
ABSTRACT 

LINDOW, NICHOLAS L.  Channel Evolution of a Restored Low Gradient, Sand Bed 
Stream.  (Under the direction of Dr. Robert Evans).   

Stream restoration design and construction relies on an accurate prediction of stable 

dimension, pattern, and profile within the bounds of expected dynamic equilibrium.  This 

study charts the morphologic evolution of a small, restored headwater stream in response to 

hydrologic, hydraulic, and geologic conditions in a low gradient, coastal plain system.  The 

goal of the project was to define an expected dynamic equilibrium for constructed streams in 

the geomorphic regime and equate changes in stream form to fluvial and geotechnical 

parameters for predictive analysis.   

The restored stream reach was a previously straightened stream near Cove City, NC 

in the Lower Coastal Plain.  The channelized stream was degraded due to direct cattle access 

and lack of features for aquatic habitat.  Restoration involved removing the cattle, 

constructing a new floodplain, and re-meandering the channel.  Log sill and rootwad 

structures were used to protect the stream bed and banks.  The floodplain and banks were 

planted with a mixture of hydrophytic, herbaceous, and woody vegetation.  The constructed 

stream was a low gradient, sand bed channel with an equilibrium bed slope of 0.001 m/m, 

cross sectional area of 1.9 m2, top width of 4.8 m, maximum depth of 0.7 m, and W/D of 12.  

The stream and riparian zone were instrumented for monitoring hydrology and surveying 

permanent cross sections. 

Rapid development of channel morphology occurred in the first year of monitoring.  

No significant changes in channel dimension or profile were recorded after the first year post 

construction.  Significant deviations within the stream features were related to structures.  

Cross sections with root wads had a 12% steeper median side slope than non-structured 

stream sections.  The channel downstream of log sills was 20% deeper than the median cross 

sectional depth.   

The dimensional response to fluvial hydraulics and geotechnical parameters was a 

complex interaction between stream power, shear stress, inundation, water table gradient, and 

discharge.  The survey information was treated as a longitudinal data set, and multivariate 

statistical analysis was used to relate changes in stream dimension to stream power, shear 



stress, inundation, shallow groundwater seepage, and discharge processes.  Inundation was 

directly related to increases in stream bank side slopes.  Shallow groundwater gradient 

measured within the stream banks was a significant explanatory variable of direct changes in 

channel width, while the hydraulic gradient measured in the floodplain and discharge were 

inversely proportional.  Maximum depth was directly related to discharge, but shear stress 

and stream power were not significant. 

In order to study in detail the response in bank side slope to shallow groundwater 

seepage, a soil lysimeter experiment was conducted using soil from the stream site.  Banks 

were constructed in the lab and a high water table gradient was used to induce seepage at the 

bank face.  Bank side slope was varied between experiments, and each test was run until 

failure.  The observed failure mechanism was due to small, pop-out failures and liquefaction 

of the underlying sandy soil.  Positive pore water pressure in the upper loam horizon reduced 

apparent cohesion and promoted bank collapse.  Bank failures occurred along linear failure 

planes that were similar to the initial bank slope. An increase in bank slope was observed to 

increase slope stability. 

Scour pools that developed downstream of the log sills at the restored stream were 

modeled using River2D.  The survey data and information on roughness and hydrology was 

used to model the two-dimensional, depth-averaged velocity profile upstream of the logs and 

within the pools.  The maximum depth of scour was modeled using empirical relationships 

based on the morphologic jump, headloss over the sill, meander radius of curvature, median 

bed particle size, and flow turbulence.  The predicted and measured scour depths were 

significantly correlated in a mixed linear/interactive multivariate model.  The model 

parameters included a morphologic jump term, turbulence, and median bed material size.  

The scour pool depth was dependent on downstream conditions and tailwater depth.  An 

empirical relationship was derived relating headloss over the weir for prediction of 

downstream energy condition. 

