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ROCK RIPRAP DESIGN FOR PROTECTION OF
STREAM CHANNELS NEAR HIGHWAY STRUCTURES

VOLUME 1--HYDRAULIC CHARACTERISTICS OF OPEN CHANNELS

By J.C. Blodgett

ABSTRACT

Volume 1 discusses the hydraulic and channel properties of streams, based
on data from several hundred sites. Streamflow and geomorphic data have been
collected and developed to indicate the range in hydraulic factors typical of
open channels, to assist design, maintenance, and construction engineers in
preparing rock riprap bank protection. Typical channels were found to have a
maximum-to-mean depth ratio of 1.55 and a ratio of hydraulic radius to mean
depth of 0.98, which is independent of width. Most stable channel characteris-
tics for a given discharge are slope, maximum depth, and hydraulic radius.

Volume 2, "Evaluation of Riprap Design Procedures," evaluates seven riprap
design procedures now used. A review of field data and design procedures sug-
gests that estimates of hydraulic forces acting on the boundary based on flow
velocity rather than shear stress are more reliable. Several adjustments for
local conditions, such as channel curvature, superelevation, or boundary rough-
ness, may be unwarranted in view of the difficulty in estimating critical
hydraulic forces for which riprap is to be designed. Factors associated with
riprap failure include stone size, bank side slope, size gradation, thickness,
insufficient toe or endwall, failure of bank material, overtopping, and geomor-
phic changes in the channel. Success of riprap is related not only to the
appropriate procedure for selecting stone size, but also to reliability of
estimated hydraulic and channel factors applicable to the site.

Further identification of channel properties and the development of a pro-
cedure for estimating stone size are presented in volume 3, ''Assessment of
Hydraulic Characteristics of Streams at Bank Protection Sites."

INTRODUCTION

There are a variety of procedures available for designing rock riprap to
protect streambanks from erosion. Diverse results may be obtained, however,
depending on the procedure used and assumptions concerning hydraulic and geo-
morphic conditions. This diversity indicates a need to better understand the
various design concepts, and consequences of application of the selected riprap
design procedures. Riprap failures (fig. 1) are usually attributed to exces-
sive hydraulic forces acting on the bank and causing displacement of the stones
that comprise the riprap. However, other factors, such as improper gradation
or placement, inadequate assessment of probable morphologic changes, or failure
of the original bank material may also contribute to the failure.

1




™
New levee under
construction

Remnants of rock riprap
bank protection

z

New bank protection
under construction

FIGURE 1. Aerial photograph of failed rock riprap intended to prevent lateral erosion on right bank of Sacramento River nem;
Hamilton City, California (September 1984).



Most of the data used in developing existing design procedures (Searcy,
1967; U.S. Army Corps of Engineers, 1970) were based on data collected below

dams, in stilling basins, or from laboratory flume studies. In the study
reported here, actual streamflow data were used to supplement the existing data
that had been used in the previous studies. Stream sites were selected to

provide data that would indicate which hydraulic characteristics were important
and realistic when applied to the various. design procedures.

Several sources of data were used to provide the basis for estimating the
magnitude and range of typical hydraulic and morphologic properties of natural
streams. The sources of streamflow data include: (1) field surveys made
specifically for this project, (2) the ongoing U.S. Geological Survey stream-
gaging program, and (3) reports that include detailed tabulations of hydraulic
and channel data. Field surveys for this project were made at 26 sites in
Washington, Arizona, Oregon, California, and Nevada. Many of the sites, those
referred to as pilot study sites, were selected because rock riprap had been
installed. Sites that are part of the stream-gaging program may or may not
have riprap; they were selected to provide representative flow and channel
geometry data.l Discharge data for many of these sites are published in annual
water resources data publications of the Geological Survey. The third data
source is a group of previous studies that include hydraulic and channel data.
Some of these studies were published; three especially useful reports are
studies of Manning's roughness coefficient by Jarrett (1984) and Limerinos
(1970), and a study of the velocity head and momentum factors by Hulsing and
others (1966).

