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HYDRAULIC DATA FOR SHALLOW OPEN-CHANNEL FLOW IN A
HIGH-GRADIENT FLUME WITH LARGE BED MATERIAL

by Fred J. wattsd/

ABSTRACT

Hydraulic data for shallow open-channel flow in a high-gradient flume
with large bed material are reported. The bed surface consists of natural
rock having a particle-size range of 0.15 to 0.75 foot. Two different bed-
surface configurations (roughness) were tested. The bed material was stable
for all discharges. The flume wall was composed of smooth plastic and
aluminum, and the test channel was 6 feet wide and 108 feet long. Longitudi-
nal test slopes ranged from 0.008 to 0.018. Hydraulic data are reported for
103 runs with surface flows ranging from 0.7 to 32.1 cubic feet per second and
for 11 runs with subsurface flows ranging from 0.1 to 0.7 cubic foot per
second. Hydraulic data for all runs include water-surface elevation and aver-
age bed elevation at 10 cross sections and test discharge. Detailed velocity
measurements at two or more cross sections are reported for selected runs.

The bed-material data include shape and size properties of the rock, detailed
topographic measurements of the bed surface for each of the two roughness that
were tested, and 14 statistical parameters computed from the topographic
measurements. The statistical parameters include the mean elevation of the
bed, the skew of the elevations, the kurtosis of the elevations, and the
standard deviation from the arithmetic mean elevation for each station.

INTRODUCTION

A comprehensive set of hydraulic data for shallow open-channel flow in a
high-gradient rough channel was collected in the Hydraulics Laboratory of the
Gulf Coast Hydroscience Center, U.S. Geological Survey, National Space Tech-
nology Laboratories, NSTL, Mississippi. The objective of the data-collection
program was to obtain sufficient data to: (1) further refine techniques for
estimating Manning's n value given appropriate cross-section data and velocity
data that can be conveniently collected in the field; (2) study the velocity
profiles (vertical and transverse) as stage is systematically lowered; (3)
evaluate various methods of estimating hydraulic radius of streams with large
bed materials; and (4) determine the type and number of field measurements at
a cross section that are required to adequately estimate the roughness of the
section.

Purpose and Scope

The purpose of this report is to present the hydraulic data collected in
a convenient and usable format so that other engineers, scientists, and
research personnel can have ready access and use of the data. The data also

l/University of Idaho
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are available on magnetic tape from the Geological Survey. Contact the Office
of Surface Water, 415 National Center, U.S. Geological Survey, Reston,
Virginia 22092. The data were collected from January 1986 through July 1986.

Large rocks (intermediate axis ranging from 0.15 to 0.75 foot) were used
for the bed of the 6-foot wide channel, and the sides of the channel were
smooth plastic and aluminum. The 50-percent finer than sieve size of the
surface material was 0.62 foot, the coefficient of gradation was 1.17, and the
average Corey shape factor was 0.61. The rock was sized so that no bed
material would move under the range of discharge and slope that were examined.

The bed surface for Series I tests was arranged so that it was very
rough. The standard deviation of the point elevations of the bed at a cross
section with reference to the mean of the point elevations averaged about
0.168 foot. A series of 56 sets of data were obtained with Series I
roughness.

To extend the scope of testing, the surface material was then slightly
rearranged. Larger rocks were moved slightly and placed in depressions. As a
result of this minor moving of rock, the surface was generally smoothed. The
averaged standard deviation of point elevations of the bed for Series II
roughness tests was 0.133. That is, the standard deviation of the projections
was reduced by 0.035 foot (21 percent). A series of 58 tests was conducted on
the Series II roughness. The gradation and size of the surface material was
the same for Series I and Series II roughness.

A major portion of this study was directed at the collection of data to
be used for developing a methodology for characterizing the surface roughness
of high-gradient rock bed channels. Because of this objective, detailed
surface-elevation data were collected for both Series I and Series II rough-
ness. Also, considerable time was spent obtaining representative dimensions
of major, intermediate, and minor axes of the rock and gradation of surface
material.

A comprehensive list of slopes, discharges, and other flow parameters
for Series I tests is shown in table 1. Table 2 lists similar data for Series
II tests.
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DESCRIPTION OF TEST FACILITY
Test Channel

A 108-foot long test section of rock-lined channel bed with smooth side
walls was constructed in a 6-foot wide by 250-foot long tilting flume (fig.
1). The slope of the flume could be varied from 0 to 1 percent. An objective
of the experiment was to test on slopes up to 1.8 percent; and therefore it
was necessary to build a wedge-shaped base with a longitudinal slope of 0.8
percent with respect to the floor of the flume.

Starting at Station (Sta) 0.33 (fig. 1), 3/4-inch thick vertical trans-
verse impervious barriers, cut to appropriate height, were placed every 12
feet along the flume. A waterproof seal was constructed around the edges. A
l-inch diameter perforated PVC pipe piezometer extending the entire width of
the flume was placed a few inches above the metal floor of the flume and 4
inches upstream of the impervious barrier. A l-inch diameter pipe placed
through the floor of the flume connected the piezometer to a hose leading to a
water manometer. The centerline of the piezometer was carefully aligned
perpendicular to the centerline of the flume. The test section (Sta) where
all velocities were measured was directly above the piezometer. The purpose
of the piezometers was to accurately and quickly measure water-surface eleva-
tion at the test sections.

After the piezometers were constructed, the space between the impervious
barriers was carefully filled to grade with clean 3/8- to 3/4-inch gravel.
The loose gravel provided an adjustable base for placement of the large size
bed-surface material and clean subsurface voids for transmitting water pres-
sure to the piezometer.

A layer of large element bed material averaging about 9-inches thick was
carefully placed on the base material. Temporary screeds set to grade were
constructed along each side of the flume floor to facilitate placement of the
rock and assure a uniform surface grade. An appropriate number of rocks of
each size were hand carried to the section and properly blended to obtain a
uniform mixture of sizes.

Approach Channel

Special flow straighteners and a ramp floor were constructed between the
headbox and the test section to ensure a uniform approach velocity at Sta 0.
Details of the flow straighteners and transition section are shown in figure
1. An examination of a detailed set of velocity profiles taken at Sta -4, -2,
0, 6, and 12 (Run 17 A, B, C, and D, table 1) for a discharge of 31.9 cubic

feet per second (ft3/s) shows that the approach velocity was uniform.



Table 1.--Data and flow parameters - Series I Roughness

[Sta, station; ft3/s, cubic feet per second]

Targes R Discharge Station, integrated discharge (Q). and energy coefficient (q)
slopei/ number Orifice Subsurface Surface Sta Q a Sta Q a Sta Q a Sta Q a Sta Q a
(££3/3) (f£3/3)
0.008 1 31.75 .30 31.45 1.12 60 1.11 84 1.15
L 2 16.21 . 15.91 1:.12 60 1.13 84 1.18
" 3 9.43 » 9.13
L 3a 23.26 . 22.96
L 4 1.06 " 0.76
" 5 4.58 » 4.28 1.21 60 1.13 84 1.42
o 6 32.19 » 31.89 1.25 48 1.18 72 1.18 29.0 1.18
" 7 16.63 " 16.33 1,31 48 1:18 72 1:15
n 8A 4.56 . 4.26 1.51 48 1.24 72 1.33
" 8G 23.68 » 23.38
- 8I 1.07 w11
L 9 6.07 5.77
i 9 7.99 7.69
" 9 9.39 9.09
0.008 9 11.99 11.69
0.0105 11A 4.49 4.16
- 11B 6.02 5.69
. 11C 8.01 7.68
" 11D 9.21 8.88
- 11E 12.03 11,70
% 11F 16.07 15.74
" 11G 23.83 23.50
. 11H 31.05 30.72
0.0105 111 1.13 0.80
0.0130 12 31.68 81.33 1.14 72 31. 1.18
» 13 16.12 15.717 1.17 72 16. 1.10
" 13C 4.68 4.33 1.29 2 4 1.38 b
e 14A 5.99 5.64
L 14B 8.04 7.69
" 14C 9.36 9.01
" 14D 12.10 11.75
" 14E 24.21 23.86
0.0103 141 1.13 0.78

Footnotes at end of table.



Table 1.--Data and flow parameters - Serxies I Roughness--Continued

[Sta, station; ft3/s, cubic feet per second)

Target Run Lischarge Station, integrated discharge (Q), and energy coefficient (Q)
slopei/ number Orifice Subsurface Surface Sta Q a Sta Q 1] Sta Q a Sta Q a Sta Q a
(£t3/3) (££3/3) (££3/3) (f£3/3) (££3/3) (££3/3) (£t3/3) (f£3/3)
0.0155 15A 4.50 0.38 4.12
" 15B 6.03 " 5.65
= 15C 8.05 . 7.67
" 15D 9.71 " 9.33
" 15E 12.14 " 11.76
i 15F 16.08 » 15.70
- 15G 23.94 » 23.56
" 15H 31.51 " 31.13
0.0155 151 1.13 0.38 0.75
0.018 16A 4.60 0.40 4.20 36 4.6 1.18 72 3.7 1.38 b
. 16B 6.04 L 5.64
" 16C 8.05 ” 7.65
" 16D 9.82 L 9.42
N 16E 1213 " 11.73
" 16F 16.21 " 15.81 36 15.5 1.19 72 15.5 1.12
” 16G 23.73 " 23.33
. 16H 32.05 " 31.65 0 26.9 1.06 36 33.1 1.15 48 34.4 1.20 60 31.8 1.15 72 28.8 1.20
0.018 161 1.13 0.40 0.73
Subsurface Flow Determination
0.008 10A 0.19
0.008 10B .27
0.008 10C .48
Boundary Layer Development at Entrance of Test Section
0.008 17aBC 31.87 =4 28.3 1.07 -2 27.9 0 26.3
0.008 17D 31.97 6 28.6 12 29.5 b,c

3/Target slope refers to the approximate longitudinal slope of the channel.
b/values obtained by hand computations ~ values are approximate.

£/pata for Runs A, B, and C shown on same line; see Appendix III B for additional details.