Stream restoration design and construction techniques are specific to geomorphologic 

regime.  This study provides scientific knowledge related to stream evolution under fluvial 

and geotechnical processes in the Lower Coastal Plain of North Carolina.  The results can be 



used to evaluate channel equilibrium conditions, improve construction practices, and predict 

the implications of designed channel form and structures. 
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CHAPTER 1: Introduction 

Stream restoration has become an important method of rehabilitating and conserving 

some of our most important natural resources.  Streams provide breeding habitat for fish, 

water conveyance for the natural drainage of land, and numerous recreational activities.  The 

surrounding riparian areas provide flood control, groundwater recharge/discharge, 

nutrient/sediment retention, and wetland habitat for plants, migratory fowl, and various game 

species.  Protecting streams and riparian corridors have inherent anthropogenic value in 

terms of economics, natural resources, aesthetics, biodiversity, education, and environmental 

maintenance (Spellerburg, 1992).  Greater vegetative cover, lowered energy gradient, and re-

connection with the floodplain reduce the source and delivery of pollutants.  Many pollutants 

are reduced through natural biogeochemical processes (EPA, 2001).  Restored streams with 

improved riparian corridors can attenuate nutrients, bacteria, and excess sediment from urban 

and agricultural runoff (Casey et al., 2001, and Evans, et al 2000).  Despite the enormous 

value streams provide, recent assessments have found 42% of streams in the lower 48 states 

to have ‘poor’ water quality, and only 28% were deemed ‘good’ (EPA, 2006).  Siltation was 

the second leading stressor of our nation’s rivers, impairing over 84,000 miles of stream 

(EPA, 2002).      

The hypotheses of this dissertation focus on the evolution of a restored headwater 

stream, with aspect to discharge, bed material transport, bank stability and secondary 

morphologic features.  These first and second order streams are the primary mechanism for 

storage and release of sediments into higher order rivers (Yeager, et al. 2005).  Headwater 

streams are also immensely important for habitat and ecological diversity (Horne and 

Goldman, 1994). 

The purpose of this study was to characterize the processes which lead to shifts in 

morphologic features and stability of a restored headwater sand bed stream.  The research 

was conducted on a restored E/C5 sand bed stream in the Lower Coastal Plain of Eastern 

North Carolina.  Changes in morphologic features were measured using permanent cross 

sections.  The observed changes were linked to fluvial and geotechnical processes through 
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continuous in-stream and floodplain stage recordings, sediment transport monitoring, and 

modeling of scour and bank deformation.  Channel area and width-to-depth ratios were 

compared to changes in vegetation and discharge.  Local scour depths were compared to 

shear stress, stream power, meander bend radius, and large woody structure.  Channel bank 

slopes were measured against seepage pressures, wetting events, shear stresses, meander 

bend radius, and vegetation.  The results indicate a dominant influence of large woody 

structures on channel form.  Bank stability was mostly linked to geotechnical properties of 

the soil.  Changes in vegetation controlled sediment transport within the channel.  Stream 

channel construction was also an important factor in morphologic feature development and 

stability. 

Chapter 2 is a review of the current science in stream restoration including an 

overview of analytical, empirical, and regime equation methods for stream design, bank 

stability analysis, and discharge monitoring methodology.  Chapter 3 includes an overview of 

the data collected from the restored stream construction.  The results indicate a stable channel 

form within the bounds of geotechnical, fluvial, and environmental constraints typical to the 

Lower Coastal Plain.  Chapter 4 further explores the resulting channel form by analyzing the 

relationship between changes in channel dimension and fluvial and geotechnical parameters.  

The analysis was performed by treating the permanent cross section data as a longitudinal set 

of repeated measurements, and multivariate analysis was used to compare changes in form 

over time to process parameters.  Chapter 5 covers a laboratory study on stream bank 

stability under lateral shallow groundwater seepage.  Stream bank side slope was treated as 

the independent variable and seepage was induced under a constant hydraulic head.  The 

study found conclusive evidence of a unique stream bank failure mechanism observed at the 

restored site.  Chapter 6 uses two-dimensional hydrodynamic modeling to analyze the scour 

pools downstream of log sills at the restored site.  The results are a series of predictive 

empirical equations relating channel geometry and hydraulics to head loss over the logs and 

equilibrium scour pool depth measured at the site.  Appendices to the dissertation include 

geomorphic and soil descriptions, discharge calculation methodology, and a summary of 
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field data.  Appendix 6 was used to store data collected at Beaver Dam Branch, the reference 

reach used in design of the restoration site. 