GEOMETRIC PROPERTIES OF OPEN CHANNELS

The hydraulic and channel properties that most completely describe an open
channel (fig. 2) include discharge (Q), width (T), area (A), wetted perimeter
(P), water-surface slope (Sy), maximum depth (dm), and maximum velocity (Vp).
From these, the hydraulic radius (R), Froude number (F), mean depth (dg), and
mean velocity (V5) may be determined, and various combinations of these prop-

1111

erties may be expressed in the form of ratios. The subscript "a" refers to
mean (average) values, and the subscript "m" to maximum values. A summary of
hydraulic properties and channel geometry determined at more than 700 cross
sections of streams is given in tables 1 and 2. The sites were selected to
represent a wide range of channel conditions. All sites are on natural open
channels not affected by control structures such as bridge openings or jetties.
For many sites, statistics such as the median, mean, and standard deviation of
certain hydraulic properties are important, but the minimum and maximum values
are also presented to indicate the range in data. The data for the different
streams are grouped on the basis of slope (table 1) and curvature (table 2).

1The ‘term 'channel geometry'" generally refers to a description of the
shape of a given cross section within a limited reach of a river channel (Bates
and Jackson, 1980). For this study, this term has been expanded to include
channel shape, size, and slope; these are properties that describe the geometry
of a channel used for engineering purposes. The use of this term is intended
to provide a precise description for certain channel properties that are
described in general by the terms stream morphology or river morphology.
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Table 1. Hydraulic properties and channel geometry of streams as a
function of channel slope.

Number Standard Minimum Maximum
Variable of values Median Mean deviation value value
Water-surface slope, <0.001

Discharge, Q (ft3/s) 76 277 406,000
Width, T (ft) 75 82 1,800
Area, A (ft2?) 75 139 49,600
Wetted perimeter, P (ft) 75 83.3 1,798
Water-surface slope, Sw 76 -0.00507 0.000911

(ft/ft).
Maximum depth, dm (ft) 75 2.5 50.4
Maximum point velocity, 44 2.6 9.77

Vm (ft/s).
Average depth, d (ft) 75 14.8 11.2 1.58 35.9

a
Hydraulic radius, R (ft) 75 14.4 10.8 1.57 34.7
Average velocity, V 75 3.97 1.51 121 8.62
a

(ft/s).
Froude number, F 75 0.222 0.096 0.0935 0.442
dm/da 75 1.47 1.61 0.363 1.029 3.54
v /V 44 1.46 1.56 0.393 1.055 3.51
m a
T/d 75 15.4 19.4 11.02 7.33 60.7

m
R/d 75 0.978 0.979 0.0186 0.916 1.032

a

Water-surface slope, >0.001-<0.005

Discharge, Q (ft3/s) 101 137 67,100
Width, T (ft) 101 51 978
Area, A (ft?2) 101 60.9 5,589
Wetted perimeter, P (ft) 101 54.0 982
Water-surface slope, Sw 101 0.00114 0.0048

(ft/ft).
Maximum depth, dm (ft) 101 1.73 23.4
Maximum point velocity, 53 2.11 14.8

Vm (ft/s).
Average depth, d (ft) 101 4.11 2.63 0.716 17:7

a

Hydraulic radius, R (ft) 101 4.26 2.76 0.69 17
Average velocity, Va 101 4.94 221 1.25 14.1

(ft/s).
Froude number, F 101 0.446 0.149 0.160 1.00
dm/da 101 1.59 1.68 0.390 1.14 2.78
Vm/Va 53 1.50 1.62 0.294 1.25 2.77
T/d 101 25.8 27.8 13.1 6.99 83.8

m .

101 0.987 1.03 0.213 0.880 2.43

R/d
a



Table 1. Hydraulic properties and channel geometry of streams as a
function of channel slope (continued).

Number Standard Minimum Maximum
Variable of values Median Mean deviation value value