Table 2.--Data and flow parameters - Series II Roughness

[Sta, station; ft3/s, cubic feet per second]

Target Run Discharge Station, integrated discharge (Q), and energy coefficient (Q)
slopeﬁ/ number Orifice Subsurface Surface Sta Q a Sta Q o Sta Q a Sta Q a Sta Q a
(£f£3/3) (££3/3) (£f£3/3) (fr3/s) (ft3/3) (f£3/3) (££3/3) (££3/s)
0.008 20a 0.98 0.30 0.68
" 20B 2.20 " 1.90
" 20C 4.55 " 4.25
" 20D 5.99 " 5.69
" 20E 8.03 " 7.73
" 20F 9.39 " 9.09
" 20G 12.12 " 11.82
" 20H 16.52 " 16.22
" 201 24.00 " 23.70
0.008 200 32.14 0.30 31.84
0.0105 21a 1.00 0.33 0.67
" 21B 2.21 " 1.88
" 21C 4.53 " 4.20
" 21D 6.07 " 5.74
" 21E 8.02 " 7.69
" 21F 9.42 " 9.09
" 21G 12.16 " 11.83
" 21H 16.42 " 16.09
" 211 23.96 " 23.63
0.0105 21J 32.34 0.33 32.01
0.0130 22A 1.02 0.35 0.67
" 22B 2.21 " 1.86
" 22C 4.47 " 4.12
" 22D 6.05 " 5.70
" 22E 7.99 " 7.64
" 22F 9.50 " 9.15
" 22G 12.05 " 11.70
" 22H 16.50 " 16.15
" 221 23.44 " 23.09
0.0130 223 32,12 0.35 31.77

Footnotes at end of table.



Table 2.--Data and flow parameters - Series I Roughness--Continued

[Sta, station; ft3/s, cubic feet per second]

Target Run Discharge Station. integrated discharge (Q), and energy coefficient (qQ)
slopei/ number Orifice Subsurface Surface Sta Q a Sta Q a Sta Q a Sta Q a Sta Q a
(££3/3) (££3/3) (f£3/5) (f£3/3) (££3/8) (££3/3) (££3/3) (££3/3)
0.0155 23a 1.00 0.38 0.62
" 23B 2,21 . 1.83
" 23C 4.57 » 4.19
" 23D 6.20 " 5.82
L 23E 8.05 " 7.67
" 23F 9.09 - 8.71
" 23G 12.21 " 11.83
L 23H 16.27 " 15.89
" 231 24.07 L 23.69
0.0155 23J 32.14 0.38 31.76
0.018 24A 1.00 0.40 0.60
" 24B 2.21 " 1.81
" 24C 4.52 " 4.12 36 4.0 1.27 72 3.8 1.12 b
- 24D 5.98 " 5.58
" 24E 7.99 " 7.59
. 24F 9.30 L 8.90
i 24G 12.13 = 11.73
= 24H 16.62 " 16.22 36 15.7 1.14 12 16.0 1.14
* 241 23.83 " 23.43
0.018 24J 32.19 0.40 31.79 36 31.0 1.16 72 30.5 1.11
Subsurface Flow Determination
0.008 25A 0.11
" 25B .y
L 25C 35
0.008 25D .68
0.018 24K 0.22
" 24L «38
" 24M <53
0.018 24N .68

a/Target slope refers to the approximate longitudinal slope of the channel.

b/yalues obtained by hand computations ~ values are approximate.
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Figure 1l.--Centerline section of test reach in the tilting flume.



Tailwater Control

An adjustable gate, hinged at the bottom, at Sta 131 was used for
control of tailwater elevation. After the flow had stabilized, the operator
could see the longitudinal water-surface profile for the entire test reach

displayed on the water manometers. The elevation of the tailgate could readily

be adjusted so that the projected slope of the upstream water elevations
displayed on the manometers coincide with the water-surface elevation of the
well for Sta 96. The water manometers and point gages are shown in figure 2.

Figure 2.--Water manometers and point gages.

Water Delivery System

Water was delivered to the head box of the flume through one or more of
three parallel pipes connected to a constant head tank. The pipes were 16
inches, 18 inches, and 24 inches in diameter. Each pipe was equipped with an

orifice meter, manometer, and appropriate valves. Discharge above 3.0 ££3/s
was measured with sharp-edged plate orifice meters (henceforth referred to as
orifice or orifice meter) coupled to water manometers. Discharges ranging

from 1 to 3 ft3/s were routed through a 6-inch pipe with an orifice meter and
a mercury manometer. For discharge less than 1 ft3/s, all water at the brink
of the flume was collected and routed to a 30° V-notch sharp-crested weir.
Test discharges ranged from 0.1 to 32.0 ft3/s.



During flume operation, water in the tail box was continuously pumped
back into the overflow constant head tank. Because the flow was driven by a
constant head tank, the system was very stable; and once flow was established,
the discharge remained constant without surges. After a few preliminary runs,
the specified target discharge was easily obtained by opening appropriate
valves the proper number of turns as determined from previous runs with
similar discharges.

Instrumentation

An instrument carriage and data-collection-processing-transmission
system were developed for this project by Computer Science Corporation
personnel and the Geological Survey laboratory manager. The data-collection-
processing system was built around a microcomputer.

A rigid precision-surface horizontal track extending the full width of
the flume was constructed on the front of a sturdy 6-foot by 6-foot wheeled
instrument cart that ran on rails attached to the top of sidewalls of the
flume (fig. 3). A wheeled instrument mount, with a geared vertical translator
and a length of round instrument mounting rod projecting below the translator,
was attached to the track. The rod, used as an instrument mount and also as a
point gage, will henceforth be referred to as the "probe." The probe mount was
gear-driven transversely and vertically by manual operation of wheel cranks.

The horizontal location (x coordinate) and the vertical location (y
coordinate) of the probe were each monitored with a displacement transducer.
A transducer was attached to a fixed surface on the side of the cart and a
thin stainless steel cable that reeled out of the transducer was attached to
the movable probe mount. An electrical signal proportional to the horizontal
extension of the cable from the transducer was routed to the computer.

At each station the left wall of the flume (looking upstream) was estab-
lished as the O X coordinate datum. Prior to collecting a set of data, the
probe was positioned at the wall and the transducer was zeroed and scaled.

The operator could manipulate the driving wheel for the mount and monitor the
x coordinate of the probe on the computer screen. There was a horizontal
scale on the track the full width of the flume and a pointer on the mount so
the x coordinate also could be visually checked.

The vertical position of the probe was monitored with a similar system
with the y coordinate appearing on the computer screen. A vertical scale was
attached to the translator and a pointer attached to the mount so that the y
coordinate could be visually checked. The range of the vertical transducer
was scaled using this vertical scale.

The elevation of the probe tip was determined by moving the probe
carriage to the side of the flume and lowering the probe tip till it rested on
top of a short piece of a aluminum angle (henceforth referred to as the flume
clip) permanently attached to the flume wall slightly above the water surface
(fig. 4). For each setting of the flume, the elevation of the flume clip on
each side of the flume at each station was determined by differential
leveling.

The probe was well built and it could be quickly placed anywhere in the
cross section with a horizontal or vertical tolerance of * 0.01 foot.

10



Figure 3.--Instrument carriage, probe, and data acquisition system.

0 8



FLUME CLIP EAST FLUME CLIP WEST

6.00
(]

N ¢ B © N o O .T. & a9
S o5 | ke o [ aleeeet
(<) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.4 00O

SYMMETRICAL ABOUT

WATER SURFACE CENTERLINE

ELEVATION

kg

WASHED
BOTTOM )/ —TO MANOMETER
OF FLUME WHAVEL

PERFORATED PIEZOMETER

NOTE: ALL DIMENSIONS ARE FEET

Figure 4.--Cross section at test stations showing flume clips,
datum, locations of vertical traverses, and points
where velocities were measured.

The bottom of the probe was used as a point gage for determining eleva-
tions of the bed. A vertical axis current meter was rigidly attached to the
bottom of the probe and used for all velocity measurements. The meter, a
Price pygmy current meter with a solid polymer bucket wheel equipped with an
optic counting head, is shown in figure 5.

The system was configured so that when data were collected, the signal
associated with the x coordinate, the y coordinate, the number of meter
revolutions, and the associated increment of the time were each recorded in
response to a command by the operator. All data appeared continuously on the
computer screen so the operator could determine when a measurement was
complete.

A program was developed to convert the data set stored on the diskette
to x coordinate, y coordinate, and velocity. These data and additional run
data, such as station, time data were taken, manometer column readings,
orifice discharge, water temperature, and flow depth at each velocity
traverse, were then properly formatted and printed out.

12



Figure 5.--Probe and pygmy current meter near bed of test channel.

MEASURING TECHNIQUES
Rock Properties

The stream rounded sandstone that was used for the bed was carefully
sorted into six size categories. Each rock was hand placed through a series
of square openings ("sieves") with inside dimensions of 0.75, 0.65, 0.55,
0.45, 0.35, 0.25, and 0.15 foot. Each rock of a given size category (passed
0.75 foot sieve, retained on 0.65 foot sieve, as an example) was washed and
painted a specific color. The clean rock was dipped into a thin mixture of
paint so that the surface of the rock was completely covered and easily
identifiable but did not have a slick glossy coat and thus a different surface
roughness.

After the bed surface was constructed, 180 rocks (30 of each size) were
randomly selected from the surface layer between Sta 24 and 84. The maximum,
intermediate, and minor axis of each rock was carefully measured with
calipers. The submerged and dry weight of each rock was determined, then the
rock was replaced in its original orientation and location.
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The axis length was measured along three mutually perpendicular axis
that intersect near the centroid of the rock. The largest dimension of the
rock is defined as the length of the major axis. The length of the minor axis
is the minimum length axis intercept perpendicular to the major axis. The
length of the intermediate axis is the length of the axis intercept perpendic-
ular to the minor axis and major axis. The length of the intermediate axis
was considered to be the "sieve size"™ of the rock.

The size of each rock was identified by its color and therefore it was
very easy to determine the as-built distribution of bed-surface material. A
6-foot long by 4-foot wide frame strung with string forming a 6-inch by 6-inch
grid was placed on the bed and a color photograph was obtained. For Series I
tests the frame was photographed at Sta 0, 12, 24, 36, 48, 60, 66, 72, 84, 96,
and 108, both before tests and after all tests were completed. The surface
for Series II runs was photographed before and after testing at Sta 12, 24,
36, 48, 60, 66, 72, 84, and 96. Later, the color slides were projected on a
screen and the number of rocks of each specified color that appeared at the
intersection of a grid were tabulated. Knowing the average weight of rocks of
each color category, the size-frequency distributions of the as-built surface
was determined.

The size-frequency distribution of surface material for Series I and
Series II runs were, for all practical purposes, identical.

Bed Elevations

With references to the cross section shown in figure 6, it is difficult
to define the "average" elevation of the bed. For this study a series of
point elevations were obtained at grid points in a rectangular sample area of
the flume. The sampled area extended from 0.7 foot upstream of the test
section to a point 0.7 foot downstream of the test section and covered the
full width of the flume. The grid points were spaced at 0.1 foot centers both
longitudinally and transversely. For example, the sample area for station 72
included a traverse at Sta 71.3 and one at Sta 72.7 with an additional 13
traverses spaced at 0.1 foot centers between.

