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Abstract: Stream channel design has become a controversial topic, with different approaches favored by two main
schools of thought. One approach, termed “natural channel design,” features the use of stream classification, design
analogs (reference reaches) and empirical relations (regional curves). Natural channel design is intended to result in
planforms and cross sections thought typical of undisturbed systems, with flow conveyance matched to a “bankfull”
or dominant discharge. Explicit sediment transport analyses are typically limited to issues of sediment-transport
competence and initiation of motion. Below, we refer to “natural channel design” as the empirical approach. The
other approach, termed “analytical,” features the use of geomorphic assessments, process-based numerical models
and sediment budgets. The analytical approach may be used to produce channel geometries that will accommodate
any discharge. Varying amounts of erosion control and sediment management will be required. In fact, both
approaches involve some empiricism and both contain certain analytical models. In this paper, differences and
similarities between the two schools are further demonstrated in a case study of an alluvial channel carrying a
significant load over a movable bed. In this case study the two approaches produce similar outcomes for channel
base width and slope, but different channel depths and top widths. A sediment budget indicates adequate
performance for the analytical design, but likely failure through erosion for the empirically-based design.

INTRODUCTION

Thirty to forty years ago, widely-used hydraulic engineering texts (e.g. Chow 1959, Henderson 1966) and design
manuals (USACE 1970, USDA 1977) contained very limited discussions of stable channel design, particularly with
regard to fully alluvial channels, preferring to emphasize fixed-boundary hydraulics (MacBroom 2004). Some
guidance was provided for matching the boundary shear stress (“tractive stress™) with channel boundary particle size
so that the channel would not erode, but actual sediment transport computations and channel reach sediment
budgeting were treated superficially. Further, aspects of then-current river geomorphology that were relevant, such
as planform analyses and hydraulic geometry, were also covered lightly or not at all. Most analyses of channel
stability assumed steady, uniform flow. As a consequence of ignoring the mobile boundaries of alluvial streams,
many channelization projects experienced unforeseen instability, with long-lasting damage to stream corridor
ecosystems, bridges and other riparian infrastructure (Brookes 1988, Wohl 2004). McCarley et al. (1990) reported
results of a survey of flood control channel projects constructed by the U.S. Corps of Engineers: 39% of the
reported post-construction problems were either vertical or horizontal channel instability and an additional 39%
were classified as bank or toe failure. Biological effects of many of these projects were simply disastrous (Brookes
1988, National Academy of Sciences 1992). In fact, even channels that performed satisfactorily in terms of flood
control or drainage often had extremely negative environmental effects because they featured uniform geometries
(e.g., straight, prismoidal channels with trapezoidal cross sections) that departed strongly from natural stream
morphologies that are necessary for quality aquatic habitat (Simpson et al. 1982).

In response to the unsatisfactory performance of many channels, new methods for channel design emerged. We
arbitrarily categorize these approaches as empirical and analytical, combining the categories labeled “analog” and
“empirical” by Skidmore et al. (2001) and “intuitive” and “empirical” by Shields (1997) into a single “empirical”
category. Although the two approaches are contrasted below, others (Schwartz et al. 2003, MacBroom 2004) have
noted that they are sometimes combined. Proponents of the empirical approach come from a wide variety of
disciplinary backgrounds, education levels and professional affiliations, but include life scientists and hydrologists
affiliated with consulting firms and public agencies. Proponents of the analytical approach include consulting
engineers, fluvial geomorphologists, academics and researchers.

Empirical design approaches are based on form-based geomorphology (e.g., hydraulic geometry relations) as
described by Leopold and Maddock (1953), Leopold and Wolman (1960) and others. In their original papers, these
authors did not suggest that hydraulic geometry relationships be used to design channels, despite their similarity to
older regime relations used for canal design. Rather they were advanced as indicators of fluvial channel form as a



function of discharge.

In the empirical approach, however, regional regression relations based on hydraulic

geometry have been advanced as a design tool. These greatly simplify fluvial processes by assuming that channel

form can be predicted as a function of a single geomorphic variable.

