and sediment in the head water box needs to be carefully
designed in order to ensure complete mixing of the sediment particles and constant inflow of
sediment under steady flow conditions. The rounded entrance profile and the use of a movable
plate shown on Picture 36 provided excellent feeding conditions into the plexiglas flume.

0+50m 1+00m 1+50m 2400m

Headwater

Screw Jack Box

(Slope Changing)

Tailwater
Box
e~
> & Puib
Venturi
Oriffice Valve

(Flow Measurement) (Flow Control)
Figure 18. Recirculating flume
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Piure 3s.

Experimental facilities (wﬁolé view)

Picture 36. Headwater box
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33.2 Sediment Mixtures

Four types of sands are readily available at ERC, out of which two white sands identified
as ERC#2 and ERC#4 have been selected for this analysis. In order to clearly visualize the
lamination process, two black sands with a specific gravity of 2.65 identified as B3060 and B2040
were obtained to prepare several mixtures. The characteristics of the original sands are
summarized in Table 8.

Table 8. The original sand size distributions

Type Color D,, D, D, D, Dy,
[B3060 |black | 0.14mm | 0205mm |0335mm |0.55mm | O62mm |
B2040 black 0.38mm 0.48mm 0.575mm | 0.67mm 0.76mm
ERC#2 white 0.72mm 0.90mm 1.20mm 1.50mm 1.90mm
ERC#4 white 0.094mm | 0.13mm 0.16mm 0.19mm 0.24mm

From these original sands, four sand mixtures were prepared after sieving out the coarser
fraction of one sand and the finer fraction of the second one. The four mixtures identified as
SM-1, SM-2, SM-3, and SM-4 were analyzed in a preliminary study by Julien and Chen (1989),
and the best two mixtures (SM-2 and SM-3) were considered in the following analysis. The
characteristics of these two black and white mixtures are summarized in Table 9. Note that in
the mixture SM-2, the coarse material is black and the fines are white. Conversely, the mixture
SM-3 is comprised of coarse white particles mixed with fine black particles. The particle-size
distributions of the original sands and the mixtures are shown on Figure 20 and 21.

Table 9. The composition of sand mixtures

Sand Mixture Composition Total Weight Dsp

* SM-2 B2040 & ERC #4 160 kg 0.28 mm
2.0mm-0.425mm:0.425mm-0.063mm
80kg : BOkg

* SM-3 B3060 & ERC #2 144 kg 0.62 mm
0.6mm-0.063mm:2.0mm-0.6mm
62kg : B2kg
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Percentage of Particles Coarser than Indicated Size
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Figure 19. Particle-size distribution for sand mixture No. 2
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Percentage of Particles Coarser than Indicated Size
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333 Procedure

In this experimental program, five runs are detailed in Table 10 for two sand mixtures,
i.e. four runs for SM-2 and one run for SM-3. In each run the flume slope is fixed and four
constant values of flow discharge are selected for each of the four steps. Therefore, for each
step we specify flume slope and flow discharge. The discharge increases slightly at each
subsequent step. Two tailgates (2cm high) are used to control tailwater depth and sand
deposition under three conditions, i.e. without tailgate, one tailgate, and two tailgates; but for
Run SM-2D, we propose two different gate sizes (2cm & 4cm high) to study the effect of gate
size.

Before each experiment, we set the flume slope (horizontal, positive, or adverse slope).
For each step we adjust the valve to control the flow rate and fix the discharge. Firstly, the flow
runs freely without gate control until the first deposition layer is formed. Sequentially, the first
tailgate is inserted at the downstream end of the flume. We wait until the deposit layer is
completely formed and equilibrium conditions are reached (about 20 to 30 minutes). Then, we
measure the discharge, surface velocity, depth and record the configuration of laminae
deposition. After the measurements are completed, the second gate is inserted to form the
second layer of deposits and the procedure similar to the first gate is repeated. For the other
steps and runs, the whole procedure is repeated. The detailed procedure is listed on a flow
chart in Figure 22. The cross-section SEC1+00 has been selected for the comparison of the
various sedimentation profiles.
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Table 10. The runs and steps in the horizontal lamination experiment

Run Step Flume Slope Tallgate Condition

1. SM-2A 1,2,3,4 horizontal without gate, add first gate, add second gate

2. SM-2B 1,2,3,4 adverse slope (S= -0.005) ’ without gate, add first gate, add second gate

3. SM-2C 1,234 positive slope (S= +0.005) without gate, add first gate, add second gate

4. SM-2D 1, 2* horizontal without gate, add 1st small gate (2cm high),
and 2nd large gate (4cm high)

5. SM-3A 1,234 horizontal without gate, add first gate, add second gate

* Note: The SM-2D experiment involves a larger tailgate which increases the
water depth and causes overflow at larger discharges. Therefore, two steps were
used to avoid excessive flow discharges.
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Preparing sand mixture (Mixing black &
white sand and putting in tailwater box)

y

Setting flume slope (horizontal, adverse
or positive slope)

Y

Starting pump and adjusting valve to make
horizontal lamination

Y

(1
Running without tailgate till equilibrium
and bed stabilized (about 15 minutes)

Y

* Measure discharge, water depth, water
surface slope, surface velocity and
water temperature

* Photograph

Y

(2)
Insert 1st tailgate
Running till equilibrium and bed stabilized

(about 30 minutes)

Change sand mixture
and flume slope
for next run
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discharge
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L

A

* Measure discharge, water depth, water
surface slope, surface velocity and

water temperature
* Photograph

Y

(3)

Insert 2nd tailgate
Running till equilibrium and bed stabilized
(about 30 minutes)

Y

* Measure discharge water depth, water
surface slope, surface velocity, and

water temperature
* Photograph

Finish the
four steps of

this run?

A

Figure 21. Flow chart for experimental procedure in each run
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33.4 Data Measurement

During each step, several types of measurements are repeated to generate a data base
of hydraulic conditions associated with the observed formations of laminae and stratified
deposits.

The flow discharge is measured by a Venturi orifice shown in Figure 19. The manometer
readings are transformed into discharge values through a calibrated chart. The water
temperature is measured with a mercury thermometer.