The probe described in an earlier section was used to obtain the 885
data points at each station. It required about 2 1/2 hours to position the
carriage, zero the probe, and obtain and record the 885 data points. For
Series I runs, full sets of data were taken at Sta 12, 24, 30, 36, 42, 48, 54,
60, 66, 72, 78, 84, and 96 and partial sets of data at Sta 0.7 and 106. For
Series II runs, full sets of data were taken at Sta 12, 24, 36, 42, 48, 54,
60, 66, 72, 84, and 96. The x and y coordinates of the probe were recorded to
0.002 foot. True coordinates of the points are within X 0.01 foot.

There was some operator subjectivity concerning the placement of the
probe tip. If the probe happened to pass through a small gap between two
large rocks and came to rest on the gravel underlayer, an unrealistic low
elevation would be recorded. The underlying void under natural conditions
would be filled with gravel, sand, and silt. The probe operator was directed
to stop the probe in the small gap between rocks at an elevation where the bed
would occur under natural conditions, as an example, at the midheight of two
spherically shaped adjoining rocks.
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Figure 6.--Typical cross section at test section showing mean
elevation, minimum elevation, maximum elevation, and
one standard deviation.

Water-Surface Elevations

Water-surface elevations for all runs were obtained from point gage
readings of the water surface in the 4-inch diameter lucite water manometer,
attached to a piezometer buried in the bed at the measuring station (fig. 2).
The vernier of the point gage was read to 0.001 foot. The reading procedure
was as follows:

1. After flow had stabilized, the point of the hook gage at each of the
10 manometers was set as quickly as possible to the water surface.

2. The vernier of the point gage was read, recorded, and the point was
moved away from the water surface. This was repeated for each of
the 10 manometers.

3. Steps 1 and 2 above were repeated five times; that is, five sets of
independent water-surface elevations were obtained.

As a minimum, the above procedure was repeated three times; once at the
beginning of the run, once midway through the run, and once at the end of the
run. When velocities were measured at more than two cross sections, addi-
tional water-surface data sets were obtained.
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Despite the very rough water surface, once flow was established, there
was very little fluctuation in measured water-surface elevations. The dissi-
pation of turbulence by the porous media surrounding the piezometer, coupled
with the damping associated with the long 5/8-inch hose connected to the 4-
inch diameter manometer, resulted in very stable time-averaged water-surface
elevations.

Discharge

Target values of discharge for most runs were established as 32, 24, 16,
12, 9, 8, 6, 4.5, and 1 ft3/s. In the interest of expediency, no attempt was
made to exactly hit these target discharges. On the basis of recorded valve
settings from preliminary experiments, the operator could quickly position the
valves such that we were near the target discharge for each run.

Actual surface discharge for each test run was obtained from orifice or
weir readings with appropriate adjustment for the subsurface flow (column 4,
tables 1 and 2) through a portion of the 9-inch thick layer of coarse bed
material. With reference to figure 6, subsurface flow was assumed to be any
flow below the mean elevation of the bed at a cross section. Runs 10A through
10C, 25A through 25D, and 24K through 24N were specifically for the purpose of
determining the surface elevation of subsurface flow for a range of very small
discharges and the maximum and mirimum slope. These data were used for inter-
polating appropriate subsurface flow rates as a function of slope.

Discharge for all flows greater than about 1 ft3/s was obtained by read-
ing manometers attached to an orifice meter. The manometers were read 10
times and the readings averaged. The discharge was then obtained from a cali-
bration chart. This procedure was repeated each time a set of water-surface
elevations was obtained. A minimum of three sets of manometer readings were
obtained for each run.

For discharges less than 1 ft3/s, all water at the brink of the flume

was routed into a small stilling basin and measured with a 30° V-notch sharp-
crested weir. The number and frequency of point gage readings were as
described above for the orifice manometer readings.

Velocity

A series of point velocities were obtained for selected stations for
target discharges of 32, 16, and 4.5 ft3/s for target slopes (henceforth
referred to as slope) of 0.008, 0.013, and 0.018 for Series I roughness.
Velocity profiles were obtained for similar discharges for a slope of 0.018
for Series II roughness.

A typical cross section showing the location of points where velocities
were measured is shown in figure 4. For all runs the water-surface elevation
(as determined by manometer readings for the station) was the reference hori-
zontal datum. At each vertical traverse the first point velocity was measured
0.2 foot below the surface and from this point to near the bottom, every 0.2
foot. The meter was never placed closer than 0.1 foot to the bed, thus the
unsampled depth ranged from 0.1 to 0.3 foot.
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The measuring procedure was as follows:

1. The bed elevation at each of the 15 vertical traverses at the
station had been previously determined (by measurement with the
probe) and stored in the computer.

2. The water-surface elevation (determined from manometer readings) was
entered into the computer.

3. The probe was appropriately zeroed and scaled, and the current meter
was then attached.

4. The meter was positioned at the appropriate coordinates, and the x
coordinate, y coordinate, increment of time, and number of revolu-
tions of the meter during the increment of time were measured elec-
tronically and recorded. The computer was programmed to compute the
lowest sampling point (see fig. 4) elevation at a traverse and dis-
play the information to the operator and thus prevent lowering the
meter into the rocks.

The runs and stations where velocity profiles were obtained are shown in
tables 1 and 2.

FLUME CHANNEL AND HYDRAULIC DATA

A description and analysis of the physical properties of the bed
material, the bed elevation data, the computed statistical parameters
associated with the bed elevation measurements, flume-clip elevations and
procedure for determining bed elevations for the various longitudinal slopes,
and the procedure used for measuring velocity within the cross section are
presented under the heading Flume-Channel Data. Velocity measurements,
orifice discharges, water-surface elevations, and discharges and energy
coefficients obtained by integration of velocity data are presented and
discussed under the heading Hydraulic Data.

Flume-Channel Data
Rock Properties

The size category and the color and average rock weight for each size
category are shown in table 3.

The gradation of the as-built surface and the design gradation are shown
in figure 7. The gradation of the as-built surface layer differed from the
mixture placed in the flume. To minimize subsurface flow, the larger voids
between rocks were filled with small rocks in the subsurface region. As a
result, a larger portion of smaller material was placed in the unmeasured
subsurface layer.

The lengths of the major axis, intermediate axis, and minor axis as
measured with a caliper are shown for each rock for each rock size group in
Appendix I A. The computed Corey shape factors (shape factor), defined as

the minor axis/Vmajor axis x intermediate axis, also are shown. The average
value of axis length and shape factor and associated standard deviations also
are shown for each sample of 30 rocks in a size category. The arithmetic

average of the Corey shape factor for the six size categories is 0.61. With
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Table 3.--Size categories and rock weight

[ft, foot; 1lb, pound]

Size Size Average
passed retained on Color weight
(ft) (ft) (1b)
0.75 0.65 orange 29.5
0.65 0.55 green 21.4
0.55 0.45 white 14.7
0.45 0.35 yellow 7.7
0.35 0.25 blue 3.2
0.25 0.15 red 1.6

reference to figure 7, Dgsg of the surface material was 0.62 foot, Dgg = 0.68
foot, and D1g = 0.52 foot. The gradation coefficient defined as

D16
from 2.44 to 2.57 with an average of 2.49.

D
G =1/2 (%%% + -§£) was 1.17. The specific gravity of the material ranged

DESIGN MIXTURE

Ll 1.1

PERCENT FINER
8483838838 88 8
L

AS-BULT SURFACE LAYER
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(-]
I

1

0.1951 0.1 1.0 10.0

DIAMETER, IN FEET

Figure 7.--Gradation curves: design mixture and as-build surface
layer.
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Bed Elevation Data

The bed elevation data for Series I and for Series II are presented in
Appendix II A. The station shown is the station of the cross section, X-coor.
is the horizontal coordinate of the point referenced to the left wall looking
upstream, and elevation is the elevation of the probe tip resting on the bed.

Bed Elevations and Statistical Parameters

For each station the following statistical values were computer from the
885 data points at the station.

885
YM = The arithmetic mean elevation = Y,  Y;i/885,
0
885
YV = The variance of elevations = }E (Yy - YM)2/885,
0
885
YS = The skew of the elevations = }; (Y; - YM)3/885,
0
885

M

YM4 = The kurtosis of elevations (Y; - M) 4/885,

JYV],

YS/ (SDYV) (YV) ],

SDYV = The standard deviation of YM [SDYV

CSY = The coefficient of skew of YM [CSY

dYMAX = ELYMAX - YM,
ELYMAX = The maximum point elevation at the station,
XMAX = x coordinate of ELYMAX referenced to left side of section,

ZMAX = z (longitudinal) coordinate of ELYMAX referenced to the upstream
traverse for the station,

dYMIN = YM - ELYMIN,
ELYMIN = The minimum point elevation at the station,

XMIN

x coordinate of ELYMIN referenced to left side of section, and

ZMIN

z coordinate of ELYMIN referenced to the upstream traverse for the
station.

The above information is presented in Appendix II B. YM is the average
elevation of the bed at the station for the given bed roughness referenced to
clip elevations obtained when the flume slope was set to 0.008, Series I
roughness.
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There were other types of information extracted from the bed elevation
data. The bed was divided into three longitudinal strips. The statistical
values of bed roughness for each of the strips were computed. The purpose of
this analysis was to determine the uniformity of the bed roughness and to
ensure that there was not bias in roughness or height of bed, that is, that
one side of the bed was built consistently higher or rougher than the center
strip or the other side. The results of this analysis are shown in figure 8
for Roughness I and figure 9 for Roughness II. Considering the small differ-
ences in magnitude of the various parameters from strip to strip, the large
difference in elevation between maximum and minimum elevation at each station,
and the pattern displayed in figures 8 and 9, the distribution of roughness
was remarkably uniform throughout the test section.

Flume Clip Elevations

The flume clip elevations shown in Appendix II C are used to obtain bed
elevation at a test station for all slopes other than 0.008, Series I rough-
ness. Bed elevation (YM) at each test station with the slope of the flume at
0.008 is given in Appendix II B. Bed elevation for a test station for any of
the other slopes are computed by using YM and the increment of change in ele-
vation of the appropriate flume clips associated with the change in slope. As
an example, with the flume set at a slope of 0.008, roughness 1, YM for Sta 72
is 4.414 feet (Appendix II B) and the average value of flume clip elevations,
East Stations, is 6.256 feet (Appendix II C). To obtain the bed elevation at
Sta 72, for a slope of 0.0155, Series I roughness, the average of clip eleva-
tions at Sta 72, East Stations, is 5.609 feet (Appendix II C). This value is
subtracted from 6.256 feet indicating a change in elevation of the clip of -
0.647 foot. The elevation of the bed at Sta 72 with a slope of 0.0155 is
4.414 feet - 0.647 foot = 3.767 feet.