Typical descriptions of empirical design

approaches include Newbury and Gaboury (1993), Rosgen (1996, 1997, 1998, 2005), Brookes and Sear (1996),

Riley (1998), Hey (2004) and
RiverMorph  (2005). An
example of a project based on
this approach is described by

Doll et al. (2001). Although
these methods ~ sometimes
include incipient motion
analyses based on a

characteristic bed material size
and average hydraulic conditions
at a selected design discharge,
they ignore  questions  of
sediment continuity (e.g., Will
the design channel transport the
sediment supplied to it from
upstream reaches?), sometimes
with negative results (Shields
1997, Smith 1997, Soar 2000,
Kondolf et al. 2001). Despite the
fact that the core of these
approaches is based on an aspect
of  fluvial  geomorphology,
current workers in that field
almost uniformly reject them as
outmoded (Miller and Ritter
1996, Wilcock 1997, Doyle et al.
1999, Juracek and Fitzpatrick
2003, Committee on Applied
Fluvial Geomorphology 2004,
Malakoff 2004, and Simon et al.
2005).

Analytical approaches (e.g.,
Figure 1) involve more complex
mathematical formulations to
achieve joint solutions for water
and sediment continuity and flow
resistance, often using extremal
hypotheses to achieve closure
(Miller and Skidmore 2001).
Analytical approaches are based
on one- or

sometimes they

No Does project involve

Set specific objectives and set

.‘-‘-J-l Sel general goals r; —

Habitat
assessment

design criteria, Obtain approval e
from project stakeholders

Prepare sediment studies planJ

Datermine values for design

discharge and bed malerial gradation

Conduct a stability assessmant

Yes

Mo

M

No Will channel boundary be

channel reconstruction?

Can overall goals
be met by
alternate design?

{q\@rs

Yes

mobile at design discharga?

Thrashold approaches
to obtain channal width,
depth, and slopa

Active bed approaches
to obtain channel width,
depth, and slope

Determine planform geometry and

lay out channel right of way

v

Add geometric detail (physical variability)
and habitat features

v

Check stability of restored channel under
projected post-construction conditions

v Gis

1

[ Is stability satisfactory? |

‘ Implementation / construction |

Fi

1 Maonitoring |

Y

two-dimensional
representations of water flow and
include

Figure 1 Analytical design approach for stream channel restoration

projects from Shields et al. (2003).

refinements such as sediment transport relations that handle a distribution of bed material grain sizes, unsteady
flows, bank stability or flow-dependent flow resistance functions. Standard references with treatments of analytical
alluvial channel design include Chang (1988), Millar and Quick (1998), Copeland et al. (2001), Eaton et al. (2004).
Millar and MacVicar (1998), Schulte et al. (2000), Byars and Kelly (2001), Neary and Korte (2002), and Dierks et
al. (2003) present examples of a design using the analytical approach. Johnson and Niezgoda (2004) argue that the
analytical approach produces cost savings in terms of reduced failure risk, even though the initial costs for design

are higher.

For restoration, users of the analytical approach must incorporate ecological criteria (“habitat

assessment,” Figure 1) and a stability assessment that includes the important step of placing the project reach within



its spatial and temporal geomorphic context (Kondolf et al. 2001). Without these prerequisites, stream channel
modifications are likely to fall far short of the goal of ecological restoration (Shields et al. in press, Gillilan et al.
2005).

Both analytical and empirical approaches are now represented by software tools that facilitate design computations.
Below we use these tools to solve a simple, hypothetical design problem partially based on a real-world alluvial
channel in an urban watershed in metropolitan Baltimore, Maryland.

METHODS

Empirical and analytical approaches were used to determine reach-mean channel width, depth and slope for a reach
of Whitemarsh Run, Maryland. For simplicity, a minor tributary (North Fork Whitemarsh Run) that entered
Whitemarsh Run between the project reach and the reference reach was ignored (Figure 2). The empirical approach
was essentially the same as that presented by RiverMorph (2005), while the analytical approach follows Shields et
al. (2003). The empirical approach produces different channel widths and depths for pools, runs and riffles; riffle
geometry was used for comparison with reach-mean values computed by the analytical technique.