The hydraulic characteristics of flow depth and flow velocity are measured with the water
surface slope. The water depth is measured with a ruler affixed on the flume sidewall at several
sections including SEC1+100 and others. The thickness of horizontal laminae deposits are
measured from the ruler affixed on the flume sidewall at SEC1+00. The water surface slope
is determined from the difference in water surface elevation between two points. The surface
velocity is determined from average measurements of the travel time of a floating paper ball
between two points. Average flow velocities are calculated form the discharge measurements
and the cross-section area.

Picture 37. Ultrasonic Doppler Velocimeter (UDV-89)
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Local velocity measurements are taken from a Ultrasonic Doppler Velocimeter Model
UDV-89, shown in Picture 37. It’s a multifunction flow meter mainly used to measure flow
velocity in a clear fluid or in a muddy fluid. Besides, flow turbulence intensity,
maximum/minimum velocity, velocity probability density distribution, velocity accumulative
probability curve can be obtained by using the velocimeter.

The Ultrasonic Doppler Velocimeter measures the difference between the frequency of
source wave transmitted and the frequency received after reflection from small particles moving
with the fluid. The UDV-89 velocimeter is an easy operating velocimeter composed of a probe
composed of the ultrasonic wave transmitter and the receiver, and a specific microcomputer
system which analyzes the measurements and prints the results. In a sediment-laden flow, the
particle producer is not needed. The measurement of velocity at a point can be accomplished
in about 10 seconds. The UDV-90 velocimeter is best suited to laboratory one-dimensional flow
measurement. It can take measurements of velocity in the range of 0.03-6.0 m/sec. with an
accuracy of +0.003 m/sec. or 2% of reading, whichever is greater. The sediment concentration
in the flow can be as high as 650 kg/m®. To measure the velocity at a certain point, the Doppler
probe is installed at about 5 cm downstream of the measuring point.

34  Experimental Results

This section presents the results of all the measured and calculated parameters for each
run of the experimental program detailed in the previous section. One of the most interesting
features of the experimental program is illustrated in Pictures 38-43 on the following pages.
From the equilibrium conditions of mostly fine white sand particles on the bed, shown in Picture
38, the insertion of a tailgate induces a deltaic formation of coarse black particles which is shown
to propagate downstream on Pictures 38 and 39.

Starting from steady uniform flow conditions, the introduction of a tailgate creates a
perturbation which propagates upstream and increases the flow depth. During this short period
with unsteady flow conditions (about 10 sec.) the flow depth increases and both velocity and
shear stress decrease in the downstream direction. This induces settling of the particles held in
suspension which forms a microscopic layer of sediments. As the inflow of sediments remains
unchanged, the incoming particles deposit upstream where the flow condition drops below
threshold condition. A delta comprised of the coarser traction of the sediment mixture soon
develops and propagates in the downstream direction. The time sequence of the development
of bed deposits can be sketched in Figure 22 as follows with time t; < t, < t3:
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Figure 22. Deposition sequence for t, < t, < t,

As the delta progresses, finer white particles are seen to segregate and deposit in the form
of laminae on top of the coarse black particles as shown on Picture 40. The lamination process
continues in time and the thickness of the overlying laminated white deposit increases gradually
until equilibrium conditions are reached. After completion of the experiment, Picture 42 shows
a detailed view of the lamination at the entrance section of the flume, while picture 43 illustrates
the superposition of stratified and laminated deposits. It must be noticed that this experiment
was carried out with a steady supply of water and sediment at the upstream end of the flume.
A cross-sectional view of the deposit in the middle reach of the flume is shown in Picture 44.
The following sub-section documents each of the five runs separately.
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Picture 38. Delta propagation on laminated bed

Picture 39. Delta propagation on laminated bed

11



Picture 40. Laminae formation of white particles on top of delta

Picture 41. Detailed view of lamination at the entrance section
(flow from right to left)
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Picture 42. View of the deposit after completion of experiment
(flow from right to left)

Picture 43. Cross-sectional view of deposit after the experiment
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34.1
M

2

Run SM-2A

Objective of this run: Examine the relationship between velocity and lamination
thickness.

Experimental conditions and data summary:

- Horizontal flume

SM-2 sand mixture (B2040 & ERC #4), Dy, = 0.28 mm

Two small tailgates (2 cm high each).

Two deposition for each step is shown on pictures as:
Step 1: Picture 44 and 45
Step 2: Picture 46 and 47
Step 3: Picture 48 and 49
Step 4: Picture 50 and 51
The data for this run is summarized in Table 11 below.

Table 11. Data Summary for Run SM-2A

Run: SM-2A (Horizontal) Dy, = 0.28mm

Step Gate

Q h Vm Vs Sw Shear Fr
dyndcmz

2nd 2546 34 | 4831 55.02 | 0.010 | 23.57 0.836 4.855 0080 |5 10
SM2A-2 | 1st 3536 3.7 | 61.65 73.54 | 0.011 29.08 1.023 5.392 0061 |9 7
2nd 3470 39 | 5740 64.96 | 0.011 | 30.12 0.928 5.488 0.073 | 8 8
SM2A-3 | 1st 4026 39 | 66.60 76.78 | 0.014 | 37.75 1.077 6.144 0068 | 14 5
2nd 3949 4.0 | 63.69 69.30 | 0.011 | 30.63 1.017 5.534 0.060 | 11 4
SM2A-4 | 1st 4548 39 | 7523 8283 | 0.015 | 40.29 1.216 6.438 0.056 | 16 5
2nd 4480 4.1 70.49 76.54 | 0012 | 33.76 1.112 5.810 0.054 | 12

Q = flow discharge; h+ water depth SEC1+00; Vi = mean velocity; Vs = surface velocity; Sw = water surface slope; shear = bed shear stress;
Fr = Froude number; U* = friction velocity; f = friction coefficient; H.Lam = horizontal lamination.
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Detailed velocity measurements were made with a Ultrasonic Doppler Velocimeter for
SM2A under a constant flow rate of 2650 cm?/s. In this run, flow depth, mean velocity, surface
velocity, and near-bed velocity on top and downstream of the moving delta are measured, in
order to examine the values of hydraulic parameters which control the formation of delta during
the process of lamination. The results are listed in Table 12. The symbols in this table are
explained as follows: hg,,,, = flow depth and water surface elevation at equilibrium; S, =
water surface slope at equilibrium; h,, hy = flow depth on top of delta and downstream of delta,
respectively; V,, V4 = mean velocity on top and downstream of delta, respectively; V, Vg, =
surface velocity on top and downstream of delta, respectively; Vy,, Vy4 = near-bed velocity on
top and downstream of delta, respectively; and qu, Vbeq, V,q = mean, near-bed, surface
velocity at equilibrium respectively. All measurements are under a constant discharge of 2650

cm>/s.