Average Bed Elevation at Vertical Velocity Traverses

The elevation of a narrow, short (0.2 foot wide by 0.8 foot long) strip
of bed, the "footprint" for the meter, at each vertical where a velocity
traverse was obtained also was computed from the bed elevation data. The mean
of the 27 point elevations (fig. 10) was considered to be the bed elevation
for computation of the increment of area associated with the lowest point
velocity at that vertical traverse.

There were two reasons why the "footprint"™ elevation was used (rather
than the average elevation of the bed one half way to each adjacent vertical)
for computing the depth of the vertical. If the measurement had been made in
the field, the meter would have been lowered to the bed and the computed flow
depth would be the distance from the water surface to the point on the bed
where the foot of the meter assembly rested. The "footprint" size approxi-
mates the outline of the meter and therefore would more closely simulate a
field measurement. The second reason was that because of the large variation
of the height of the top of the rocks, the average elevation of the bed one
half way to each adjacent vertical was, in a few cases, above the elevation
where the velocity was measured. This presented a computation dilemma. The
selection of the "footprint" elevation eliminated this problem. The footprint
elevation for each velocity traverse is shown in Appendix II D. Note that the
elevations shown are for a slope of 0.008, Series I roughness, only. Foot-
print elevations for other slopes must be computed using the flume clip eleva-
tions for appropriate slope settings and the procedure described in the first
paragraph under Flume Clip Elevations.
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l Flow
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«— 2.0 feet -

4.942 @ 4.906 4.903
5.276 % 5.232 5.258
4,538 4.445 A 4.538
0.173 3 0.144 0.128
4,840 4.838 4.863 @
5.154 5.090 5.242 *x
4.368 4.352 A 4.447
0.156 3 0.140 0.155
4.770 4.787 @ 4.774
5.085 5.073 5.109 *
4.231 A 4.364 4.388
0.179 3 0.159 0.152
4.738 @ 4.610 4.738 @
5.109 3% 4.818 5.093
4.399 4.302 A 4.359
0.146 0.129 0.153 O3
4.767 @ 4.647 4.704
5.083 3%k 5.032 5.032
4.320 4.306 4.234 A
0.169 0.163 0.185
4.643 4.596 4.653 @
4.966 4.908 5.037 %
4.161 A 4.226 4.254
0.186 3 0.161 0.170
4.567 4.595 4.645 @
4.834 4.917 4.928 *
4.172 4.096 A 4.297
0.164 0.179 3 0.146
4.474 4.530 4.555 @
4.757 4.832 % 4.773
4.067 4.063 A 4.172
0.163 3 0.163 0,123
4.481 4.563 @ 4.556
4.755 4.878 4.906 *
3.971 A 4.130 4.003
0.167 0.130 0.178
4.390 @ 4.322 4.363
4.703 4.626 4.729 *
3.937 A 3:993 3.945
0.172 3 0,157 0.157
4.434 @ 4,392 4.415
4.888 3% 4.779 4.812
3.943 A 3.961 3.994
0.187 O 0.176 0.162
4.276 4.297 4.319 @
4.546 4.725 % 4.632
3.943 A 3.944 3.997
0.125 0.164 O 0.160
4.272 4.316 ® 4.268
4.618 4.638 4.700 3k
3.947 A 3.949 3.870
0.178 0.177 0.190 O
4.130 4.125 4.137 @
4.481 4.453 4.564 %
3.832 A 3.832 A 3.832 A
0.162 0.164 0.167 O
3.934 3.903 3.955 &
4.318 4.197 4.389 *
3.576 3.543 A 3.545
0,133 0,155 0.181 0O
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® Maximum value of mean
elevation (feet)

¥ Maximum point elevation
(feet)

A Minimum point elevation
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0 Maximum value of standard
deviation (roughness)
(feet)

Symbols are typical for each
station.

Figure 8.--Plan view of bed
showing mean eleva-
tion maximum eleva-
tion, minimum eleva-
tion, and standard
deviation (roughness)
for 2-foot wide
longitudinal strips
at each station
(Roughness I).
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4.353 4.369 4,458 3%
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EXPLANATION
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A Minimum point elevation
(feet)
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deviation (roughness)
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Symbols are typical for each
station.

Figure 9.--Plan view of bed showing mean elevation, maximum

elevation, minimum elevation,

and standard deviation

(roughness) for 2-foot wide longitudinal strips at
each station (Roughness II).
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Hydraulic Data
Velocity Measurements

All velocity traverse data are presented in Appendix III A. Velocity
traverse data were obtained for target discharges of 32, 16, and 4.5 ft3/s for
selected slopes. Run number, calibration equation for the meter, target
slope, roughness series, station, and water temperature are presented at the
top of each data set. HT is the approximate flow depth at the traverse as
determined by sounding with the probe. Horiz is the horizontal distance from
the left wall looking upstream, vert is the elevation of the point velocity,
and velo is the measured point velocity. The location where point velocities
were measured is shown on figure 4.

The velocity data were used to examine the variation in the energy
coefficient, alpha (o), from section to section, for a check of flow conti-
nuity from section to section, to determine the accuracy of flow measurements
with shallow depths and large roughness, and for the larger flows, to obtain
data for the computations of boundary shears for refinement of sidewall
correction factors. Some of the velocity traverse data are unsatisfactory.
This will be discussed in the Integrated Discharge and Alpha Values section.

Orifice Discharges and Water-Surface Elevations
The arithmetic average of orifice discharges, the standard deviation of

the discharges, and the number of sets of discharge measurements are shown for
each run in Appendix III B. Also, the arithmetic average and the standard
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deviation of the water-surface elevation at each station is shown. The number
of blocks indicates the number of times the water-surface elevation was
measured during the run.

The quality of the orifice discharge measurements and the measured
water-surface elevation are judged to be excellent. Standard deviation of

discharge measurements were small, generally less than 0.002 ft3/s. Standard
deviation of the water-surface elevations generally averaged less than 0.003
foot.
Integrated Discharges and Alpha Values

The integrated discharge (Q), the average velocity (VAVE), momentum
coefficient (B), and energy coefficient (&) for the entire cross section were
computed for each cross section where velocity profile data were obtained.

The various parameters were computed as follows:

Discharge for the section = Q = ZpVpn (AAp).

AR, is the increment of area associated with Vp as defined in
figure 11.

Vn is the point velocity, see figure 11 for location.

Average velocity for the section: VAVE = Q/Zj (AAp).

2
P AA
The momentum coefficient for the section: beta (B) ='§2——213—2L .
(VAVE) < A
- : Zav35 (AAR)
The energy coefficient for the section: alpha (o) = e et S o
(VAVE)~ A

Area of the section = A = ZpAAp .

The orifice discharge, the station where velocities were measured,
integrated discharges, and alpha values are summarized in tables 1 and 2. The
reader is referred to these tables for side-by-side comparison of parameters.

It was anticipated that integrated discharges for the Q = 4.5 ft3/s runs
(Run 5, 8A, 13C, 16A, and 24C) would vary substantially from the orifice
discharges. At 4.5 ft3/s there were a few rocks protruding through the water
surface and there were many vertical traverses where flow depth was less than
0.3 foot and therefore no point velocities were obtained. Additionally, the
wheel of the pygmy meter was fixed in the horizontal plane. In cases where
there was large rock immediately upstream or downstream of the measuring
traverse, there was obviously a substantial vertical component (pitch) of
velocity. It is known that output from a wheel cup meter must be adjusted
when there is a substantial pitch to the velocity impinging on the wheel.
Though we had initially planned to develop a probe to measure pitch angles at
some of the points where it was severe, time and budget limitations precluded
the development and use of the pitch probe and therefore no measured pitch
angles were available for correcting meter output.
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Also, because the major purpose of the study was a roughness study with
uniform relative roughness throughout the reach, there was no "smoothing of
the bed" by removal or rearrangement of large material and preparation of a
"measuring section" as may occur where field measurements are obtained. Thus,
the accuracy of measured discharge in the flume cannot be directly compared to
results obtained in the field.

As noted in tables 1 and 2, because of the absence of velocity data in
certain vertical traverses, it was necessary to examine the data, prorate the
area where velocities were not measured to the nearest measured point veloc-
ity, and perform the computations by hand. Most integrated discharge for the
4.5 £t3/s flow values are consistently less than those obtained using orifice
measurements.
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Figure ll.--Incremental areas associated with point velocities
that were used for computing integrated discharges.
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The integrated discharges for Runs 1, 12, 16F, 24H, and 24J are all
within a reasonable range of the orifice discharge corrected for subsurface
flow. The integrated discharges for Runs 2, 6, 7, 13, 16F, 16H, and 17ABC are
substantially different from the orifice discharges. Data from Runs 1 and 6
were examined in detail. The mean flow depths for Run 6 were a few hundreds
of a foot larger than the mean flow depths for Run 1, consistent with the
slight differences in discharges. There were no apparent variation in water-
surface elevation and orifice discharge taken before and after each set of
velocity measurements at a station. The flow areas used to compute the inte-
grated discharges appear to be reasonable.

Several vertical-velocity profiles from Run 6 were superimposed on
plotted velocity profile at the same traverse for Run 1. All profiles were
very similar in shape but the magnitude of the velocity vectors for Run 6 were
consistently smaller (the plotted points were displaced in proportion to the
ratio of integrated discharge). This indicated a problem with the system used
to measure velocities. Data for Run 6 could be corrected by applying a
constant multiplier (the average integrated discharge for Run 1 divided by the
average integrated discharge for Run. 6) to each point velocity. The inte-
grated discharges for Run 16H cannot reasonably be adjusted in this manner.

All data were processed and discharges were integrated in a preliminary
manner within a day or two of when they were collected so we were immediately
aware of the problem. A different meter was tried for ensuing runs and also
both meters were recalibrated (meters were calibrated several times throughout
the experiment including after the final set of measurements). No significant
change in calibration of either meter was detectable throughout the period
when data were collected.

Because of the uncertainties associated with the velocity measurements,
the fact that velocity data were not needed for the computing roughness values
(the main objective of the study), and because of time and money constraints,
the velocity data-collection program for Series II runs was substantially
curtailed. The velocity traverses where integrated discharges are within + 5
percent of orifice discharges will be utilized as planned.

The computed alpha values (correction coefficient for nonuniform veloc-
ity) are generally similar from section to section for discharges of 32 and
16.5 ft3/s. For all stations between 36 and 84, the flow depth is essentially
constant for each run and therefore there was very little variation in average
velocity from station to station.