Water-surface slope, >0.005

Discharge, Q (ft3/s) 120 14 26,500
Width, T (ft) 120 5.8 475
Area, A (ft2) 120 2.89 1,986
Wetted perimeter, P (ft) 120 ; 6.42 480
Water-surface slope, S 120 0.00505 0.1013
w
(fr/ft).
Maximum depth, dm (fr) 120 0.93 19.2
Maximum point velocity, 48 1. 23 16.7
V (ft/s).
m
Average depth, d (ft) 120 4.057 3.063 0.490 12.9
a
Hydraulic radius, R (ft) 120 3.89 2.87 0.45 11.4
Average velocity, V 120 7.37 4.42 0.850 23.0
a
(ft/s).
Froude number, F 120 0.681 0.307 0.143 1. 71
dm/da 120 1.69 1.73 0.297 1.18 2.91
v /V 48 1.53 ) Sy 0.549 1.09 3.45
m a
T/d 120 14.0 19.5 17.0 2.58 81.7
m i
. R/d 120 0.954 0.965 0.122 0.729 1570
a
Water-surface slope, all
Discharge, Q (ft3/s) 764 0.026 598,000
Width, T (ft) 764 Of7 2,492
Area, A (ft2) 763 0.07 86,270
Wetted perimeter, P (ft) 728 6.42 2,493
Water-surface slope, S 297 10.00368 0.00931 -0.00507 0.1013
(ft/ft). S
Maximum depth, dm (ft) 761 7.1 10.3 0.16 88.3
Maximum point velocity, 578 0.26 16.7
V' (ft/s)-.
m
Average depth, d (ft) 763 4.6 6.93 7.73 0.1 54.7
a
Hydraulic radius, R (ft) 728 4.7 7.04 7.59 0.45 52.2
Average velocity, Va 763 3.8 4.39 2.98 0,232 23,0
(ft/s).
Froude number, F 763 0.313 0..356 0.234 0.027 1,71
dm/da 761 1.49 L:55 0.284 1.02 3.54
Vm/Va 578 1.53 1.61 0.301 1.055 3.51
T/d 761 15.8 19.8 13.4 2.58 83.8
m
R/d 728 0.974 ~ 0.975 0.102 0.480 2.43
a
’ IMedian water-surface slope for 728 sites.



Table 2.

Hydraulic properties and channel geometry of streams as a
function of channel curvature.

FIGURE 2. Cross-sectional sketch of typical channel.

Number of Standard Minimum Maximum
Variable values Median Mean deviation value value
STRAIGHT
Maximum depth, d (ft) 98 11.7 7.73 1.40 43.8
m
Maximum velocity, V 96 4.73 3.40 1.07 16.7
m
(ft/s).
dm/da 98 1.53 1.61 0.423 0.198 3.54
Vm/Va 96 1.50 1.60 0.452 1.06 3.51
T/d 98 13.4 18.1 11.1 3.09 62.9
m
R/d 97 0.975 0.967 0.104 0.164 1.20
a
BEND
Maximum depth, dm (£ft) 44 16.5 11.8 1.80 48.0
Maximum velocity, Vm 43 4.87 3.46 1.01 15.9
(ft/s)-
d /d 44 1.65 1.69 0.226 1.34 2.38
m a
vV /V 43 1.46 153 0.286 1.15 2.47.
m a
T/d 44 9.67 12.0 6.77 6.25 32:4
m
R/d 43 0.956 0.950 0.049 0.737 1.04
a
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The sites in table 1 were selected to represent streams in valleys, moun-
tains, coastal areas, and deserts, and include both straight and curved
reaches. Most streams are perennial, but some are ephemeral. The magnitude of
streamflow was limited to bankfull so that overflow areas that require subdivi-
sion of the cross section were omitted from the analysis. The channel slope
was not defined for many of the sites in table 1, but other hydraulic and chan-
nel data were available. As a result, there are many entries in table 1 for
""all water-surface slopes" that are not included in other parts of the table.

The channel slopes given in table 1 generally represent the slope defined
over a short reach and reflect localized changes in the channel geometry. A
distinction between a short or long reach is dependent on the size of the
channel, expressed in terms of discharge or width and the slope. A short reach
is considered to vary between 1 and 11 channel widths in length, and a long
reach is longer than 11 channel widths. For streams in mountain areas, a short
reach may be only one or two channel widths in length, depending on the topog-
raphy and geology. The value of 11 channel widths was determined on the basis
of surveys of 14 streams with slopes up to 0.002, in which the longest continu-
ous water-surface profiles (without a change in slope) were found to have a
median value of 11 channel widths. In this analysis, it was assumed all flows
were less than bankfull.

In some cases, the mean velocity in table 1 for a group of slopes is
greater than the maximum. The mean velocity was determined on the basis of
channel surveys, but measured point velocities at sites with high mean veloc-
ities were not always available for inclusion in the table. This is indicated
by the fact that mean velocities are available for 763 sites, but only 578
sites have measurements of maximum point velocities. Discharges of streams in
this sample range from 0.03 to 598,000 ft3/s (0.00085 to 16,900 m3/s).