The study results have implications for stream channel construction considerations in 

the coastal plain and evaluation of stream stability in dynamic equilibrium.  Statistical 

analysis of process parameters was useful in hypothesis generation and indicated a 

dominance of geotechnical processes in channel dimensional stability.  The laboratory study 

indicated a previously unstudied failure mechanism of stream banks in coastal alluvial soils.  

The results were important for future stream bank stability analysis.  Current analytical tools 

used for analyzing scour pool development downstream of log sills are empirical in design 

and specific to constructed geometry.  The results of hydrodynamic modeling and scour pool 

analysis indicated a best fit equation capable of predicting head loss over log sills and scour 

pool depth downstream of the logs.  The conclusions are important for future log sill design 

work and construction. 
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CHAPTER 2: Literature Review 

2.1 STREAM RESTORATION 

The Society for Ecological Restoration defines restoration as the process of assisting 

the recovery of an ecosystem that has been degraded, damaged, or destroyed.  The ecosystem 

is compared to the desired reference conditions.  The successfully restored site should have 

normal functional groups, be self-sustaining and resilient, resemble the reference community 

structure, and be removed as much as possible from potential outside threats to its 

persistence.  In reality, the reference represents any number of stochastic events leading up to 

its current state.  Similarly, the restored system could potential develop into a large array of 

equilibrium states.  Therefore, restoration goals should be set against performance standards 

derived from a spectrum of reference conditions.  A basic set of restoration goals include 

physical, chemical, biological, and socio-economic parameters of interest (SER, 2004).   For 

the purpose of this research, the term stream restoration is a broad term used to describe 

ecologic efforts at improving the stream habitat while satisfying communal drainage 

requirements (sometimes referred to as ‘enhancement’).   

Streams carve the land by moving sediment, thus a stable system that maintains its 

dimension, pattern, and profile will transport the inflow of sediment from upstream without 

excessive erosion or degradation within its reach (Leopold et al., 1964).  The balance 

between aggradation and degradation is described by equation 1, a common approach for 

illustrating the relationship of sediment discharge (Qs), median sediment size (D50), water 

discharge (Q), and slope (S0). 

os QSDQ ∝50      (1) 

The exact nature of the proportion is still under scientific scrutiny, with solutions 

taking analytical (USACE, 1995), empirical (Hey, 2006; Doll et al., 2003), and analog 

(Rosgen, 1994).  For stream projects to be successful, the stream design must be stable, 

require little maintenance, and support the ecosystem necessary for not only nutrient and 

sediment attenuation, but also recreational and social satisfaction (Hey, 1990).    As our 

changing land uses force the development of natural forested areas for urban centers and 
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agriculture, it is important that our tools for remediation are assessed and revised to fit our 

changing environment.   

2.2 FLUVIAL PROCESSES 

Streams can be severely impaired by an imbalance in sediment.  They can also be a 

major source of sediment during periods of instability.   Restoration is often used to repair 

degrading or incised streams to a state of improved habitat and stability.  In order to design 

stable streams, one must take into account the competency and capacity of the stream, or the 

ability of the stream to move sediment.  A stream’s dimension, pattern and profile change by 

the shifting of sediment downstream.  An alluvial channel achieves stability when channel 

features are maintained and the system neither aggrades nor degrades (Leopold et al., 1964).  

Channels adjust to transmit the discharge and sediment load derived from the catchment 

under climatic and land use conditions.   