SUMMARY

Hydraulic data for 103 runs in a shallow, high-gradient open-channel
flume with large bed material have been presented. The bed surface was
natural rock ranging in size from 0.15 to 0.75 foot. Tests were conducted for
two arrangements of the same rock, one having a standard deviation of bed
elevation of 0.168 foot, and the other having a standard deviation of 0.133
foot. The bed material was stable for all flows that ranged from 0.7 to 32.1

ft3/s and for all bed slopes that ranged from 0.008 to 0.018.
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APPENDIX I

A. Rock properties. All dimensions are in feet.
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ROCK SIZE/SHAPE DATA - size 0.75-0.65, rough=1

A X I S SHAPE ! A X I S SHAPE
MAJOR INTER MINOR FACT. ! MAJOR INTER MINOR FACT.
ZSS=EZS==SSS=ZSSSSSSZEZSSZSZ==SSZEZSSSESEZZEZSSSSSSSSEZSSSESESSSESESEE
0.855 0.773 0.573 0.705 0.971 0.751 O0.478 0.560
0.783 0.681 0.530 0.726 0.968 0.805 0.542 0.614
0.841 0.728 0.389 0.497 1.133 0.727 0.469 0.517
0.907 0.806 0.338 0.395 0.969 0.645 0.560 0.708

1.046 0.758 0.632 0.710
0.955 0.855 0.468 0.518
0.888 0.666 0.635 0.826
0.834 0.618 0.576 0.802
1.028 0.785 0.343 0.382
0.775 0.630 0.476 0.681
0.735 0.702 0.577 0.803
0.655 0.695 0.542 0.803
0.899 0.725 0.632 0.783
1.016 0.591 0.572 0.738 0.965 0.788 0.398 0.456
0.953 0.745 0.507 0.602 0.976 0.745 0.604 0.708
ROCK PARAMETER - 30 SAMPLES AVERAGE STD. DEVIATION

0.993 0.684% 0.399 0.484
0.893 0.730 0.389 0.482
0.929 0.785 0.477 0.559
0.785 0.647 0.526 0.738
1.185 0.750 0.466 0.494
1.135 0.792 0.454 0.479
0.822 0.723 0.684 0.887
0.906 0.832 0.541 0.623
0.904 0.735 0.426 0.523

S=====SSSS===ZS===Z=Z=ZZ==Z=Z==ZSZ=SSZZSSSZZSSSSSSS=SSSSSSSSSSSSSSSSS
MAJOR AXIS LENGTH ! 0.923 0.1171
INTERMEDIATE AXIS LENGTH | 0.730 0.0636
MINOR AXIS LENGTH 1 0.507 0.0890
SHAPE FACTOR ! 0.627 0.1383

ROCK SIZE/SHAPE DATA size 0.65-0.55, rough=1

A X I S SHAPE 1 A X I S SHAPE
MAJOR INTER MINOR FACT, 1 MAJOR INTER MINOR FACT.
2k & 2 F E £ & 2 = X £ F F X X EEEEEEERER TR
0.800 0.722 0.490 0.645 0.920 0.784 0.324 0.381
0.707 0.685 0.473 0.680 0.935 0.694 0.403 0.500
0.865 0.681 0.371 0.483 0.715 0.658 0.359 0.523
0.811 0.716 0.650 0.853 0.865 0.684 0.388 0.504
0.868 0.694 0.385 0.496 0.981 0.681 0.459 0.562
0.904 0.675 0.u484 0.620 1.005 0.779 0.420 0.475
0.847 0.698 0.369 0.480 1.062 0.680 0.465 0.547
0.818 0.712 0.308 0.404 0.845 0.698 0.319 0.415
1.087 0.700 0.463 0.531 0.811 0.680 0.578 0.778
0.714 0.641 0.392 0.579 0.704 0.674 0.235 0.341
0.868 0.720 0.620 0.78%4 0.909 0.692 0.265 0.334
0.993 0.597 0.382 0.496 1.108 0.853 0.397 0.408
0.731 0.731 0.330 0.451 1.028 0.701 0.378 0.445
0.729 0.677 0.527 0.750 0.878 0.869 0.330 0.378
ROCK PARAMETER - 30 SAMPLES AVERAGE STD. DEVIATION

S======ZS=S==S==SS=Z=SZ=Z=Z=Z=Z=ZZ=ZS=Z=ZZS=ZSZSS=SZZS=SSSSSSSSSSSSSSSSSS=3
MAJOR AXIS LENGTH | 0.884 0.1179
INTERMEDIATE AXIS LENGTH ! 0.704 0.0553
MINOR AXIS LENGTH 1 0.414 0.0995
SHAPE FACTOR ! 0.530 0.1387
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ROCK SIZE/SHAPE DATA - size 0.55-0.45, rough=1
A X I S SHAPE ! A X b E S SHAPE
MAJOR INTER MINOR FACT. ! MAJOR INTER MINOR FACT,

ROCK PARAMETER - 30 SAMPLES AVERAGE STD. DEVIATION

MAJOR AXIS LENGTH ! 0.754 0.1017
INTERMEDIATE AXIS LENGTH | 0.571 0.0602
MINOR AXIS LENGTH ! 0.409 0.0721
SHAPE FACTOR ! 0.631 0.1238

ROCK SIZE/SHAPE DATA - size 0.45-0.35, rough=1
A X I S SHAPE ! A X I S SHAPE

MAJOR AXIS LENGTH ! 0.617 0.0965
INTERMEDIATE AXIS LENGTH ! 0.458 0.0537
MINOR AXIS LENGTH ! 0.323 0.0542
SHAPE FACTOR ! 0.619 0.1288
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ROCK. SIZE/SHAPE DATA - size 0.35-0.25, rough=1
A X I S SHAPE ! A X I S SHAPE
MAJOR INTER MINOR FACT, 1 MAJOR INTER MINOR FACT.

! 0.312 0.285 0.216 0.724
1 0.363 0.306 0.132 0.396
! 0.446 0.381 0.234 0.568
! 0.488 0.292 0.252 0.668
! 0.434% 0.361 0.259 0.654
! 0.508 0.378 0.245 0.559
! 0.605 0.334 0.314 0.699

0.599 0.347 0.347 0.761 ! 0.397 0.322 0.158 0.442
! 0.543 0.290 0.227 0.572
1 0.381 0.328 0.325 0.919
! 0.377 0.340 0.251 0.701
! 0.392 0.342 0.190 0.519
! 0.403 0.388 0.161 0.407
! 0.402 0.328 0.273 0.752
! 0.368 0.331 0.245

ROCK PARAMETER - 30 SAMPLES AVERAGE STD. DEVIATION

MAJOR AXIS LENGTH ! O.44Y 0.0686
INTERMEDIATE AXIS LENGTH ! 0.340 0.0382
MINOR AXIS LENGTH ! 0.246 0.0591
SHAPE FACTOR ! 0.635 0.1392

A X I S SHAPE ! A X i S SHAPE

0.299 0.261 0.164 0.587

S S SS=EESSS==SSZZ=SSEZSESSSSSSSSSS=SSSSSSSSSSSSSSSSSSsSssSsS=sss==3:=s:s=
MAJOR AXIS LENGTH ! 0.368 0.0746
INTERMEDIATE AXIS LENGTH | 0.254 0.0346
MINOR AXIS LENGTH ! 0.182 0.0366
SHAPE FACTOR ! 0.60%4 0.1286
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APPENDIX II

Bed elevation data, Roughness 1 and Roughness 2.

The left column is the x coordinate (distance from
left wall looking upstream) and the column headings

are stations along the centerline of the flume. All
dimensions are in feet.
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APPENDIX II

B. Bed elevation parameter YM (and 13 other statistical
parameters described in the body of the report) at all
stations for Roughness 1 and Roughness 2. The data shown
are for the flume set at the slope of 0.008, Series I
roughness.

Y™

v

YS

YM4

SDYV

CSY

dYMAX

ELYMAX

ZMAX

dYMIN

ELYMIN

XMIN

ZMIN

I

the

the

the

the

the

the

All dimensions are in feet.

arithmetic mean elevation,
variance of elevations,
skew of the elevations,
kurtosis of elevations,
standard deviation of ¥YM,

coefficient of skew of YM,

ELYMAX - YM,

the

maximum point elevation at the station,

x coordinate of ELYMAX referenced to left side of
section,

z (longitudinal) coordinate of ELYMAX referenced to
the upstream traverse for the station,

YM - ELYMIN,

the

minimum point elevation at the station,

x coordinate of ELYMIN referenced to left side of
section, and

z coordinate of ELYMIN referenced to the upstream
traverse for the station.
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APPENDIX II

C. Flume clip elevations (east and west) at each station
for Roughness 1 and Roughness 2 for all slopes. All
dimensions are in feet.
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99

NOTE:

RUN 11I
RUN 14I
RUN 151

6.288
6.288

6.225
6.225

6.205

6.159
6.159

6.129
6.128
6.287

6.286

6.247
6 .2”5

6.200
6.201

6.154
6.155

6.121

6.271 6.262
6.273 6.262

6.171
5.170

6.120
6.118

6.131 6.064

6.058
6,058

5.960
5.960

6.005
6.007

5.886
5.887

6.274 6.263

6.268 6.259

6.203
6.202

6.167
6.166

6.126
6.127

6.059
6.062

6.049
6,049

5.955
5.953

6.011

5.880
5.881

5.787
5.786
6.270

6.267

6.148
6.152

6.012
6.014

5.877
5.876

5.996

5.878 5.782

6.118 5.997

5.879

5.783

EAST STATIONS
48

5.928

5.768
5.768

5.649
5.650
6.244

6.2”2

6.098
6.098

5.927
5.930

5.763
5.761

5 .6”6
5.649

FLUME

60

5.899

5.708
5.707

5.571
5.571
6.270

6.271

6.103
6.102

5.903
5.902

5.760
5.702

5.571
5.566

The following experimental runs were

! 6.231 6.183 6.129 6.100 6.027 6.019
! 6.204 6.125 6.057 6.004 5.919 5.887
! 6,162 6.057 5.960 5.881 5.765 5.706