Ratio of Maximum to Mean Depth

Based on mean values for the streams in table 1 for all slopes, the
following observations concerning channel and hydraulic properties typical of
open channels may be made:

o The ratio of maximum depth to mean depth in a reach is 1.55. This ratio
appears to be independent of channel slope.

o The ratio of maximum point velocity in a cross section to mean velocity
in a reach of channel is 1.61. This ratio shows a slight increase for
channels with a steeper slope.

o The ratio (0.98) of hydraulic radius to mean depth is slightly less than
1.0, and is independent of channel width for most open channels. This
result supports the common assumption made in analysis of wide-open
channels that the hydraulic radius and mean depth may be considered

equal.




A summary of channel and hydraulic properties separated on the basis of
straight and curved reaches is listed in table 2. Using mean values, these
data indicate:

o The ratio of maximum to mean depth for curved channels (1.7) is slightly
greater than the ratio for straight channels (1.6).

o The ratio of maximum to mean velocities in a cross section at bends (1.5)
is slightly less than the ratio for straight reaches (1.6).

o The ratio of water-surface width to maximum depfh for curved reaches is
less than for straight reaches. This suggests the average depth of flow
at bends is greater than in straight reaches.

o The ratio of hydraulic radius to mean depth is slightly smaller at bends
than in straight reaches, a result comparable to the ratio of water-
surface width to maximum depth.

The data in tables 1 and 2 are based on a sample of streams that may not
include the complete range of channel and hydraulic properties that occur in
natural channels. These data, however, provide reasonable guidelines for esti-
mating properties of natural channels that should be considered in both channel
and riprap design.

The flow capacity of a channel is related to the area of flow, to slope,
and to boundary roughness. The conveyance and efficiency of a channel cross
section increases with an increase in area and a decrease in wetted perimeter.
The most efficient channel--one of a maximum conveyance--has the least wetted
perimeter for a given cross sectional area, and has been defined by Chow (1959)
as the best hydraulic section. The side slope of a trapezoidal channel that
gives the least wetted perimeter has a ratio of horizontal distance to vertical
distance of 1/%:1 or the value of z is equal to 0.577.

Open channels are usually designed with a trapezoidal cross section with
side slopes that are about 2 horizontal to 1 vertical as compared with the
hydraulically best slope of 0.577:1. Side slopes of at least 1:1 are usually
required to reduce the possibility of bank erosion. Chow (1959, p. 158) and
Anderson and others (1970, p. 59) present data (table 3) indicating suitable
side slopes for various types of bank material. The recommended side slopes
for various base materials should be used even though bank protection is
planned, to reduce the possibility of bank failure by shear that is related to
excess pore pressure in the bank material. The instability of a soil mass from
excess pore pressure occurs when the soil is saturated by water from precipita-
tion or is inundated during high flows.

In the design or modification of channels that approximate a trapezoidal
shape, the possibility should be considered that, in time, the channel geometry
will change from the as-built condition. Most likely changes in the channel
are scour, fill, and lateral erosion.- For most natural channels, the ratio of
maximum to mean depth based on an analysis of 761 cross sections is 1.55, as
shown in figure 3. This ratio closely approximates the corresponding ratio of
1.5 for a parabolic shaped channel (Chow, 1959). 1In comparison, the ratio is
1.33 for the hydraulically best trapezoidal channel. The ratio of maximum to
mean depth varies from 1.0 for a rectangular channel to 2.0 for a triangular

channel.
8



As shown in figure 3, hydraulically best channel cross sections are not
commonly found in natural channels. Instead, natural channels usually have a
cross-sectional shape between a trapezoid and a triangle. The relationship of
flow depths for natural channels (fig. 3) indicates that in the design of -a
trapezoidal channel bed with bank protection, allowances should be made for a

1.55-1.33 _

1.33 17 percent) in maximum depth by erosion.

17 percent increase (

90
[ l l o Y/ 7 |
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FIGURE 3. Comparison of flow depths for various channel shapes.




Table 3. Suitable side slopes for channels built in various
kinds of materials.