Modeling the character of alluvial channels is inherently complex.  Natural channel 

morphology is expressed as categorical conditions (Rosgen, 1994) or through regime 

conditions (Hey, 2006).  Under the Rosgen categorical morphologic characterization of 

natural rivers, the stream type is defined by the following terms: 

• Single or multiple thread channel 

• Entrenchment ratio (ratio of flood-prone width to bankfull width) 

• Width-to-depth ratio (W/D) 

• Sinuosity (k) 

• Water surface slope (S0) 

• Channel material size (D50) 

The synthesis of this information is used to derive the stream type, a description of the 

current state of dynamic equilibrium.  Stream type is useful for summarizing the dimension, 

pattern, and profile parameters of streams, and discussion in these terms is used throughout 

the dissertation. 
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Stream morphology under the regime conditions of Hey is often described in the 

following terms:  

• bankfull width (W) 

• bankfull mean depth (d) 

• maximum depth (dmax) 

• sinuosity (k) 

• riffle spacing (L) 

• bankfull slope (S0) 

• bankfull velocity (V) 

Hey further describes the morphology as a response to boundary conditions.  Free formed 

rivers will adjust to stable dimension, pattern, and profile in response to the following 

boundary constraints: 

• bankfull discharge (Qb) 

• bankfull bedmaterial load (Qs) 

• bed material size (D50) 

• bank strength 

• bank vegetation 

• valley slope (Sv) 

• valley width  

For the stream geomorphologist, designer, or researcher interested in predicting the 

morphology of a stream channel based on boundary conditions, 7 governing equations must 

be used.  This approach assumes the concept of the channel forming discharge (Qcf), such 

that certain channel morphology will consistently form under similar boundary conditions.  

General equations for predicting the governing conditions are as follows: 
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• continuity 

• flow resistance 

• bed material transport 

• bank erosion 

• bar deposition 

• sinuosity 

• riffle spacing/meander arc length 

Continuity is well understood and fully accepted under the conservation of mass 

constraints, although the three-dimensional solution is difficult.  Flow resistance and head 

loss due to friction been widely studied as a function of sediment size, bed forms, vegetation, 

and meander bends (Yen, 2002; Brown et al., 2007; van Rijn, 2007).  Similarly, much 

scientific research has been devoted to bed material transport (Engelund and Hansen, 1967; 

Yang, 1984; USACE, 1995; Rosgen, 2006) and bank erosion (Springer et al., 1985; 

Haggerty, 1991; Rosgen, 2000; Simon et al., 2000a; Wilson et al., 2006; Fox et al., 2007).  

Results of sediment transport have been at best semi-analytical.  Considerable research 

efforts in bar deposition, riffle spacing, and secondary morphological features have produced 

a number of semi-analytical functions of local scour, with mixed results (Pemberton and 

Lara, 1984; Borrmann and Julien, 1991; Hoffmans and Pilarczyk, 1995; Gaudio et al., 2000; 

Mutz, 2000; D’Agostino and Ferro, 2004).  Sinuosity and meander arc length have been 

described using empirical or qualitative relationships and offer little universal understanding 

(Leopold et al., 1964; Rosgen, 1994; Hey, 2006).  

The evolution of a stable channel shape is highly dependent on discharge, dominant 

sediment size, and vegetation.  This relationship is expressed in Hey’s regime equations for 

stable wide sand and gravel bed streams in England (Hey, 2006): 
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where A is bankfull area, Q is bankfull discharge, D50 is median particle size, and W/d is the 

ratio of bankfull top width to average channel depth.  The empirical coefficients h and k are 

related to vegetation density as shown in Table 2.1. 

Table 2.1: Relationship of vegetation density with values of h and k for regime equations 
(Hey, 2006) 

Percent Trees & Shrubs h k
< 1% 0.95 19.68
1-5% 0.73 15.14

5-50% 0.6 12.41
>50% 0.52 10.64  

An increase in vegetative cover results in a smaller channel bankfull area and lower 

W/d ratio.  Stream banks exhibit greater strength and steepness under dense, well-rooted 

vegetation, and tend to widen less.  The relationships are applicable to Coastal NC streams, 

and reflect the dependency of stream size and shape to vegetation. 