5 .828

5.610
5.609

5.450
5 lu52
6.262

6.261

6.066
6.065

5 .832
5.836

5.609
5.609

5.455
5.454

ROUGHNESS 1

6.251 6.129 6.122
6.251 6.129 6.130

5.908 5.T43 5.700
5.908 5.743 5.703

5.769

5.520
5.516

5.340
5.341
6.259

6.258

6.037
6.037

5.776
5.778

5.518
5.512

5.344
5.342

made out of

.968 5.932

5
5.813
5.611

5.755
5.517

5.588

5.308
5.311

5.111
5.109
6.135

6.134

5.887
5.887

5.595
5.597

5.306
5.306

5.114
5.114

incorrect

5.530

5.228
5.225

4.999
5.000

6.275 6.270
6.275 6.270

6.214 6.166
6.212 6,165

ommitted
6.190 6.128

6.143
6.140

6.053
6.055

6.115
6.115

6.000
6.000

ROUGHNESS 2

6.135
6.136

5.863
5.863

5.537
5.541

5.222
5.222

5.009
5.010

6.266
6.266

6.276
6.273

6.234
6 230

6.199
6.199

6.184 6.117
6.187 6.114

6.141
6.140

6.047
6.047

6.109
6.107

5.991
5.991

D

6.263
6.264

6.122
6.120

6 .067

5.962
5.962

5.888

5.890

6.265

6.264

6.172
6.172

6.065
6.065

5.957
5.958

5.825
5.881

sequence and thus have their own

5.768 5.724

5.581
5.307

5.529
5.210

6.219 6.178
6.189 6.122
6.145 6.053

6.131
6.060
5.962

6 '081
6.083

6.010

5.880
5.879

5.784
5.787
6.271

6.267

6.152
6.147

6.009
6,013

5.878
5.872

5.781
5.778

48

5.947

5.790
5.789

5.672
5.673
6.265

6.265

6.123
6.116

5.947
5.951

5.786
5.784

5.669
5.668

WEST STATIONS

60

6.262

6.262

5.997
5.997

5 .892

5.702
5.704

5.565
5.56”
6.264

6.262

6.095
6.092

5.895
5.892

5.693
5.697

5.558
5'561

6.272 6.268
6.272 6.268

5.970 5.925
5.965 5.922

5.845 5.784

5.627 5.535
5.627 5.536

5.465 5.358
5.469 5.360
6.277 6.272

6.273 6.270

6.081 6.049
6.081 6.048

5.849 5,788
5.849 5.791

5.621 5.532
5.620 5.532

5.464 5.356
5.469 5.357

sets of clip elevations,

6.097 6.049 6.014 5.985 5.948
6.003 5.938 5.880 5.830 5.770
5.880 5.787.5.701 5.628 5.538 5.327

6.145
6.141

5.761
5.760

5.597

5.330
5.330

5.902
5.902

5.612
5.614

5.324
5.323

5.131

5.131

5.786
5.590

5.533

5.245
5.249

5.020
5 0026

6.152
6.151

5.878
5.880

5.558
5.558

5.2“1
5 .2”1

5.025
5.027

5.T47
5.532
5.230



APPENDIX II

Average bed elevation ("footprint"™) at vertical velocity
traverses (15 traverses each station; 27 point elevations
were averaged at each traverse, see figure 10), Roughness 1
and Roughness 2. The data shown are for the flume set at
slope of 0.008, Roughness 1. All dimensions are in feet.

trav vertical traverse, and

1

footprint elevation associated with vertical
traverse number.

elev
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AVERAGE BED ELEVATIONS AT: STATION 1.2 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
1 5.103 ! 4 4.929 ! 7 4.980 ! 10 4.927 ! 13 4.901
2 5,113 ! 5 4.861 ! 8 4,796 ! 11 4.837 ! 14 4.923
3 5,005 ! 6 4.983 ! 9 4,916 ! 12 4,978 ! 15 4.922
AVERAGE BED ELEVATIONS AT: STATION 12.0 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
1l 4.816 ! 4 4,758 ! 7 4.86 ! 10 4.856 ! 13 4.929
2 4.846 ! 5 4,950 ! 8 4.782 ! 11 4,771 ! 14 4.882
3 4,731 ! 6 4.808 ! 9 4.710 ! 12 4.905 ! 15 4.740
AVERAGE BED ELEVATIONS AT: STATION 24.0 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
l 4.623 ! 4 4.870 ! 7 4.733 ! 10 4.86 1 13 4.715
2 4,675 ! 5 4.645 ! 8 4.793 ! 11 4.701 ! 14 4.815
3 4.768 ! 6 4.822 ! 9 4,761 ! 12 4.911 ! 15 4.800
AVERAGE BED ELEVATIONS AT: STATION 30.0 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
1 4.698 | 4 4.671 ! 7 4,575 1 10 4.695 ! 13 4.757
2 4.863 1! 5 4,795 ! 8 4,566 ! 11 4.762 ! 14 4.627
3 4.889 ! 6 4.523 ! 9 4,601 ! 12 4.863 ! 15 4.692
AVERAGE BED ELEVATIONS AT: STATION 36.0 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
1 4,715 1 4 4.897 ! 7 4.715 ! 10 4.780 ! 13 4.698
2 4,731 ! 5 4,777 ! 8 4.612 ! 11 4.843 | 14 4.714
3 4,698 | 6 4.851 ! 9 4.489 ! 12 4.565 ! 15 4.650
AVERAGE BED ELEVATIONS AT: STATION 42.0 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
1 4.517 | 4 4,556 ! 7 4.590 ! 10 4.560 ! 13 4.599
2 4,713 ! 5 4,598 ! 8 4.708 ! 11 4.669 ! 14 4.563
3 4,738 ! 6 4.543 ! 9 4.683 ! 12 4,782 ! 15 4.556

AVERAGE BED ELEVATIONS AT: STATION 48.0 / ROUGHNESS 1

trav elev trav elev trav elev trav elev trav elev
l 4,515 1 4 4,533 1 7 4.652 ! 10 4.632 ! 13 4.720
2 4,529 | 5 4.680 ! 8 4.411 ! 11 4.624 ! 14 4.650
3 4,531 ! 6 4.386 ! 9 4,740 ! 12 4.683 1 15 4.626
AVERAGE BED ELEVATIONS AT: STATION 54.0 / ROUGHNESS 1

trav elev trav elev trav elev trav elev trav elev
1 4.:511 ! 4 4.510 ! 7 4.563 ! 10 4.478 ! 13 4.564
2 4,607 ! 5 4.455 ! 8 4.518 ! 11 4.641 ! 14 4.490
3 4,517 ! 6 4.492 ! 9 4,571 ! 12 4.501 ! 15 4.446
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AVERAGE BED ELEVATIONS AT: STATION 60.0 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
l 4,515 ! 4 4.492 | 7 4.490 ! 10 4,531 ! 13 4.536
2 4,520 ! 5 4,578 ! 8 4.699 ! 11 4.655 ! 14 4.673
3 4.464 ! 6 4,326 ! 9 4,599 ! 12 4.612 ! 15 4.575

AVERAGE BED ELEVATIONS AT: STATION 66.0 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
1l 4.370 | 4 4,245 |} 7 4,428 | 10 4,320 ! 13 4.427
2 4,472 | 5 4.459 ! 8 4,277 | 11 4.444 | 14 4.452

3 4.481 ! 6 4.321 ! 9 4.274 | 12 4.295 1.15 4.481

AVERAGE BED ELEVATIONS AT: STATION 72.0 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
1l 4.384 ! 4 4,444 | 7 4.308 ! 10 4.384 ! 13 4.410
2 4,385 ! 5 4,589 ! 8 4.268 ! 11 4.545 | 14 4.451
3 4,309 ! 6 4.468 ! 9 4,410 ! 12 4.415 ! 15 4.301

AVERAGE BED ELEVATIONS AT: STATION 78.0 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
1l 4.238 ! 4 4,337 ' 7 4,285 ! 10 4.395 ! 13 4.461
2 4.225 | 5 4,194 ! 8 4,393 ! 11 4.237 ! 14 4.414
3 4.191 ! 6 4.321 ! 9 4,294 ! 12 4.276 ! 15 4.328

AVERAGE BED ELEVATIONS AT: STATION 84.0 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev

P 3 1 1 1 3 T 1 3 T 7 T T e T D e T T e T T e Y T T 1T T 1
3 2 S 2 2t 4 ettt ittt 2 2t 2t 2t 2 i 2 2 2 2 2 33 1 3 1 1

1l 4.524 | 4 4.134 | 7 4.390 ! 10 4.351 ! 13 4,272
2 4.529 ! 5 4,225 1 8 4,145 ! 11 4.244 ! 14 4.280
3 4.417 1 6 4,202 ! 9 4,375 ! 12 4.150 ! 15 4.150

AVERAGE BED ELEVATIONS AT: STATION 96.0 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
l 4,303 ! 4 4,103 ! 7 4.117 !‘10 4,175 | 13 4,087
2 4,262 ' 5 4,233 ! 8 4,057 ! 11 4.065 ! 14 4.014
3 4.087 ! 6 3.982 ! 9 4,099 ! 12 4,193 ! 15 4.003