[Adapted from Chow, 1959, and Anderson and others, 1970]

Side slope
Base material (horizontal

to vertical)

Rock (solid) Nearly vertical
Rock (crushed)!? 257

Rock (very angular)!?! 2531
Rock (very rounded)! 3l

Muck and peat soils %:1
Stiff clay or earth with concrete lining %21 to 1:1
Earth with stone lining, or earth for large channels 1:1

Firm clay or earth for small ditches 1%:1
Loose sandy earth 2:1
Sandy loam or porous clay 3:1

‘ lFrom Anderson and others (1970), and assumes rock riprap Dgg
is 0.1 ft. For riprap with Dgy of 0.5 ft or larger, maximum
recommended side slope for all types of rock is 2%:1.

Changes in Channel Shape

Although most constructed channels are designed to have a trapezoidal
cross section, the action of bed scour and bank erosion eventually creates a
channel shaped as a parabola or trapezoid with rounded corners, as shown in
figure 4. Pinole Creek at Pinole, California, is an example of an altered
trapezoidal channel which was designed for a flood discharge of 2,500 ft3/s
(71 m3/s) with a bottom width of 20 ft (6.1 m) for most of a 1,400-ft (427-m)
long reach (fig. 5). Channel banks were designed with a 2:1 side slope.

The Manning's roughness coefficient, n, for the 17 cross sections (fig. 5)
ranged from 0.027 to 0.048, based on verification studies made after the Janu-
ary 1982 flood. A chute structure was constructed in the vicinity of cross
section 0.4, causing rapid flow conditions. At cross section 7, which is on a
curve (see fig. 5), the channel bed on the outside of the bend scoured about
2 ft (0.6 m). It is significant that, as originally designed and constructed,
the ratio dp/ds was 1.55, but after the channel bed scoured, the ratio dp/dg
was 1.87, with the increase in depth ratio attributed to the presence of the
riprap placed on both banks that limited scour to the channel bed.

The original channel alinement and slope for this reach were altered when
improvements were constructed in 1966. Minor increases in channel sinuosity
were noted in 1982, but lateral migration of the channel is generally restric-
ted by the rock riprap layer. A summary of original, constructed, and present
channel conditions is presented in table 4.
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‘ Table 4. Summary of channel alinement and slope changes for 1965-82
for Pinole Creek at Pinole, California.

Average Percent Sinu- Percent

Date slope, So change osity change
1965 (preconstruction) 0.0056 -- 1.31 -—

1966 (constructed channel) .00701 +25 1.29 -1.5
1982 (present conditions) .00696 0 - 1.29 0
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FIGURE 4. Comparison of constructed and present channel geometry at cross section 7,

. Pinole Creek at Pinole, California.
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FIGURES. Aerial photograph of Pinole Creek at Pinole, California, showing study reach and cross sections (October 1, 1982).



The channel sinuosity is determined as the ratio of the reach length meas-
ured along the channel centerline to the reach length measured as a straight
(airline) distance between ends of the reach. Channel slopes for pre- and
postconstruction conditions were determined from construction plans. The slope
for present conditions is based on surveyed water-surface elevations. The data
in table 4 indicate that the channel slope has not changed since construction
in 1966 even though the slope is steeper than before channel improvements, and
flow velocities are higher. Data in table 5 show a comparison of the channel
geometry at the time of construction and at the end of the period 1966-82. The
comparison is based on the January 1982 flood discharge of 2,250 ft3/s (63.68
m3/s), which is 10 percent less than the flow used for channel design.

Referring to table 5, the average area of flow for the 11 cross sections
in the straight reach increased by 8 percent and the maximum depth increased
from 6.9 to 8.7 ft (2.1 to 2.7 m), or an average of 26 percent. The ratio of
maximum to mean depth (dm/da) for the straight and curved parts of the reach
increased from about 1.43 to 1.72 (20 percent) and 1.49 to 1.78 (19 percent),
respectively. The present ratios of maximum to mean depth (dp/da) for the
straight and curved reaches are 1.72 and 1.78, both of which are greater than
the ratio of 1.55 for natural channels (table 1). The increase in the depth
ratios 1is attributed to the bank protection, which effectively restricted
lateral erosion so that the water-surface width and hydraulic radius changed
less than 7 percent during the study period. The lack of significant change in
water-surface width throughout the reach indicates that all of the channel
scour and bank erosion occurred near the bottom part of each cross section.
The stability of the hydraulic radius for all cross sections indicates that the
capacity of the channel is relatively constant, regardless of changes in other
hydraulic factors.