2.3 HYDROLOGIC PROCESSES 

Hydrology is the study of the hydrologic cycle, the continuous movement of water near 

the earth’s surface (Bedient and Huber, 1992).  Stream morphology develops due to geologic 

and hydrologic conditions.  The concept of the channel forming discharge (Qcf) or dominant 

discharge (Qd) states that under given geologic properties and hydrologic conditions, similar 

stream morphology will consistently develop over time.  In other words, a single discharge 

event over the long term would create similar dimension, pattern, and profile within a given 

physiographic region (Harman, 2004; Leopold, et al.1964; Shields, 2003; Simon, 2004).  

Many definitions have been used to estimate Qcf: 

• Effective discharge (Qeff) 

• Bankfull discharge (Qbf) 

• Reccurence Interval Discharge (QI) 
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Effective discharge is defined as the flowrate which transports the largest load of 

sediment over the long term (Harman, 2004; Leopold et al., 1964).  The product of discharge 

frequency (f(Q))and the sediment rating curve (Qs) produces a curve of sediment yield.  The 

peak of this curve coincides with the effective discharge (see Figure 2.1).   

Discharge

Effective Discharge Frequency

Sediment Concentration Sediment Discharge Frequency

 

Figure 2.1: Generic relationship between discharge frequency and associated sediment 
concentration curves for estimating the effective discharge. 

Bankfull return interval has also been used to estimate the channel forming discharge.  

In this sense, the bankfull discharge is the flowrate which just fills the channel cross section 

before spilling out onto the floodplain.  The return interval is the statistical average time 

period in between events, calculated from annual peaks of streamflow data.  For most 

streams the bankfull discharge equates to a return interval of 1-1.5 yrs (Doll et al., 2003; 

Shields et al., 2004; Simon et al., 2004).   

Effective discharge, bankfull discharge, the 1-1.5 year discharge, and the channel 

forming discharge have been synonymous in stream literature.  More recent research has 

shown the effective discharge to be approximately 80% of the bankfull discharge in 

headwater streams (Whiting et al., 1999).  For low gradient sand bed streams, much of the 

secondary morphologic features such as localized scour pools and low flow channel 

development are attributed to low stage discharge (Mutz, 2000). 
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Regional curves relate stable channel dimension, pattern, and profile to drainage area 

and discharge recurrence interval.  Methodology for developing regional curves has been 

outlined by Dunne and Leopold (1978), Harman et al., (1999), and Doll et al., (2003).  The 

principle advantage of regional curves is its application to natural channel design, which 

applies reference reach morphology to a restoration design (Rosgen, 1994).  Doll et al., 

(2003) found recurrence intervals ranging from 1-1.25 for the calculated bankfull discharge 

at gaged, rural, coastal plain stream sites.  Regional curves developed for the coastal plain 

show an order of magnitude difference between bankfull areas based on drainage area within 

the 95% confidence interval (Doll et al., 2003). 

The Corps of Engineers defined the analytical methodology for calculating the design 

discharge using long term (>10 yrs) discharge frequency and sediment transport data for the 

formation of a sediment rating curve.  The method makes use of the effective discharge for 

channel design, since this value has been shown to have more analytical qualities than analog 

reference reach dynamic equilibrium values (Doyle et al., 2007).  The frequency of effective 

discharge in the Coastal Plain has not been adequately quantified, nor the accuracy of using 

bankfull flow as the dominant discharge.  Streams frequently overtop their banks in the 

lowland areas and marshes, at a rate of a few times per year.  Stream restoration requires a 

greater understanding of the relationship between the channel-forming discharge and 

recurrence interval flow patterns for future design work in the Coastal Plain (Doll et al., 

2004).  The link between recurrence interval, bankfull flow, and the effective discharge are 

highly debatable in lower coastal plain and tidewater regions. 