AVERAGE BED ELEVATIONS AT: STATION 107.3 / ROUGHNESS 1
trav elev trav elev trav elev trav elev trav elev
l 4.028 ! 4 3.859 ¢ 7 3.778 ! 10 3.838 ! 13 4.001
2 3.952 ! 5 3.849 ! 8 3.962 ! 11 3.934 ! 14 4.001
3 3.894 | 6 3.832 ! 9 3.936 ! 12 3.817 ! 15 3.839
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AVERAGE BED ELEVATIONS AT: STATION 12.0 / ROUGHNESS 2
trav elev trav elev trav elev trav elev trav elev
1l 4.870 ! 4 4. 767 ! 7 4.861 ! 10 4.808 ! 13 4,924
2 4.888 ! 5 4.898 ! 8 4.782 ! 11 4.738 ! 14 4.962
3 4,754 ! 6 4.855 ! 9 4.846 ! 12 4,766 ! 15 4.800
AVERAGE BED ELEVATIONS AT: STATION 24.0 / ROUGHNESS 2
trav elev trav elev trav elev trav elev trav elev
1l 4.591 ! 4 4.858 ! 7 4,665 ! 10 4.789 ! 13 4.702
2 4,637 ! 5 4,598 ! 8 4.822 ! 11 4.682 ! 14 4.811
3 4,801 ! 6 4.730 ! 9 4.753 ! 12 4.864 ! 15 4.81l1
AVERAGE BED ELEVATIONS AT: STATION 36.0 / ROUGHNESS 2
trav elev trav elev trav elev trav elev trav elev
1 4.659 ! 4 4,798 | 7 4.746 ! 10 4.783 ! 13 4.626
2 4,669 ! 5 4.674 ! 8 4,712 ! 11 4.792 | 14 4.536
3 4.658 ! 6 4.815 ! 9 4,746 ! 12 4.681 ! 15 4.464
AVERAGE BED ELEVATIONS AT: STATION 42.0 / ROUGHNESS 2
trav elev trav elev trav elev trav elev trav elev
l 4.618 ! 4 4.615 ! 7 4.608 ! 10 4.598 ! 13 4. 620
2 4.643 ! 5 4.654 ! 8 4.762 ! 11 4.703 ! 14 4.606
3 4.641 ! 6 4.743 1 9 4.663 ! 12 4,717 ! 15 4,591
AVERAGE BED ELEVATIONS AT: STATION 48.0 / ROUGHNESS 2
trav elev trav elev trav elev trav elev trav elev
1 4.483 ! 4 4,526 ! 7 4.522 ! 10 4.578 ! 13 4.612
2 4,500 ! 5 4.574 ! 8 4,478 I 11 4.513 ! 14 4.627
3 4.480 ! 6 4.508 ! 9 4,583 ! 12 4.744 1 15 4.639
AVERAGE BED ELEVATIONS AT: STATION 54.0 / ROUGHNESS 2
trav elev trav elev trav elev trav elev trav elev
1l 4. 507 I 4 4.544 | 7 4,387 | 10 4.433 ! 13 4.534
2 4,546 ! 5 4.562 ! 8 4,397 ! 11 4.519 ! 14 4.448
3 4.452 1 6 4.543 ! 9 4,446 ! 12 4.472 ! 15 4.441
AVERAGE BED ELEVATIONS AT: STATION 60.0 / ROUGHNESS 2
trav elev trav elev trav elev trav elev trav elev
1 4.378 ! 4 4.542 ! 7 4,484 | 10 4.638 ! 13 4.525
2 4.405 | 5 4.438 ! 8 4.534 ! 11 4.496 ! 14 4.666
3 4.481 ! 6 4.351 ! 9 4.443 ! 12 4.446 | 15 4.621
AVERAGE BED ELEVATIONS AT: STATION 66.0 / ROUGHNESS 2
trav elev trav elev trav elev trav elev trav elev
Lt 2 3434ttt t t &t 3+ &t & &+ 1+t 3%+t +&tffttiittt:3i::tt3iittttitittti:itit]
1 4.381 ! 4 4.410 ! 7 4.409 ! 10 4.361 ! 13 4.454
2 4.472 ! 5 4,453 ! 8 4.347 ! 11 4.434 ! 14 4.386
3 4.463 ! 6 4.468 ! 9 4.359 ! 12 4.342 ! 15 4.431
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AVERAGE BED ELEVATIONS AT: STATION 72.0 / ROUGHNESS 2
trav elev trav elev trav elev trav elev trav elev

! 4 4,414 | 7 4,221 ! 10 4.404 ! 13 4.343
2 4,331 ! 5 4.366 ! 8 4,214 ! 11 4.421 ! 14 4.465
! 6 4,331 ! 9 4,351 ! 12 4,322 ! 15 4.392

AVERAGE BED ELEVATIONS AT: STATION 84.0 / ROUGHNESS 2
trav elev trav elev trav elev trav elev trav elev

! 4 4,334 1| 7 4,341 | 10 4.148 ! 13 4.161
2 4,339 ! 5 4.169 | 8 4,107 ! 11 4.284 ! 14 4.195
3 4.286 ! 6 4.073 ! 9 4.226 ! 12 4.084 ! 15 4.163

AVERAGE BED ELEVATIONS AT: STATION 96.0 / ROUGHNESS 2
trav elev trav elev trav elev trav elev trav elev

1l 4,138 ! 4 4,033 ! 7 4.121 ! 10 4.182 ! 13 4.287
2 4,141 ! 5 4.164 | 8 4.056 ! 11 4.077 ! 14 4.087
3 4.136 ! 6 4.088 ! 9 4,235 1 12 4.250 ! 15 4.040

7.1






APPENDIX III

Velocity measurements, in feet per second, all traverses,
all stations, both Roughness 1 and Roughness 2. See
tables 1 and 2 for run number and stations where velocity
data were obtained.

v

R

HT

Horiz

Vert

Velo

computed velocity using meter equation,
number of revolutions per second,
approximate flow depth,

the horizontal distance from the left wall looking
upstream,

elevation of point velocity, and

measured velocity.
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APPENDIX III

Orifice discharge, in cubic feet per second, standard
deviation of orifice discharge measurements, in cubic
feet per second, water-surface elevations, in feet,
second row, each data set, and standard deviation, in
feet, third row, each data set, of all water-surface
elevations for all runs and all stations.

101



FLUME STATIONS
48 60 72 84 96 108

36

24

12

00 ~¥ 00

0.0080

average (of 20 blocks)

standard deviation

c=

sLQP

=1

RUN

0.0080

average (of 20 blocks)

standard deviation

SLOPE

=2

RUN

0.0080

average (of 15 blocks)

standard deviation

SLOPE

=3

RUN

NN

ROUGH

=0.0080
deviation
SLOPE
average (of 10 blocks)

SLOPE
average (of 15 blocks)

RUN=3.2
standard
4

r O

ROUG

=0.0080

standard deviation

RUN=

=0.0C80

SLOPE
average (of 20 blocks)
standard deviation

=5

RUN

0.0G80

average (of ¢5 blocks)

standard deviation

SLOPE

=6

RUN

0.0080

SLOPE=
average (of 20 blocks)
standard deviation

=7

RUN

SLOPE=0.0080

average (of 22 blocks)
standard deviation

RUN=8A

102

=0.0080

SLOPE
average (of 15 blocks)
standard deviation

RUN=86

0.0080

average (of 15 blocks)

standard deviation

SLOPE

RUN=8I

SLOPE=0.0080

average (of 15 blocks)
standard deviation

RUN=9A

r O

ROUG

=0.0C80

SLOPE
average (of 15 blocks)
standard deviation

RUN=98

=0.0C80

SLOPE
average (of 15 blocks)
standard deviation

=9L

RUN

OO0

0.0C80

average (of 15 blocks)

standard deviation

SLOPE

=90

RUN

~
0D

SLOPE=0.0080
average (of 15 blocks)
standard deviation

RUN=1UA
1u3

$§=
922
015

E

=]

ROUGHN
&
0.

=0.0080

SLOPE
average (of 15 blccks)

standard deviation

RUN=

0.0C80
9 blocks)

SLOPE=
standard deviation

1uC
average (of

RUN=



60 72 84 96 108

STATIONS

FLUME
48

36

24

12

(8]

— Ny ¥eTe ON- Vol N [ K 2oV hal=] N o0 [Valia) oM [Taloe] Q00 7o o (91 00
-—Q -0 ~NO ~NO Mo <3O 0o [ojm ) [l O ~NO [e ] [ N o0 oo Ll ] 0O no
O (=) o) =} =] O ) ) [} O =} 0 =} [Je] e} e} He] N}
I N ) K ) < e 3 e & o I ] 3 e 3 e M e S ] B ] M e M . T . ) & . 3 . M e
o (=] o o o o o o o [=] o o o o o ] o s

[aVa¥] e M oM on NN NN oM 0o ~NO N bela onN Lo o 1oV} NN e M Fola}
NO ~NO al=} <O no 00 00O [e]e] oo [e]=] <O oo -Q -0 ~NO Mo Pele] ~O
O =] =} O el =] =] =] =} = =] =] (=] =] =] (o] D )
e ) i ' 3 e 5 o RO ) R 3 ["a W] M e 3 e B ] ¥ EX ) 3 e 3 e g e g v M oe
o 2 o o o o =) o (=] o o o o o o o o (o]
O nor — Mon O o o ney =] own o oM oM own wown [ =] K {=] Nele]
TN QO 200 N onN —M NN 00! o =\ 0N o e Lk ot e Me = N o -0
Lgle] O <O no Pele] ~NO s ) Qo -0 oo no -0 ~NO Mo Mo S o) ~NO oo
O O (o) O o] O ] (=) [{e] (o] =} D =] «D e} D O =)
g . N e 3 . e 3 . 3 . 5 . [Tl ¥ . 3 e = . . 3 e 3 e S S e M e
o o o = o o o o o o o o o o (=] o > =)
oM —unN elvs) ~NO v N~ —M <O 5O nmMm Mo oo s N~ O al'al ~3 0 0O
M 20 [ NN O Ny Lalal oy ~NO no oM onN O Mg QO O oM o0
o Lelal 0O ~NO 0O [ N ) -0 ~NO ~NO —r ~NO <O =] no no D [o Neu ) -0
O =] O [l ] «D (=] 0 =) [Jen ] (=] (e} O (=] =] (=] O () e}
S K] 3 . 3 e 3 e 3 e KoY e 2] K Y (A} X ) K S 3 . S & . T . Y
o o o (=) o o o o o o o o (=} o o =] o o
niin N on —M —N -0 -3 -0 0O NN oM N 00 e ~NO el N Rle}
onN ~NO = I £ Me= N (7Y ] L dag ] -0 [o XX 4 NN ["alaV] O N = De NN ~NO
O ~NO ~O 00O [ ) oo ~NO <O 0 NO [« N no 0O Nela} ~O 00 -0 ~NO
(o) =] O =) ) He) =] He] U] =) O O «D «O He) « e} O
3 e 3 o 3 o I ) g o Falil w e e X 2N v e 3 e 5 e N e 5 . R ] K] Vol ] 3 e
o] o o o o o o o o o o o o o) o o o )
-~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -~ ”~ -~ ~ -~ ~ ~ ~
M 00 N s MINS eMF 2e=uN [T=1"a) MO =0 [X"aYqV] O~ * =00 s MINY MO [E ol o= MY [17aYe]

W e WO WO WD WO WO WO WO WO WO WO WO WO WO WO W WO w D

4
5
1
4
1
0
7
8
0
0
3
7]
1
3
1
2
5
1
2
6
3
1
2
3
0
1
0
4
3
4
4
6
2
0
é
0
0
2
1
2
9
0
2
4
1
l
4
0
3
)
2
005
609
000

D O D D DO O D DO DO O D O DD OO OO O O D DD 0D DD 0D 0O D
T o L alnd L1V ] L2 0K} an e [l Al "N e LA | LS S ] [N ] ("2l LES S | LR S ey o L' ] X" N ) L 1" W RN i ]

O O O 0O 0 0 0O 9 00O 0O 0O 0 OO0 D0 0 0O 00O 0O 0O 90 o9 O o0 2 0 O O o o o o

" n " " [} ] n " [} n n " n n n " " "

> > > > > > > > > > > > > > > > > >

] @ o (] [ Q [ Q Q Q 9 L [ [’} L [ [ Q

he] o o o o o o o o o o o o o T o o o
00 M Qo B (V[V} UalaN] om (@} ] no ooy M N (e ) o0own Ualy ~nNNO M oo