An unexpected channel change for Pinole Creek is the reduction in flow
area (table 5) at five cross sections in the reach. The reduction in area for
these cross sections is attributed to erosion of riprap and subsequent deposi-
tion downstream on the channel bed (fig. 6).

For comparison, changes in the Sacramento River near Ord Bend channel
between 1972 and 1984 have been documented for a discharge of 10,000 ft3/s
(283 m3/s) (table 6). Based on data collected over this period, the channel
thalweg has moved laterally over 100 ft (80.5 m). Unlike Pinole Creek, the
channel is not confined and is therefore able to migrate laterally, and a point
bar on the right bank is subject to continual scour and fill. For a constant
discharge, hydraulic properties such as area, hydraulic radius, water-surface
width, and depth, changed up to 87 percent from the mean for the period. The
changes noted are related to both low and high flows that occurred during the
study period. Because the comparative discharge for the study period is
constant but the cross-sectional area shows variations of *40 percent, the mean
velocity must also vary in order to maintain continuity of flow:

Q = A1V1 = A2V2 == ....AnVn (1)
The changes in velocity evidently are.-related to local changes in slope for a
short reach near the site. In general, changes in channel slope are localized
in terms of length of reach and are for short periods of time. The subject of
channel slope stability is discussed in a later section of this report.
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Table 5. Comparison of constructed and present (1982) channel geometry for Pinole Creek at Pinole, California.

[Measurements are based on January 1982 flood discharge of 2,250 ft3/s]

Constructed (1966) Present (March 1982)
Water- Maxi- Hydrau- Eleva- Ratio of Water- Maxi- Hydrau- Eleva- Ratio of
Cross surface Area, mum lic tion of maximum surface Area, mum lic tion of maximum
sec- width, A depth, radius, thalweg to mean width, A depth, radius, thalweg to mean
tion T (ft2) d (ft) R (ft) (ft) depth, T (ft2) d (ft) R (ft) (ft) depth,
(£t) : > a /d (£t) " d /d
m a m a
0.0 53 253 6.9 4.54 86.4 1.45 51 298 9.9 5.02 83.4 1.69
0.1 54 258 6.9 4.59 86.0 1.44 57 326 9.1 5.28 83.8 1.62
0.2 52 251 6.9 4.54 85.6 1.46 53 259 8.3 4.60 84.2 1.70
0.3 56 278 6.6 4.72 85.3 1.33 51 222 8.2 4.09 83.7 1.88
0.35 46 188 5.9 3.82 84.9 1.44 49 212 T2 4.06 83.6 1.66
0.4 - Rapid — == = - - Rapid - — == -
0.5 = flow = = = == -= flow = - = e
1 58 315 8.0 5:. 15 80.9 1.47 62 353 8.8 5.33 80.1 1.55
21 63 346 8.2 5.23 80.6 1.52 64 339 9.3 5.01 79.5 1.76
3t 56 306 7.5 5.08 80.4 1.37 61 298 7.7 4.62 80.6 1.58
41 58 304 7.6 4.98 80.0 1.45 57 300 10.5 4.85 77.1 2.00
51 59 304 7.4 4.90 79.8 1.46 58 313 8.8 5.00 78.4 1.63
61 55 276 8.0 4.82 79.6 1.57 54 268 9.5 4.62 78.0 1.95
71 56 278 7.7 4.71 79.5 1.55 35 282 9.6 4.73 77.6 1.87
8 56 273 7.0 4.63 79.2 1.44 55 285 8.9 4.77 77.3 1.72
9 53 242 6.7 4.40 78.8 1.44 52 259 8.9 4.59 76.6 1:79
10 52 246 6.8 4.47 78.6 1.44 55 268 8.9 4.62 76.5 1.83
Straight reach:
Mean 256 6.86 4.54 82.9 1.43 276 8.69 4.71 81.0 .72
Standard '
deviation 33.9 0.54 0.35 3.39 0.041 45.6 0.74 0.45 3.39 0.104
Curved reach:
Mean 302 7.73 4.95 80.0 1.49 299 9.17 4.80 78.5 1.78
Standard
deviation 25:3 0.31 0.19 0.44 0.074 24.8 1.07 0.19 1.30 0.196
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