Whitemarsh Run is located in the Chesapeake Bay watershed and flows eastwards from a suburban zone north of
Baltimore, through the town of White Marsh. The headwaters are located in the Piedmont, but the majority of the
system is found in the Western Coastal Plain. A USGS gage was located immediately downstream from the project
reach. The channel regime was characterized by Soar (2000) as “dynamic” due to a “high sediment load of fine
gravel material pulsed through the system by a flashy flow regime.” The channel was relatively straight and uniform

Figure 2 Reference and project reaches
on Whitemarsh Run, Maryland. Inset
shows project reach before the 1996
project.




(Figure 2). An empirically-based project was designed and constructed in the study reach of Whitemarsh Run in
1996 (Brightwater, Inc. 1994, 1995, 1997) and was later evaluated by Soar (2000); this paper does not attempt to
evaluate that project, but merely uses some of the published data to furnish a hypothetical, simplified example.
Results from this example should not be considered an actual design.

Empirical approach The basic steps for channel design using the empirical approach are (RiverMorph 2005):

1. Select a reference reach. The reference reach must be the same stream type (Rosgen 1994) as intended for
the design project reach.

2. Compute bankfull discharge and associated channel dimensions for the reference reach.

3. Compute bankfull discharge and associated channel cross-sectional area for the project reach.
4. Compute design channel geometry by scaling up the reference reach geometry.

5. Check design channel for sediment-transport competency.

6. Lay out the channel alignment.

Limitations of the empirical design approach have been identified by RiverMorph (2005):

1. The method is primarily applicable to gravel-bed, meandering streams.
2. The largest particles normally transported by the stream begin to mobilize at bankfull flows.
3. A suitable reference reach of appropriate stream type must be utilized and dimensionless ratios based

on the size gradation of a sediment sample collected from a bar* must fall within specified ranges for
competency checks based on Andrews and Erman (1986) or Andrews and Nankervis (1995). Rosgen
(2005) has proposed use of a shear stress-grain size curve when bed material gradations produce ratios
outside these ranges.

Additional limitations on reference reach characteristics have
been published by Hey (2004).

We selected a stable reach upstream from the project reach as a
reference (Figures 2 and 3). Project and reference reach
dimensions (Table 1) were obtained from cross-section surveys
provided by Brightwater, Inc. (1995 and 1997) and Soar
(personal communication, 2005), respectively. Contributing
drainage areas were obtained from applicable USGS gage
descriptions. Valley slope was unavailable for the reference
reach and was assumed equal to that reported for the project
reach. Bed material gradations were from sieve analyses of
samples collected in 1998 by Soar (2000). Dimensionless ratios

for the reference reach were within tolerances prescribed by | Figure 3 Conditions in reference/supply reach
Hey (2004) (Table 2). of Whitemarsh Run, Maryland, 1998. This

“The Rosgen modified procedure substitutes gradation parameters from a bar sample for the subpavement
parameters used in the Andrews’ equations. Typically, the bar sample is taken on the lower 1/3 of a point bar at an
elevation halfway between the channel thalweg and bankfull elevation at the location of one of the largest particles
on the bar. A good way to collect the sample is to scan the surface of the bar in this location for the largest particle
and then place a plastic 5-gal bucket (with the bottom cut out) over the largest particle. The sample should be taken
to a depth at least twice the size of the largest particle.” RiverMorph (2005)



Table 1 Characteristics of Whitemarsh Run, Maryland, as of 1995. * = assumed quantity.

Reference Project
Location Immediately upstream from North  Honeygo Rd. to State Route 7 neglecting
Fork confluence North Fork tributary

Valley type VIl VIl

Valley slope 0.0043* 0.0043

Channel slope 0.0037 0.0038

Channel materials Sand and gravel Sand and gravel

Bed material Dsg, mm 9.53* 9.53
Drainage area, km? 14.0 16.2
Bankfull discharge, m®/s 23.4 29.2

Annual sediment transport capacity, 7,680 12,500

tonnes

Table 2 Reference reach evaluation using ratios proposed by Hey (2004). Subscript r denotes ratio of reference
reach/design reach quantities. Qs = bed material load estimated by the Parker et al. (1982) equation (kg/s), k, = the
ratio of bank vegetation factors (Hey and Thorne 1986). In this case k. was assumed to be 1.0.