TND TED TNO TVOD TOe= TV~ TON TANAN TWMD TN TeM TN ONe TID TROD TORD TIe TNAD

+OO O +#NO FNO #MO #30 +£00 +00 +00 +NO +I0 +#00 +00 +#e=D +#e0O +#NNO +00 +#NO

n «O 0 O N O eD 0N oD UV D W eD QO Ve VD 0 D N O 0w D O 0n e N eD 0 D n D
AN NN E NN T AN s NN e AN s AN e NN e AT e AN T NN T AN e NN s NN T NN T AN e NN s AT e

NCD DD N 0O 0V D2 D = DWW I = DN DO ODODM O 2D VWO ™M DO WM D = D~ D

o Nl - =1 ~N ~ ~ ") ~N 0 ~N [ad 0 ~ ") o - ~N

< 9 =] ~N o o o0 o - 0 - 0 o o M - ~N -

. . . . . . . . . L] . . . . . . L] L]

~ o 2o ) o ~N 0 M - L 3 - Re] ~ ["a} [c o] o N ~ -
O [aVE- 4 M- NN =0M =0 ~NONT MNINT ND MANIN —ONN 5N —00 A~ —00 =0 NOOMN oo

He=D 10D 100 HOD I ’e= | = He=rNyd HONN 100D NN -3 1O HND 1 OND HNIEO M= = IND

O e O v O e O ) D e O e O e O e O s O .o -] o o ) o (=)
(=) a a (e} (= ] Lo | (=) o a a a (=) a o [« a [« ] 3
N N N N (N (N N N N N ~ N N (N (N ~ (N ~
- - L - - - - - Lt - = o = = — — - -
Il o= 1 00 nown nown HOe 1t MM H™Me= N1NO HUND ity 1 NO 1o i~ "nonN n NN LI N¥alva) no H oy
NE™ Ne=D NeED NOVD VO VDD VMe NNE VNNDD N0~ NON Nere N0 NNDO VIND NNO NOe= NID
MO NIED NIND NIND VOD NVD VDD VND VO VNeED DUIND VNI UMD VIO VND YOI VoD nodD
W oD WedD W eD W e W eD W eD WD W eD WD W eD W eD WD WD W eD WD WD W eD w eD
ZN e ZNn e ZNn e ZiNne ZNn e ZNn s Z0 8 Z0 e ZinNe ZO0 s ZN e ZNe ZINe ZinNne ZNne Zine ZN v ZN e
I © £ 0o r o X O T 9L 0T 0O £ 9 xXT O X O IO XT o £ o oo o
o (G & (& o Q 5] D o (G &) 9 (%) (%) (&) (&) 9 2
2 b | 2 2 2 = 2 fos | = 2 = 2 2 2 = = = 2
o o o o o o o o o o o o o o o o o o}
o o [~ 4 o o o [=4 [+'4 o (¢4 o [+ 4 =4 o o o o o
~ ~ ~ ~ ~ ~ -~ ~ -~ -~ ~ ~ -~ ~ ~ ~ -~ -~
[12] (] w n n n n ] [1}] n n n 0] (U] ] w (U] w
nx . n "y ny nx nx nx "X ox Ox O x Ox Ox Dx DN DX Ox
-2 20 jo NV} 20 20 20 20 jo IV} ou g (Y] Q Mo MO M Mo "o g 4 MY
—~0C —~O0C = 0OC e=0€C =0C =0C —~0C «=0C +=O0C = 0C =0C 0 «~OC v=OC =0C =0C «=O0C —O0OC
ST~H0 OO0 DHO0 D0 OO0 OO0 O~0 O—~0 OO0 O~O0 D0 DO~0 O~0 O~0 D~0 D0 Or<0 O~O0
=] s0H a0 s - e OH eDMA s 0FA 10HA 20H 0 eO0H (R (-] L= R A B (¥ "0
O +# O +# O +# O +# O «+ O +# O +# QO # O «# O «+ O # O «# O + O «# O «# 2 + O ¥ O +~
NG ANl NG NG Hnm N0 HnNm Nm NG NG NG NG NG N NN NG NG NG
Werd Werd Werd Werd Werd Werd Wed Wed WA Wed Werd Wed Wed Wed Wed Wed Wes W A
2 > a > a > o > o > a > a > o > a > o > o > a > a > a > a > a > o > o >
O 0 OO OO0 OO0 OO0 OO0 OO0 O OF0d O OO0 OO0 O OO0 OV OV OO OO0
-<40T 40U 40U JOU 40U JOU 140U 40U 40U 40T JOU JOT JO0U 40U 40T 10T JO0T J0T
N V)~ VI~ V)~ VI~ V)~ VI~ V)~ NI~ I~ VI~ [V, 1 N [V 11 R L)~ Ve S~
o o o o o o o o o kel o o el o e o T o
h o VRS oL (RS RS o C [C NS RS oL [N RS [ RS oL oL [U RS [URS o C VRS
(o 010] e 00} o o % om oG o on o o on o o (e 00} o (1} (o 011] o Lo M)
o [} [~ (e 1o (e wo oo [cRel T o (R~ [~ T0 T T (vl [ O 0O n o
ALC MLEC VOLEC OLEC WLEC WLE VULEC ITLC ~HLC [ S = LC OLC QL mMmtLtCc VDLC OLC WLC HLC
~—00% ~0A0 —~0M ~QPM ~OM ~0M —~0T0 00 =00 NOT NOVLT MOT FOO FOVO FOO FOOT TOL FTOT
O3+ O3+ =DF =D =D =D =2 =3 =3+ =¥ =3+ =O3¥ =O3¥ =S¢ =O3¥ =D =D& >
NGO Y TGO NGO HEOL IO N KOO LEY HEOVY AL LB NGO LBV OO HTO LTV | GOV
= =4 =z = = -4 -4 Z = = -4 2 = Z >4 = = 4
== | o } 2 2 2 o} 2 = | 2 =) = 2 2 2 =2 2 e | =2
o oc [+ 4 o o o o o a o o =4 (=4 o o o o [« 4

103



72 84 96 108

FLUME STATIONS
60

36 48

24
2.160,s5td dev=
5.385
0.0009

12

ROUG
ROUG
ROUG

0.0105

average (of 15 blocks)

standard deviation
0.0105

0.0105
0.0105
0.0105
0.0105
0.0130
0.0130
0.0130

SLOPE
21F SLOPE
average (of 15 blocks)
standard deviation
SLOPE
SLOPE
SLOPE
SLOPE
SLOPE
SLOPE
SLOPE

21E

216
average (of 15 blocks)

standard deviation

22A
average (of 15 blocks)
standard deviation

RUN=2¢8

214
average (of 15 blocks)

21H
average (of 15 blocks)
standard deviation

211

average (of 15 blocks)
standard deviation
standard deviation
average (of 15 blocks)
standard deviation
average (of 15 blocks)
standard deviation

RUN=2¢2C

RUN
RUN
RUN
RUN
RUN
RUN
RUN

~
RS 40

=0.0130

SLOPE

220
average (of 15 blocks)

standard deviation

RUN=

ROUG

0.0130
0.0130
0.0130
0.0130
0.0130
0.0155

SLOPE=
SLOPE=

246 SLOPE=

average (of 15 blocks)

standard deviation
SLOPE=0.0130
SLOPE=
SLOPE=
SLOPE=
deviation
SLOPE

25A
average (of 15 blocks)

22H

average (of 15 blocks)
standard deviation

224
average (of 15 blocks)
standard deviation

2¢F
average (of 15 blocks)

22E

average (of 15 blocks)
standard deviation
standard deviation

221
average (of 15 blocks)
standard deviation

standard

RUN
RUN
RUN
RUN
RUN
RUN
RUN

r 2

=0.0155 ROUG

258
average (of 15 plocks)

standard deviation

RUN=



108

96

84

12

60

FLUME STATIONS
48

24 36

12

0.0155

average (of 15 blocks)

standard deviation

SLOPE

=235¢C

RUN

roon

=0.0155

SLOPE

23D
average (of 15 blocks)

standard deviation

RUN=

55
33
01

E
i

ROUGHN
>
0.

5

=0.015

SLOPE

23E
average (of 15 blocks)

standard deviation

RUN

ne—o

=0.0155

SLOPE

25F
average (of 15 blocks)

standard deviation

RUN=

0.0155
0.0155
0.0155

256G SLOPE
average (of 15 blocks)
standard deviation
SLOPE
average (of 15 blocks)
standard deviation
SLOPE
average (of 15 blocks)
standard deviation
25J

235H
251

RUN
RUN
RUN

-~
NN

ROUGH

=0.0155

SLOPE
average (of 15 blocks)

standard deviation

RUN=

107

ROUG

0.0180
0.0180

24A SLOPE
average (of 15 blocks)
standard deviation
SLOPE

248
average (of 15 blocks)

standard deviation

RUN
RUN

~
0

NS —

=0.0180

SLOPE

24C
average (of 15 blocks)

standard deviation

RUN=

-~
Lo Re )

=0.0180

SLOPE

240
average (of 15 blocks)

standard deviation

RUN=

dev=0

Q:
0

=2,

5.409
0.0007

ROUG
ROUGHNESS

0.0180
0.0180
0.0180
0.0180
blocks)
standard deviation

SLOPE
SLOPE
SLOPE
SLOPE

24H
average (of 15

246G
average (of 15 blocks)

24E

average (of 15 blocks)
standard deviation

24F

average (of 15 blocks)
standard deviation
standard deviation

RUN
RUN
RUN
RUN

*re—=0

HNESS
5.83
0.001

ROUG

=0.0180

SLOPE

241
average (of 15 blocks)

standard deviation

RUN

0.0150

SLOPE

24J
average (of 15 blocks)

standard deviation

RUN



FLUME STATIONS
24 36 48 60 72 84 96 108

12

0.0180

average (of 15 blocks)

standard deviation

SLOPE

RUN=24K

HN
4
0.

=0.0180 ROUG
average (of 15 blocks)

SLOPE
standard deviation

RUN=24L

0.0180

average (of 1§ blocks)

SLOPE
standard deviation

RUN=24M

0.0180

average (of 15 blocks)

standard deviation

SLOPE

RUN=24N

=0.00480

SLOPE
average (of 15 blocks)

standard deviation

RUN=25A

HN
%
O.

0.0080 ROUG

average (of 15 blocks)

standard deviation

SLOPE

RUN=258

ROUG

=0.0080

=3
[

SLOP

25C
average (of 15 blocks)

standard deviation

RUN=

0.0080 ROUG

average (of 15 blocks)

standard deviation

SLOPE

RUN=250

108

¥rU.S. GOVERNMENT PRINTING OFFICE: 1989- 237-561




	0001
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114