Table 12. Detailed measurements of velocity during lamination

hcq Ecq S by, hy Vu Va Vsu Vsd Vou Vbd vmeq vbcq v
cm cm (%) cm cm cm/s cnys cmy/s cm/s cmy/s cm/s cm/s cm/s cm/s

No gate 280 | 3.00 | 0.65 5990 | 34.04 | 66.64

1st gate 290 | 508 | 0.65 | 3.20 | 480 | 5240 | 3495 | 57.54 | 37.65 | 3331 15.68 | 59.89 | 3345 | 73.56

2nd gate | 297 | 705 | 0.70 | 325 | 520 | 53.20 | 3325 | 61.39 | 41.84 | 39.08 | 21.50 | 57.55 | 26.17 | 71.88

Table 12 indicates that as a tailgate is introduced, the flow velocity decreases dramatically.
A delta then starts to build up and move downstream as sediment from upstream continues to
deposit on the toe of the delta. The high flow velocity on top of the delta and the low flow
velocity downstream of the delta creates a separation zone downstream of the delta with high
turbulent intensity. Accordingly, coarse particles can easily deposit on the front of the delta
while most of the fine particles travel further downstream. As the delta moves downstream, the
thickness of delta increases until it reaches equilibrium. Meanwhile, a thin layer of fine particles
develops on top of the coarse particle and then coarse particles roll on top of this thin layer of
fine materials. At equilibrium, the flow velocity is greater than the velocity on top of the delta
during the process.
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Picture 47. Run SM-2A, Step 2 (horizontal)
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Picture 48. Run SM-2A, Step 3 (horizontal)

Picture 49. Run SM-2A, Step 3 (horizontal)
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Picture 51.

Run SM-2A, Step 4 (horizontal)
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Comparing the horizontal lamination thickness under 1st gate condition from step 1 to
4 as shown in Figure 23, the thickness increased from 4mm, to 9mm, 14mm, and 16mm by
increasing velocity. The corresponding delta thickness decreased from 12mm, to 7mm, Smm, and
Smm, respectively. For the 2nd gate condition, the tendency was the same. The horizontal
lamination thickness is therefore dependent to the flow velocity (or discharge). This
phenomenon is similar to Berthault’s experiment (1988).

From the observation of horizontal lamination we found that coarser particles (black)
were rolling on the bed and also moving in saltation, but finer particles (white) deposited. This
phenomenon is beyond the explanation of the Shields diagram.

SM-2A SM-2A
step1:Q1 Step2:02

]

2nd gate .52

SEC 1+00 . SEC 1+00
SM-2A
SM-2A
step3:Q3 stepd :04
— ‘I’ _—
1immHL mg‘{. e 12mmHL.
o) ——-—_2mm delta

T4mm HL 1st gate

SEC 1+00 SEC 1+00

Figure 23. Deposition sketches for SM-2A (horizontal)
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34.2 Run SM-2B
(1)  Objective of this run: Examine the lamination slope referring to flume bed under
the adverse slope conditions.
(2) Experimental conditions and data summary:
Adverse flume slope (S = -0.005)
SM-2 sand mixture (B2040 & ERC #4), D5, = 0.28 mm
Two small tailgates (2 cm high each).
Two deposition for each step is shown on pictures as:
Step 1: Picture 52, 53, and 54
Step 2: Picture 55 and 56
Step 3: Picture 57, 58 and 59
Step 4: Picture 60 and 61
The data for this run is summarized in Table 13 below.

Table 13. Data summary for run SM-2B

Run: SM-2B (Adverse Slope S= -0.005) Dy, = 0.28mm

1st 3380 40 | 54.51 67.25 | 0.013 | 3596 0.870 5.997 0.096 8

2nd 3334 40 | 53.77 66.24 | 0011 | 30.76 0.858 5.546 0.085 7 12
SM2B-2 | 1st 3728 33 | 7288 7563 | 0.016 | 36.29 1.281 6.024 0.054 | 11 11

2nd 3601 41 56.66 6593 | 0.011 | 2890 0.893 5376 0.072 6 9
SM2B-3 | no 3789 34 | 71.89 7394 | 0.016 | 38.39 1.245 6.196 0.059 4 5

1st 3665 38 | 6222 7169 | 0012 | 3148 1.019 5.611 0.065

2nd 3644 4.0 | 58.77 66.40 | 0.012 | 3252 0.938 5.703 0.075 7 8
SM2B-4 | 1st 4121 4.0 | 66.46 7182 | 0.019 | 49.12 1.061 7.008 0.088 | 10 11

2nd 3988 4.1 62.75 69.01 | 0.013 | 3468 0.989 5.889 0.070 8 12

Q = flow discharge; h+ water depth SEC1+00; Vm = mean velocity; Vs = surface velocity; Sw = water surface slope; shear = bed shear stress;
Fr = Froude number; U* = friction velocity; f = friction coefficient; H.Lam = horizontal lamination.
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Picture 58. Run SM2-B, Step 3 (adverse slope)
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From the observation of laminae deposition we find that the horizontal lamination is
subparallel to the previous deposit rather than the flume bed (as shown on Picture 62). It is
similar to the results of Berthault’s experiment (1988) in calm water the slope of the bed surface
has little influence on lamination and seems to favor it.

In the observation of step 4 we could find a series of extremely low-relief sandwaves
migrating as shown on Picture 63. The Froude number for this step is 0.989 which is nearly
unity. This phenomenon is similar to the observation in Smith’s report (1971) and the
experiment of McBride et al. (1975). The extremely low-relief sandwave may contribute to the
formation of horizontal lamination.