Reference/ Relationship Recommended value
Quantity Design (Hey 2004) for ratio
Bankfull Discharge, Q 1.16 Q: = k,"*°Dg,, 084 1.00
Dso 1.00 Dsor = Dgar > 1.00
Valley slope, S, 1.00 S, = Q2¥°Dg, Q" 1.75°

It is important to note that bankfull discharge does not directly enter the design when using software produced by
RiverMorph (2005). Instead, the bankfull cross-sectional geometry (area and width-to-depth ratio) is used to
develop the design cross section. The first computational step in the empirical approach (Table 3) involves
calculating the design channel width (W) based on the design channel cross-sectional area (An) and the reference
width-to-depth ratio (wy/ dykr). Therefore, a value of the design cross-sectional area at bankfull flow, Ay, must be
generated using regional relations or by scaling up the value from the reference reach. RiverMorph (2005) advises
that the reference reach cross section used as a template should be for “a stable riffle not under the effects of
backwater other than the downstream stable pool.” We generated the design A by multiplying the reference reach
value by the ratio of project to reference reach drainage areas. Design channel geometry was then computed by
substituting reference reach dimensions into the expressions given in Table 3 with the exception of meander
amplitude and radius of curvature, which were based on a sine-generated curve function (RiverMorph 2005).
RiverMorph (2005) produces a typical design cross section that may be modified by the user. Portions of the typical
section higher than the bankfull discharge elevation are simply straight lines connecting the bankfull elevation with
the existing ground surface (floodplain or channel banks) at an elevation 2 x bankfull depth higher than the thalweg.
The slope of these lines is selected so that the entrenchment ratio (channel width at 2 x bankfull flow depth /
bankfull width) equals the reference reach entrenchment ratio (Figure 4). For our design, we truncated the typical

2 Within limits suggested by Hey (2004) based on data from UK restoration sites.



RiverMorph cross section where it intersected the existing ground surface, tying the new cross section into the
current channel.

Even though the bankfull 32
discharge is not used to
determine design geometry, it \
may be used to check the
sediment competency of the
design. Bankfull discharge for
the reference reach (Table 1)
was determined using cross-
section indicators of bankfull
stage and the Limerinos
(1970) formula for Mannings
“n.” The bankfull discharge 29
for the project reach was 0 5 10 15 20 25 30
optamed by multiplying the distance, m

discharge for the reference
reach by the ratio of
contributing drainage areas.
Resulting discharges were . . . . . . .
much greater than those Figure 4 Typical empirical design cross section superimposed on typical

shown on regional curves for | PreProiect cross section.
non-urban watersheds (White 2001), but within 19% of those for urban areas in North Carolina (Doll et al. 2002).
Sediment transport competency was checked and found adequate using Dgy from the bed sediment gradation and

modified Shields curves provided by Rosgen (2005).
Analytical approach: The basic steps in the analytical approach for sizing alluvial channels are
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1. Locate the stable supply reach and determine bed gradation and roughness (Mannings) coefficients for bed
and banks.

2. Determine channel-forming discharge and flow duration curve.

3. Calculate bed-material sediment inflow for the project reach.

4. Develop a family of slope-width solutions that satisfy resistance and sediment transport equations.

5. Reduce the range of solutions to meet site constraints such as maximum slope, width or depth.

6. Conduct sediment budget analysis to ensure sediment transport continuity for the full range of discharges.

It is very important that the supply reach be stable with no signs of active widening, degradation or aggradation,
since the analytical approach produces a design that transports the same quantity of sediment as the supply reach.
The supply reach was the same as the reference reach used for the empirical design (Figure 3). A rating curve for
water surface elevation in the supply reach was calculated using the equal velocity method (Chow 1959) to
composite bed and bank roughness. The Limerinos (1970) equation was used to calculate bed roughness and a
Mannings roughness coefficient of 0.085 was selected for the banks and overbanks based on evaluation of
photographs. Using this procedure allowed the composite roughness to vary with depth. The Meyer-Peter and
Muller (1948) equation was selected based on the bed material size and used to calculate a sediment transport rating
curve. The rating curves were used to calculate bankfull discharge, effective discharge and average annual sediment

load.