2.4 DISCHARGE MODELING 

The commonly accepted method for predicting open channel flow discharge is the 

Manning formula: 

2/13/2 Sr
n
kV =      (4) 

where V is velocity (m/s), k is 1.0 for Metric units (1.495, English units), n is the Manning 

friction factor (s/m1/3), r  is hydraulic radius (m), and S is the energy slope (m/m). 
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Also referred to as the Manning-Gauckler formula, the method was empirically 

formulated.  Being an empirical relationship, the Manning n for roughness must be estimated 

based on observations of channel depth and discharge.  Dawdy and Vanoni (1986) report the 

Manning equation as an adequate measure of stream velocity in upper regime sand bed 

channels and high flows in gravel bed streams.  For flows exhibiting a relative roughness 

greater than five, grain resistance dominates form resistance, and the Manning n can be 

directly related to the bed material size.  As an empirical parameter, Manning’s n includes 

lumped resistance components of surface, form, waves, and unsteady flow (Dawdy and 

Vanoni, 1986).   

Gioia and Bombardelli (2002) provided an analytical derivation of the Manning 

equation based on the turbulent scaling relationships proposed by Blassius (f ~Re-1/4), 

Kolmogorov (η = υ3/4ε-1/4) and Manning (V ~ r-1/6).  The paper reinforces the relationship 

between turbulence, grain roughness, and form roughness in the calculation of discharge. 

Origins for the Manning equation stem from analysis of pipe flow and the Bernouli 

equation.  The Darcy-Weisbach equation is shown in equation 5, and is analytically derived 

from headloss through pipes (Munson et al., 1990). 

g
V

D
sfh

2

2Δ
=Δ     (5) 

where h is head loss (m), f is dimensionless friction factor, s is length in pipe (m), D is 

hydraulic diameter (m), V is average velocity (m/s), and g is gravitational acceleration (m/s2). 

Much of the research into pipe roughness came from Moody, a mechanical engineer.  

The Moody diagram, shown in Figure 2.2, is well accepted for relating the variability in pipe 

velocities to turbulence and relative roughness. 
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Figure 2.2: Moody diagram showing relationship of the friction factor, Reynolds number, 
and relative roughness.  (picture credit: Glenn Brown, Oklahoma State University, 2000) 

Application of the Darcy-Weisbach formula for open channel flow is desirable for 

two principle reasons.  The friction factor is dimensionless, allowing application across 

stream types.  The relationship applies to all flow conditions from fully turbulent to 

transitional flow.  Predictive calculations using the Darcy-Weisbach equation can be tedious, 

requiring an iterative approach with an initial guess at the friction factor, flow depth, or 

velocity.  Relationships exist for prediction of the friction factor in absence of the Moody 

Diagram (Beecham et al., 2005; Khiadani et al., 2005). 

For slow moving, backwater streams of Eastern NC, typical roughness coefficient 

formulation should be adequate for calculating velocities in non-vegetated channels.  

However, the presence of dense herbaceous vegetation creates an issue with roughness 

estimations.  Many authors have previously reported high Manning’s n values for vegetated 

channels and wetland systems (Musleh and Cruise, 2006).  However, many of the reported 

values were inconsistent with traditional schools of thought.  Yen (2002) provided a good 
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overview of the current state of resistance formulations based on scale, channel form, 

vegetation, and sediment transport.  Vegetation in particular may affect flow area and wetted 

perimeter, which would explain the high friction factors and Manning’s n values reported by 

Musleh & Cruise.  Overpredicting resistance may provide adequate modeling of depth and 

slope, but would under predict actual velocities.  From an energy standpoint, this may be an 

important aspect for sediment transport and scour predictions. 

Stream discharge is the product of velocity and cross sectional area of flow.  

Discharge can be estimated using the slope-area method developed by Dalrymple and 

Benson (1967).  The method is based on uniform flow assumptions.  The following 

computational steps are required to find discharge based on the measured slope and channel 

area. 

2

8

2

f v v

v

gV RS
f

h h h k hS
L L
Vh

g

= ∗

Δ + Δ − Δ
= =

=
   (6), (7), (8)

 

where V is average channel velocity, g is acceleration due to gravity, f is the Darcy-

Weisbach friction factor, R is hydraulic radius of the channel, S is energy gradient, hf is 

energy head lost due to friction, hv is velocity head, k is a constant dependent on contraction 

and expansion. 