The deposition for each run is sketched as shown in Figure 24.

Picture 62. Horizontal lamination, Run SM-2B (adverse slope)
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Picture 63. Very low-relief sandwaves migration, Run SM-2B (adverse slope)
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Figure 24. The deposition of SM-2B (adverse slope)
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343
1)

(2)

Run SM-2C

Objective of this run: Examine the lamination slope referring to flume bed under
the positive flume slope condition.

Experimental conditions and data summary:

Positive flume slope (S = -0.005)

SM-2 sand mixture (B2040 & ERC #4), Ds, = 0.28 mm

Two small tailgates (2 cm high each).

Two deposition for each step is shown on pictures as:
Step 1: Picture 64, 65 and 66
Step 2: Picture 67, 68 and 69
Step 3: Picture 70, 71 and 72
Step 4: Picture 73, 74 and 75
The data for this run is summarized in Table 14 below.

Table 14. Data summary for run SM-2C

Run: SM-2C (Positive Slope S= -0.005) Dy, = 0.28mm

SM2C-1 | no 3019 3.0 | 64.92 7031 | 0.012 | 25.60 1.197 5.060 0.048 2 0
1st 2887 35 | 5321 65.90 | 0.009 | 21.45 0.908 4.631 0.060 6
2nd 2778 37 | 4843 5645 | 0.007 | 17.37 0.804 4.168 0.059 6 8

SM2C-2 | no 3558 32 | 11.73 79.88 | 0.013 | 29.03 1.280 5.388 0.045 2 0
1st 3470 35 | 6396 69.33 | 0.018 | 42.72 0.092 6.536 0.083 | 10 5
2nd 3470 38 | 5891 61.98 | 0.009 | 22.68 0.965 4.763 0.052 7 9

SM2C-3 | no 4102 35 | 75.61 7925 | 0.017 | 40.35 1.291 6.352 0.056 3 0
1st 4121 4.0 | 66.46 7481 | 0013 | 3381 1.061 5.815 0.061 12 5
2nd 4007 45 | 57.44 62.90 | 0.009 | 25.68 0.865 5.033 0.061 7

SM2C4 | no 4514 38 | 76.63 8384 | 0.016 | 40.18 1.255 6.338 0.054 3 0
1st 4497 41 | 70.76 78.75 | 0.016 | 4225 1.116 6.500 0.067 10 6
2nd 4428 44 | 64.92 70.76 | 0.011 3047 0.988 5.520 0.057 9 4

Q = flow discharge; h+ water depth SEC1+00; Vm = mean velocity; Vs = surface velocity; Sw = water surface slope; shear = bed shear stress;
Fr = Froude number; U* = friction velocity; f = friction coefficient; H.Lam = horizontal lamination.
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Picture 64. Run SM-2C, Step 1 (positive slope)
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Picture 65. Run SM-2C, Step 1 (positive slope)
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Picture 66. Run SM-2C, Step 1 (positive slope)
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The horizontal lamination is subparallel to the underlying laminae and not parallel to the
flume bed. These results are in agreement with those of Berthault (1988).

The thickness of horizontal lamination is also dependent on flow velocity (comparing 2nd
gate condition, thickness increased from 6mm, 7mm, 7mm to 9mm as velocity increased). The
deposition for each step is sketched on Figure 25.

SM-2C SM-2C
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= rmHL T e R
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1st gate 12mm H.L.
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e————ZZmmHL ImmHL.
no gate no gate
SEC 1400 SEC 1+00

Figure 25. The deposition of SM-2C (positive slope)
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344 Run SM-2D
(1)  Objective of this run: Examine the influence of larger tailgate conditions on the
thickness of horizontal lamination.
(2)  Experimental conditions and data summary:
- Horizontal flume slope
- SM-2 sand mixture (B2040 & ERC #4), D5, = 0.28 mm
- Fist small gate (2cm high) and second larger gate (4cm high)

The deposition for each step is shown on pictures as:
Step 1: Picture 76, 77 and 78
Picture 79, 80 and 81 (infrared pictures)*
Step 2: Picture 82, 83 and 84
The data for this run is summarized in Table 15 below.

1

* Note: we took infrared pictures for this run only. The results did not justify taking infrared
photographs for the other runs and therefore color prints were shown for every run.

Table 15. Data summary for run SM-2D
Run: SM-2D (Horizontal) Dg, = 0.28mm

Step Gate Q h Vm Vs Sw Shear Fr U+ f H. Lam | Delta
cmjls cm | cm/s cm/s dymlcmz cm/s mm mm
SM2D-1 no 3404 34 | 64.57 71.80 | 0.010 | 24.78 1.118 4978 0.047 2 0
1st 3334 35 | 6145 67.26 | 0.010 | 23.62 1.049 4.860 0.050 | 10 5
2nd 2750 34 | 5218 62.65 | 0.004 9.263 0.904 3.043 0.027 4 29
SM2D-2 | no 4480 33 | 8758 99.01 | 0.027 | 61.92 1.540 7.869 0.064 7
1st 4428 35 | 81.62 91.52 | 0.020 | 47.25 1393 6.874 0.056 | 21 0
2nd 4026 40 | 64.93 66.10 | 0.010 | 27.66 1.037 5.259 0.052 5 23

Q = flow discharge; h+ water depth SEC1+00; Vm = mean velocity; Vs = surface velocity; Sw = water surface slope; shear = bed shear stress;
Fr = Froude number; U* = friction velocity; f = friction coefficient; H.Lam = horizontal lamination.
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Picture 77. Run SM-2D, Step 1 (horizontal)
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Picture 79. Run SM-2D, Step 1 (horizontal) *

Picture 81. Run SM-2D, Step 1 (horizontal) *
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Picture 83. Run SM-2D, Step 2 (horizontal)
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Picture 84. Run SM-2D, Step 2 (horizontal)
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The larger second tailgate produces a thicker delta deposit. On the other hand, it does
not increase the thickness of horizonal lamination but decreases it.