A flow duration curve for the supply reach was developed using the regionalized duration curve method described in
Copeland et al. (2001). Discharges from the gaged watershed were reduced by a constant (0.9) equal to the ratio of
the two-year annual peak discharges. This ratio was developed using two-year annual peak flows calculated from
regional regression equations presented by Dillow (1996) for the Western Coastal Plain of Maryland.



A preliminary or initial geometry for the project reach was selected to accommodate the channel-forming discharge.
Three methods were used to estimate the channel-forming discharge. The effective discharge for the supply reach
was determined by integrating the supply reach flow duration curve with the supply reach sediment transport rating
curve. The midpoint of the discharge increment with the greatest sediment transport (27.5 m%/s) was selected as the
effective discharge (Figure 5). The effective discharge for the project reach was determined by increasing the
supply reach effective discharge by the ratio of two-year annual peak flows. The project reach effective discharge
was therefore 31.1 m*/s, which corresponds to a return interval of 1.5 years. The supply reach bankfull discharge
determined using field indicators of bankfull stage was 23.4 m*s (Table 1) and had a return interval of 1.3 years.
The effective discharge was selected for use as the channel-forming discharge because its return interval was closer
to that generally accepted for channel-forming discharge and because field indicators may be misleading in urban
stream channels.

The next step in the analytical method is to determine a representative trapezoidal cross-sectional geometry with a
combination of width, depth and slope for which the resultant hydraulic conditions are able to transport the
incoming bed-material load without aggradation or degradation. The initial estimate for these dimensions was made
for the channel-forming discharge in the project reach.

Table 3 Empirical Design for Whitemarsh Run, Maryland

Relationship® Reference C5 Preproject F4 Design C5
Width, m Wy = | Aoty - Wyr / i) 12.2 9.8 13.1
Depth, m Dyr =Wy /Wy /s ) 0.8 0.8 0.8
Entrenchment ERy= ERyef 1.84 1.27 1.33*
ratio
Sinuosity Kg = Kres 1.17 1.13 1.17
Slope Swr =S,/K 0.0037 0.0038 0.0037
Wavelength,m | L, =W, 7/ Wier ] 116 - 124
Amplitude, m Wie =W - [_Wb:: / ‘*’b}.;f) 34 - 33
Joet | R=Wbiw) | || s

® Upper case letters are bankfull channel dimensions for the design channel, while lowercase letters are for the
reference reach channel. All dimensions shown here are for riffles; the RiverMorph software also produces
dimensions for pools and runs. W = channel width, D = channel depth, A = cross sectional-area, K = sinuosity, Sy =
channel slope, S, = valley slope, L, = meander wavelength, Wy, = meander belt width or amplitude, R, = meander
radius of curvature.

* The design entrenchment ratio does not follow the prescribed relationship because the project reach is deeply
incised, and when the design cross section is superimposed on the existing topography, it is not possible to attain the
reference reach entrenchment ratio without prohibitive amounts of excavation and fill.
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Figure 5 Effective discharge analysis for Whitemarsh Run, Maryland.

The design geometry was checked using the full range of expected discharges. One method for calculating the
channel geometry with the channel-forming discharge is the Stable Channel Analytical Method in SAM (Thomas et
al. 2002) and HEC-RAS (USACE-HEC 2002). This method solves sediment transport and resistance equations
simultaneously, providing a family of width-depth-slope solutions that will pass the incoming bed-material sediment
load. In this case, the incoming sediment load from the supply reach was calculated for a discharge of 27.5 m*/s.
The calculated stability curves are shown in Figure 6. These curves were calculated by assigning a channel side
slope of 2.5 (a first estimate of slope needed for geotechnical stability) and a bank roughness of 0.085.
Theoretically, any geometry represented by a point on the stability curve represents a stable design solution.
Selected dimensions (Table 4) featured a slightly higher sinuosity than present in the existing channel to improve
habitat characteristics.