The thickness of horizontal lamination is dependent on flow velocity (comparing 1st gate
condition, it increased from 10mm to 21mm). The deposition for each step is sketched on Figure
26.

Under larger flow velocity condition delta may not occur as in the 1st gate of step 2
(SM-2D-2).

SM-2D
step1:Q1

‘ ‘1‘;525
: = 23mm deltg

‘.ﬁg(

= S oross-1am.

L~ ~—" ~—"~7mm dune

1st gate
1Omm H.L.
1st gate T TTagr: Smm delta 2immHL.
1 L5 . H.L. = ————
ol ey no gate Zmm H.L.
no gate

SEC 1+00 SEC 1400

Figure 26. The deposition of SM-2D (horizontal)
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3.4.5 Run SM-3A
(1)  Objective of this run: Examine the thickness of horizontal lamination in a coarser
sand mixture.
(2) Experimental conditions and data summary:
- Horizontal flume
SM-3 sand mixture (B3060 & ERC #2), Dy, = 0.62 mm
Two small tailgates (2 cm high each).
Two deposition for each step is shown on pictures as:
Step 1: Picture 85, 86 and 87
Step 2: Picture 88, 89 and 90
Step 3: Picture 91, 92 and 93
Step 4: Picture 94, 95 and 96
The data for this run is summarized in Table 16 below.

Table 16. Data summary for run SM-3A

Run: SM-3A (Horizontal) Dy, = 0.62mm

Step Gale Q h Vm Vs Sw Shear Fr Us f H. Lam Delia
cm";’s cm cm/s cm/s d)me)‘l:mz cmy/s mm mm
m
SM3A-1 | no 3727 3s 68.70 81.53 | 0.014 33.08 1.173 5.57 0.056 ?
1st 3665 37 63.90 6922 | 0.009 | 22.08 1.061 4.699 0.043 14
2nd 3558 39 58.85 64.80 | 0.008 20.34 0.952 4.510 0.046 7 6
SM3A-2 | no 3948 34 74.91 79.40 | 0.014 3242 1.297 5.694 0.046 ? 0
1st 3909 39 64.66 7110 | 0.012 | 30.51 1.045 5523 0.058 11
2nd 3850 39 63.68 6396 | 0010 | 2542 1.030 5.042 0.050 11
SM3A-3 | no 4195 38 71.22 83.88 | 0.016 39.98 1.167 6.323 0.063 8 0
1st 4304 4.0 69.41 80.46 | 0.011 28.44 1.108 5.332 0.047 14 0
2nd 4304 44 63.10 7043 | 0.010 27.50 0.961 5.244 0.055 12 10
SM3A4 | no 5032 39 83.24 81.16 0.018 45.76 1.346 6.765 0.052 8 0
1st 4764 4.2 7317 74.42 0.015 40.04 1.140 6.327 0.059 16 3
2nd 4939 4.5 70.81 77.52 0.010 27.90 1.066 5.282 0.044 13 4

Note: ? = lamination type not clear
Q = flow discharge; h+ water depth SEC1+00; Vm = mean velocity; Vs = surface velocity; Sw = water surface slope; shear = bed shear stress;
Fr = Froude number; U* = friction velocity; f = friction coefficient; H.Lam = horizontal lamination.
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Picture 85. Run SM-3A, Step 1 (horizontal)

Rer—— S —

Picture 87. Run SM-3A, Step 1 (horizontal)

SM-ZA
step1:Q1

——
1st th

no gite L emm ?
(black)
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Picture 88. Run SM-3A, Step 2 (horizontal)

Picture 90. Run SM-3A, Step 2 (horizontal)

SM-3A
step2:02

fimmHL.

7mm ?(black.

SEC 1+00
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Picture 91. Run SM-3A, Step 3 (horizontal)

Picture 93. Run SM-3A, Step 3 (horizontal)

SM-3A
step3 .03

—l — Admmhl
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~10mm delta

15t gate —————
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no gate
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Picture 94. Run SM-3A, Step 4 (horizontal)

Picture 95. Run SM-3A, Step 4 (horizontal)

SM-3A
stepd :Q4

2nd gate

SEC 1400
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Under similar flow discharge as in the 1st gate between SM-3A-1 and SM-2B-2, the
thickness of horizontal lamination in SM-3A-1 is larger than it is in SM-2B-3 (14mm and 8mm,
respectively). Overall, the thickness of horizontal lamination in SM-3A is larger than others in
SM-2 at a similar range of flow discharge. This may be caused by the larger difference of
particle size distribution in SM-3 (Ds, in B3060 = 0.335mm; Dy, in ERC #2 = 1.20mm than
SM-2 (Ds, in ERC #4 = 0.16mm; Dy, in B2040 = 0.575mm). These results are similar to those
of Berthault’s experiment in still water (1986).

We also observed a series of low-relief sandwaves migration during the formation of
horizontal lamination (as shown in Picture 96). It is similar to the result of SM-2B and the
observation of Smith’s (1971) and McBride et al. (1975).

The deposition for each step is sketched on Figure 27.

Picture 96. Low relief sandwave migration, (SM-3A, horizontal)
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Figure 27. The deposition of SM-3A (horizontal)



3.5 Compilation of Results

The analysis of the with horizontal laminae (H-Lam) layer thickness in terms of average
velocities upstream V, and downstream V of the delta are compiled in Table 17. It is found
that for the runs SM-2A, V, varies slightly, but V, and H-Lam significantly increases with
discharge, while the delta thickness decreases with discharge. At a comparable discharge, the
runs SM-2D show an increase in delta thickness with gate height as expected. With positive
slope, runs SM-2C, the results are similar to those with horizontal slope (SM-2A) except that the
thickness of deposits is less sensitive to changes in discharge. Under adverse slopes, runs SM-2B,
the thickness variability with discharge is also less significant.

These results clearly show that the delta thickness increases as V, decreases, while V,
remains fairly constant (V, = 50 cm/s). The effect of slope shows that the variability in delta and
H-Lam thickness with discharge is clear for horizontal slope, but most obvious for either positive
or adverse slope.

In order to examine the variability in upstream velocity V,, downstream velocity V,,
horizontal lamination thickness H-Lam, and delta thickness with increasing discharge, the
experimental results were compiled in Table 18 for both the first and the second gate. It is very
difficult to detect any significant tend in the analysis of any of these four variables.
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Table 17. Compilation of experimental results for each run

Step Q em’ss h em V,, cmvs V,emVs |Vgem/s |H-Lamcm | Delta cm
Run:SM2A (Horizontal) Dy, = 0.28mm

SM2A-1 2650 29 57.55 53.20 3325 0.27 19
SM2A-2 3470 39 57.40 47.60 40.00 0.8 08
SM2A-3 3949 4.0 63.69 50.00 46.30 1.1 0.4
SM2A-4 4480 4.1 70.49 54.50 52.50 1.2 02
Run:SM2D  (Horizontal) Dy = 0.28mm, 2nd L

SM2D-1 2750 34 52.18 46.70 26.20 0.4 29
SM2D-2 4026 4.0 64.93 57.50 37.60 0.5 23
Run:SM2C (P. slope S = +0.005) Ds, = 0.28 mm

SM2C-1 2778 37 4843 42.00 35.50 0.6 0.8
SM2C-2 3470 38 58.91 50.00 41.40 0.7 0.9
SM2C-3 4007 4.5 57.44 50.00 45.30 0.7 0.5
SM2C-+4 4428 44 64.92 53.80 50.00 0.9 0.4
Run: SM2B (Adv. Slope S = 0.005) DSB = 0.28mm

SM2B-1 3334 4.0 53.77 45.70 36.40 0.7 12
SM2B-2 3601 4.1 56.66 50.00 41.50 0.6 09
SM2B-3 3644 4.0 58.77 50.00 42.70 0.7 0.8
SM2B+4 3988 4.1 62.75 52.50 42.10 0.8 1.2
Run:SM3A (Horizontal) Dgp = 0.62mm

SM3A-1 3558 39 58.85 50.00 44.00 0.7 0.8
SM3A-2 3850 39 63.68 49.60 45.10 1.1 05
SM3A-3 4304 4.4 63.10 49.60 42.00 1.2 1.
SM3A+4 4939 4.5 70.81 54.90 51.40 13 0.4
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Table 18. Compilation of experimental results by increasing discharge

Run Q cm’fs V,, cnv/s Vv, cm/s V4 em/s H-Lam cm | Delta cm
First Gate

SM2A-1 2650 59.89 524 349 03 1.6
SM2D-1 3334 61.45 478 43.0 1.0 0.5
SM2A-2 3536 61.65 50.0 43.0 0.9 0.7
SM3A-1 3665 63.90 46.3 43.0 1.4 0.4
Run #2 3665 42.20 40,0 322 03 1.4
SM3A-2 3909 64.66 50.4 458 11 0.5
SM2A-3 4026 57.40 47.6 40.7 08 0.8
SM3A-3 4304 69.41 514 514 14 0.0
SM2D-2 4428 B1.62 51.0 51.0 21 0.0
SM2A4 4548 75.23 533 489 1.6 0.5
SM3A4 4764 7317 54.0 505 1.6 0.4
Second Gate

Run #2 3357 40.63 378 335 0.4 0.7
SM2A-2 3470 59.40 47.6 40.0 0.8 0.8
SM3A-1 3558 58.85 50.0 44.0 0.7 0.8
SM3A-2 3850 63.68 49.6 45.1 1.1 0.5
SM2ZA-3 3949 63.69 50.0 46.3 1.1 04
SM3A-3 4304 63.10 49.6 42,0 12 1.0
SM2A4 4480 70.49 54.5 525 12 02
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IV. ANALYSIS OF DEPOSITS IN A WIDE LABORATORY FLUME
4.1 Introduction

The proposed lamination study in a wide rectangular flume extends the previous
investigation in a narrow rectangular flume. This part of the study examines the possible
formation of horizontal laminae under different flow conditions in a wide rectangular flume. It
is the primary objective of this study to demonstrate that the results of the experiments in the
narrow flume are also applicable to the wide rectangular flume.

4.2  Experimental Procedure

4.2.1 Equipment

The experiments are carried out in a broad flume: 2.20m wide, 0.16m deep, and 6.0m
long, as sketched in Figure 29. With this design, both water and sediment can be recirculated
whenever needed. The recirculating pipe is actually designed to recirculate the sediments
trapped in the tailbox shown in Figure 29 and Picture 98, and the entrance pipe ensures a
sufficient supply of water to the flume. The flow rate is controlled by two valves and measured
by a Venturi tube in the recirculating pipe and an orifice in the entrance pipe. The deposition
is controlled by tailgate logs which can be varied from .00m to 0.16m (see Figure 28). Details
of the experiment facilities are also illustrated in Pictures 97 and 98.

4.2.2 Sediment Mixtures
The sands used in these experiments are similar to those of Julien and Chen (1989b). To
simplify the problem only two types of sand, one black and one white, were used in run #1.
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Figure 28. Wide flume used for the experiments



Picture 98. Detail of pump, valves and tailbox
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The characteristics of these two types of sands are summarized in Table 19, and the

particle size distributions are shown in Figure 30.

Table 19. Sand characteristics

Type Color Density |D,, D, Dy, D, Dy,
B3060 black 2.70 J4dmm |[.205mm |.335mm |55 mm |[.62 mm
ERC #5 | white 2.65 084 mm |[.110 mm |.130 mm |.155 mm [.180 mm

The following experiment is primarily intended to verify that the results of Julien and
Chen (1989b) in a small flume are also applicable for a wide rectangular flume. Only one
mixture has been examined in this experiment. It is assumed that if the results of Julien and
Chen (1989b) could be reproduced for a single mixture, similar good agreement would be
obtained for the other mixtures. The proportion of black and white sands in this mixture is 1:4.
According to Julien and Chen’s experiment, this mixture would provide excellent visualization
of the laminae.