Flow duration curves were developed for the 0.0080 3
project reach and the supply reach. The flow .
duration curve for the project reach was 0.0070 | | 25
calculated directly from 39 years of mean daily ,
flow records from the USGS gage located just 0.0060
downstream from the project reach. An annual E \
peak-flow frequency curve was also developed 0.0050 -

from gage data. Since the stability curve 1 \
ensures sediment transport stability for only the 0.0040 | .
channel-forming discharge, the next step in the ; \Degradaﬁon

design process is to compute a sediment budget 0.0030 05
using the entire range of expected discharges. } Aggradation \

This is done by integrating the flow duration 00020 L v v o A N A
and the sediment transport curves for the supply 0 5 10 15 20 25 30
reach and the project reaches to obtain average Bottom Width m

annual sediment loads for both reaches. If
necessary, channel dimensions may be modified
to ensure sediment loads are practically equal. Figure 6 Slope-width-depth family of curves for project.

z =25
Npan = 0.085

Slope




RESULTS

Empirical and analytical approaches differ in selection of design discharge. The effective discharge for the
reference/supply reach (27.5 m%/s) was 18% higher than the estimated bankfull discharge (23.4 m*/s), probably due
to the effects of urbanization-driven channel incision on cross-sectional morphology. Disturbed channels, such as
those draining urban watersheds like this one, exhibit inconsistent relationships between bankfull and channel
forming discharge and field indicators are subject to operator error (Williams 1978). Griffin (1998) measured bed
material and bed material load gradations for storms spanning a range of peak discharges in the project reach during
1996 and found that the channel forming discharge was about three times as great as bankfull discharge estimated
from field indicators by others.

Table 4 Comparison of Design Outcomes, White Marsh Run, Maryland

Empirical Analytical
Top Width, m 14.9° 18.5
Bottom Width, m 9.5 10.7
Flow Depth at Design Q, m 0.82 1.8
Channel Slope 0.0037 0.0034
Design Q, m*/s 27.2 31.1
Design Mannings “n” 0.025 0.059
Mean annual §ediment transport 10,800 8,360
capacity, tonnes
Trap efficiency, % -41 -9

The empirical design discharge was smaller and a lower Mannings “n” value was used to compute this discharge
(Table 4). The Mannings “n” value used for the reference reach in the empirical approach (0.025) was simply based
on the application of the Limerinos formula to the observed bed sediment gradation without increases for bends,
bars, bank vegetation, or other boundary irregularities. This was justified based on the fact that the reference reach
was rather straight and uniform and the analysis was limited to the lower part of the channel cross section that was
unlikely to support woody vegetation. A single “n” value was used for the entire cross section since sophisticated
techniques for compositing different bed and bank roughness values were not available within tools normally used
for empirical design. The higher “n” value used for the supply reach within the analytical approach (0.059) was
derived by compositing Limerinos-based values for the bed and a much higher value (0.085) assumed for the
heavily vegetated banks.

Sediment budgets for the empirical and analytical designs were compared by computing their trap efficiencies:

TE = 100 YSupply_YProject

Supply

Where TE = trap efficiency, %, and Y = mean annual sediment load for the supply and project reaches, as indicated
by the subscripts.

For sediment load computations, composite roughness values were computed for both design cross sections using
the Limerinos equation for the bed and 0.085 for the banks. The resulting trap efficiencies were fair for the
analytical design (-9%), but very poor (-41%) for the empirical design, indicating excessive degradation potential.

®> Width of channel at water surface elevation for analytical design discharge.