423 Procedure

At the very beginning of the experiment, a constant value of water discharge is selected
and controlled by adjusting the two valves in the oncoming pipe and the recirculating pipe.
Without the control of the tailgate, the sand is shoveled into the headbox shown in Picture 99
at a rate which is as uniform as possible, the turbulence generated from the water exiting the
entrance pipe induces excellent mixing condition for the sand. The inflow of sediment passing
the screen shown in Figure 29 is quite steady and spreads very uniformly across the entire width
of the flume. When the front of the deposit approached the tailgate, the water level at the gate
is raised about 5 cm by controlling the tailgate elevation, in order to increase the deposited layer
thickness and provide better visualization of the laminae. At equilibrium conditions, the water
surface slopes and water surface elevations at different cross-section are measured for the
calculation of flow velocity and flow depth. Meanwhile, photos were taken to record the
bedform configuration and the movement of sands. At the end of the experiment, the bed
elevation at different cross sections is measured after shutting off the two valves and after
draining the water in the flume.
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After the experiment, the deposits are dried on the flume, then cut vertically at some
sections both in the streamwise direction and the cross stream direction. Photographs are taken
to examine the configuration of laminae.
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Figure 29. Particle size distributions of two sands used
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Picture 99. Sand feeding and water level measurement
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43  Experimental Results

The hydraulic data for this run is summarized in Table 20. The flow depth and velocity
are the cross-section averages. The pattern of sediment movement during aggradation was
observed in Pictures 100-102. It was interesting to see that coarser grains (black) kept rolling
on the surface of the deposits as it progressed downstream, although more black sand deposited
near the downstream end of the flume.

Table 20. Hydraulic data summary

|Galelielghlcm Ist |hcm IVmcmis lSInpe |Fr |U‘cm1s lr I

5.0 5.773 133 26 0.0081 72 325 125

Q = flow discharge; h = averaged flow depth; V, = averaged flow velocity; Fr = Froude number; U" = shear velocity;
f = Darcy-Weisbach friction coefficient.

The lamination is examined at three places, respectively the upstream, middle, and
downstream section of the flume. Their positions and the related pictures taken are illustrated
in Figure 30, and the laminae are shown in Pictures 103-110.

Table 21. Description of pictures 103-110

Picture # Position Orientation Comment

103 upstream streamwise clear lamination is observed
104 upstream streamwise with a distinct layer of
105 upstream cross-section black sand closest to

106 upstream streamwise the bottom of the flume
107 middle cross-section bottom layer has

108 middle cross-section more distinct

109 middle cross-section lamination

110 downstream cross-section lamination is less distinct
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Picture 100. Formation of alluvial deposits
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Picture 101. Front of delta deposition

Picture 102. Rolling of black sands on the surface of the bedform
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Tailbox

Headbox

Figure 30. Location of cross-sections where deposits are examined
(Number in circle refers to the picture no., and blank arrow refers to the
direction the picture is taken.)
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Picture 104. Upstream lamination profile
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Picture 105. Upstream lamination profile

Picture 106. Upstream lamination profile
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Picture 107. Middle section lamination profile

Picture 108. Middle section lamination profile
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Picture 109. Middle section lamination profile

Picture 110. Middle section lamination profile
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The upstream pictures (Pictures 103-106) show that there is a layer of black sand closest
to the flume bed at the upstream position. This is in accordance with the observations that black
sand moves at a lower shear stress than white sand. At the beginning of the test, the black sand
moved further out than the white sand, and created this layer.

Pictures 107 and 108 show the laminae of the entire cross-section at the middle reach
(about 2.9 meters from the headbox). The laminae are still quite distinct as compared with the
laminae in the upstream. However, Picture 110 from the downstream position, does not show
lamination as clear as those from upstream and middle positions, due to the decrease of flow
velocity near the tailgate.

Another conclusion to be drawn from the pictures is that the lamination is more distinct
at the upstream end of the flume, and less distinct at the downstream end. This may be
explained in terms of lamination being the result of a sorting process. The sorting effect will be
stronger for increasing velocities, and we have higher velocities at the upstream end of the flume
because the slope is higher as we feed in sediments. The velocity at the downstream end of the
flume will be lower, and hence a smaller sorting effect and lamination. This can also explain why
the layer of black sand closest to the flume bed is less distinct than at the upstream position.

V. EXPERIMENTS ON DESICCATION OF B1JOU CREEK SANDS
5.1 Introduction

The proposed laboratory experiments in a small recirculating flume are intended to
examine the depositional characteristics of Bijou Creek sand under plan bed conditions with
sediment motion. This study is limited to horizontal deposition processes without bed forms.
After each experiment, the sediment deposits were dried in the flume to examine the appearance
of vertical cracks and stratification joints.
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5.2  Experimental Procedure

5.2.1 Equipment

The experiments were carried out in a small tilting recirculating plexiglas flume: 0.15 m
wide, 0.15 m deep, and 2.40 m long. The flow rate is controlled by a gate valve and measured
by a calibrated Venturi orifice. The deposition of sand in the flume is controlled by two kinds
of tailgate: 0.02 m high and 0.04 m high. The depth of water and deposition is measured by an
affixed ruler on the sidewall of the flume. The flume slope can be adjusted by a screw jack
which supports the front end of the flume.

Particular consideration in the design procedure has been given to the entrance condition
of the flume. The return of water and sediment in the headwater box needs to be carefully
designed in order to ensure complete mixing of the sediment particles and constant inflow of
sediment under steady flow condition. The rounded entrance profile and the use of a movable
plate provided excellent feeding conditions into the flume channel.

5.2.2 Sediment Mixtures

The sediment used in this experiment is natural sand from the surface of the main
channel bed of Bijou Creek near Hoyt, Colorado as shown in Figure 32. The locality of this
sample is also near the locality III in the investigation of McKee et al. (1967). Prior to the
experiments, this natural sand has been sieved and the vegetation and pebbles were removed.
The characteristics of the natural Bijou Creek sand are summarized in Table 22, and the
particle-size distribution curve in shown on Figure 33.

Table 22. The Bijou Creek sand size distribution
Type D,, Dys Dy, D,s Dy,
Bijou Creek sand |0.34 mm [0.52 mm |0.75 mm
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The size of sand particles ranges from fine to very coarse sand, and the silt and clay
content (below #230 sieve) is only 0.1 percent according to Table 23 of sediment grade scale
which is modified from the classification of the Subcommittee on Sediment Terminology of the
American Geophysical Union (Lane, 1947). It is similar to the grain analysis in the report of
McKee et al. (1967)--"At all localities sampled, the most abundant sediment was quartz sand of
fine to coarse texture. Minor amounts of silt and clay, mostly less than 2%" (p. 831).
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Figure 31. Particle-size distribution for Bijou Creek sand
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Table 23. Sediment grade scale

Class Name Size Range (mm) Sieve Mesh Percentage
(U.S. Standard)
Gravel above 2.00 above #10 6.0%
Very coarse sand 2.00 - 1.00 #18 30.0%
Coarse sand 1.00 - 0.50 #35 74.0%
Medium sand 0.50 - 0.25 #60 96.0%
Fine sand 0.25 - 0.125 #120 99.2%
Very fine sand 0.125 - 0.063 #230 99.9%
Silt and clay below 0.063 below #230 100.0%

5.23 Procedure

In this experimental program, two runs are proposed for the Bijou Creek sand. Before
each run, the flume slope is set horizontal and the valve is adjusted to control the flow rate
which recirculates sediment and forms horizontal deposits. The flow discharge is then
maintained steady during the course of each run.

For the first run (run #1) the water flows freely without gate control until the first
deposition layer is formed. The first small gate (2 cm high) is then inserted at the downstream
end and the second strata forms until equilibrium conditions are reached. The second gate (2
cm high) is then inserted to form the other strata superposed on the first one. During the
equilibrium condition in each step we measure the discharge, depth of water, surface velocity and
note the configuration of laminae deposition.

For the second run (run #2) the water flows freely without gate; the same condition as
run #1. Sequentially, we put in a simple large gate (4 cm high) to form a thicker strata.
However, the second gate is not introduced and the measurements are made after equilibrium
conditions are reached.

After each run, solar lights (as shown in Picture 111) are set above the flume to dry the
deposit of sediment for about one week. The purpose is to observe whether the sand deposit
will consolidate and whether vertical cracks and stratification joints will occur or not. The reason
why we are interested in the cracking phenomenon is that thin sun-cracked mud layers are often
observed on the last sediments deposited during each flood--for example, the cracked surface
of the Colorado River flood plain delta at Lake Mead, Arizona (McKee, 1965). In the
experiments, the cross-sections are cut at SEC.1+00, and samples are taken from each strata for
sieve analysis.
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Picture 111. Lights used to dry the deposits

5.24 Data Measurement

During each run, several types of measurements are repeated to generate a data base of
hydraulic conditions associated with observed formations of laminae and stratified deposits.

The flow discharge is measured by a Venturi orifice in which the manometer readings are
transformed into discharge values through a calibrated chart. The hydraulic characteristics of
flow depth and flow velocity are measured with the water surface slope. The water depth is
measured with a ruler affixed on the flume sidewall at several sections including SEC.1+00. The
water surface slope is determined from the difference in water surface elevations between two
sections. The surface velocity is measured by the travel time of floating particles between two
cross-sections. Average flow velocity is calculated from discharge and cross-section area.

The thickness of horizontal laminae deposits are measured from the ruler affixed on
flume sidewall at SEC.1+00, see Picture 112-115. After each run the deposition of sediment is
dried out with solar lights. The representative grain size of each stratum is measured by sieve
analysis of the samples taken at cross-section SEC.1+00.
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Picture 113. The downstream propagation of the delta
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Picture 115. Low-relief sandwaves migrating downstream
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53 Run #1
53.1 Experimental conditions and data summary
Horizontal flume

= Dso = (.75 mm
Two small tailgates (2 cm high each)

Deposition is shown in sequence on three photographs:
without gate - Picture 116
first gate - Picture 117
second gate - Picture 118

The data for this run are summarized in Table 24 below.

Table 24. Data summary for run #1

Run #1: horizontal flume, Dy, = 0.75 mm

Gate |Q o |v, |V S, |Shear |[Fr U r H-Lam [ Delta
em’s |em | cnvs cm/s dyne/em? emls mm mm
No 3558 4.20 | 54.65 58.49 0.010 | 26.69 0.85 517 0.072 1 0
First 3665 5.60 | 4222 55.57 0.005 |15.93 0.57 3.99 0.071 3 14
Second | 3357 533 | 40.63 47.35 0.006 | 1857 0.56 431 0.090 4 7
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Picture 117. Deposition using one gate (2 cm high; run #1)
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Picture 118. Deposition using two gates (2 cm high; run #1)

53.2 Results of Run #1

The horizontal lamination layer thickness for the second tailgate condition is a little
thicker than that in the first gate condition although the velocity is reduced in the second gate
condition as shown on Table 24. However, we find that the bed shear and shear velocity is a
little higher in the second gate condition. We also can find similar conditions in the results of
Julien and Chen (1989b) where the horizontal lamination thickness increased by increasing not
only flow velocity, but also bed shear or shear velocity. Therefore, the horizontal lamination
thickness seems dependent on the bed shear or shear velocity as well as flow velocity. The
deposition of this run is sketched on Figure 34.

After seven days of exposition under solar lights, clear layers of finer and coarser material
are shown on Picture 119. There is no vertical crack as shown on Picture 120. However, we can
see horizontal cracks after we cut the cross-section at SEC.1400 as shown on Picture 121. We
can peel the separated layers of finer sands and coarser sands easily as shown on Picture 122.
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Samples from each layer were taken for analysis. The particle-size distribution curves are
drawn on Figure 33 for each layer. The medium grain size (Ds,) and grade scale classification
for each layer are shown on Figure 32. We also find that silt and clay content is less than 1
percent on the top finer layer. It may explain that no vertical crack appeared on the surface.

( RUN *1)

(1) finer D50=0.45mm (coarse-medium)

¢ '(2) coarser DS0=0.53mm (coarse-medium)
#

~(3) finer D50=0.36mm (medium-fine)

(4) coarser DS0=0.59mm (coarse-medium)

Figure 32. The deposition of Bijou Creek sand at SEC.1+00 (run #1)
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Picture 120. No vertical cracks on the top layer
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Picture 121. Cross-section