The degradation predicted for the empirical design reflects the effect of the steeper, narrower channel geometry on
sediment transport at flows above bankfull. Similar analyses with Yang and Laursen-Madden sediment transport
relations, which allow computation of transport by size class but do not consider armoring at low flows produced
trap efficiencies of +12% for the analytical channel and -18% to -14% for the empirical channel. Interestingly, the
empirical design project actually constructed at
this site in 1994 suffered failure through

excessive aggradation because the project ”

de5|gn slope (0.0025) was mu_ch lower than e e S

required to transport the supplied load (Soar —o— empirical design w/o entrenchment ratio
2000). This slope was selected based on Bt —— Gl GlE

. .. lytical design WSE
adoption of planform characteristics of the bt

target stream type for the design channel
without consideration of reference reach
properties (Brightwater 1994). A reanalysis
(Brightwater 1997) included data from a
reference reach described as unstable by Soar
(2000).

Both designs produced cross sections larger
than the preproject channel, but the analytical
cross section was larger, consistent with a

—o— preproject

32

elevation, m

larger design discharge and larger Mannings 29 : : : :

“n” value (Figure 7). In Figure 7, preproject 0 5 10 distaiie i 20 2 30
topography is used for overbank portions of ’

both design cross sections.  Although the

empirical design flow depth at design discharge Figure 7 Cross sections for preproject conditions and
was only about half of the corresponding empirical and analytical designs, White Marsh Run,
analytical depth, similar channel depths resulted Maryland.

when the design cross sections were

superimposed on a typical preproject cross

section. The analytical channel was about 5% wider at the bottom and 28% wider at the top. The empirical design
channel, with a slope of 0.0037, had significantly more sediment transport potential than the analytical channel. The
design slope for the empirical channel was taken directly from the reference reach where annual flows were about
10% less than the project reach. The analytical method allowed the designer to slightly reduce the slope and
increase the sinuosity while retaining sediment continuity, which is attractive from aesthetic and habitat quality
standpoints. The analytical design channel had a slope of 0.0034, which was chosen from the stability curve and
had a corresponding base width of 10.7 m. If a design slope of 0.0037 had been selected, the channel base width for
the analytical channel would have been 9.0 m. The narrower channel would have an increased composite roughness
due to the influence of the vegetated banks.

Neither approach addresses complex properties of natural channels such as the effects of meandering; bank
geometry, soils, and vegetation on bank stability and flow resistance; cohesive sediments; or armoring (MacBroom
2004). Changes in bed roughness due to bedform changes were not considered. Analytical approaches are based on
sediment transport computations which have high levels of uncertainty (Dierks et al. 2003), but this problem may be
addressed by using field observations to refine transport estimates or by simply using relative transport rates as a
basis for design (Wilcock 2004).

CONCLUSIONS

Design of stream channels for restoration purposes involves many critical decisions, regardless of the approach
involved. Design outcomes are sensitive to input parameters such as bed material size, design discharge, hydraulic
roughness and cross-sectional shape. Even with new software to facilitate computation, an experienced, well-
educated (rather than a trained) designer is needed.

Selection of the reference or supply reach has major effects on the outcome of both design approaches. Empirical
design sediment continuity problems associated with inappropriate reference reach selection were minimized in this
case by using the sediment supply reach as the reference reach. Selection of channel forming discharge should



include all three methods: determination of bankfull discharge based on field indicators of bankfull stage, analysis
of flow frequency and effective discharge analysis. Calculation of hydraulic parameters in deep, narrow channels
must account for the effects of bank roughness. When bank roughness differs strongly from bed roughness, channel
hydraulics are very sensitive to cross-sectional shape.

The underlying philosophy of the empirical approach lends itself to habitat restoration, but it does not allow for
designs where conveyance (flood control) issues act as constraints. It tends to be computationally less difficult and
less process-based than analytical approaches. The empirical approach is targeted at coarse-bed streams and
produces suspect results for streams with beds that are frequently mobile. The empirical approach, as currently
practiced, contains checks for sediment competence, but not sediment continuity. Therefore even though a design
may produce a channel that is competent to transport the larger bed material sizes found in samples from the pre-
project reach, it may fail through aggradation or degradation.
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