Assuming no major contraction or expansion in between cross sections, the energy 

gradient becomes: 
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and 

vh hS
L

Δ + Δ
=  (when Δhv is negative)   (10) 

HEC-RAS 3.1.3 can be used to calculate a modified stage-discharge curve for stream 

cross sections.  HEC-RAS was developed by the US Army Corps of Engineers for modeling 

water surface profiles during steady, gradually varied, one-dimensional flow (Brunner, 

2002).  Stage and velocity are calculated using the energy equation, with frictional loss 

calculated using the Manning’s equation and expansion/contraction coefficients.  The model 

also employs the conservation of momentum principle during rapidly varied situations. 

The average velocity profile across the channel may not be adequate for modeling 

scour pools or maximum velocity at the thalweg.  The River2D model uses conservation of 

mass and momentum principles to solve for two-dimensional, depth averaged velocity profile 

across the stream channel.  The model was developed at the University of Alberta 

specifically for use in natural streams, and is used in hydrodynamic and fish habitat 

evaluations.  It is a finite element model based on a conservative Petrov-Galerkin upwinding 

formulation.  The velocity calculations are based on a triangular-irregular network of nodes, 

and the conservative form of the two-dimensional, depth averaged St Venant Equations 

(Steffler and Blackburn, 2002). 

2.5 SEDIMENT TRANSPORT 

The particles carried by a stream are dependant on the supply and the hydraulics.  

Supply controlled sediment that remains in suspension regardless of stage and flow 

conditions is defined as wash load.  These finer sediment particles are carried by the stream 

dependent on upstream availability.  A somewhat arbitrary cutoff size for washload is that 

size which would occupy 5% of the pore space of the larger particle sizes (Paola & Parker, 

2007).  Pore space depends greatly on the standard deviation of the bed material size.  The 
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5% rule was deemed appropriate by assuming these smaller particles would infiltrate the bed 

material without significantly altering the morphology of the channel.  Suspended load is 

hydraulically controlled, and only becomes active during higher stage events.  Suspended 

particles are fully entrained in the water column by the upward momentum of turbulent 

eddies in the flow.  Bed load is also hydraulically controlled, and defines the particle sizes 

that skip, slide, and saltate along the stream bed.  Due to the varying energy of the stream 

during different stages, the particle size class defined as bed load and suspended load will 

change according to transport conditions (Hey, 2005, Leopold et al., 1964). 

In sand grain and finer stream beds, the entire bed is often mobilized.  Sediment is 

transported under both high and low flow conditions.  Mutz (2000) reported on secondary 

bed morphology in low gradient sand bed streams, illustrating that stable bed forms are 

controlled by low flow conditions.  Bed material transport is transport limited, which means 

natural thresholds control the transport of sediment (Montgomery & Buffington, 1997).  

Valley slope in principle controls the upper threshold of sediment transport.  Sediment 

transport in sand bed streams is characterized by bed forms that develop according to the 

load and hydraulics.  The bed forms are classified as ripples, lower stage planes, dunes, upper 

stage planes, or antidunes (Hey, 2005, Engelund & Hansen, 1967). 

Stream competence is a measure of the largest movable sediment size in the stream 

bed.  Capacity is the total load of sediment carried by the stream.  Empirical relationships of 

critical shear stress and hydraulic shear make it possible to predict competence and capacity 

based on the stream slope and discharge (Rosgen, 2006; Hey, 2005; Doll et al., 2004).  The 

average boundary shear stress is calculated from hydraulic equilibrium. 

τo = γRhSf     (11) 

where γ represents the unit weight of water under ambient conditions, Rh is the hydraulic 

radius, and Sf is the energy gradient for the stream, often estimated by the thalweg slope.  A 

number of empirical relationships are reported in Rosgen (2006) relating shear stress to 

stream competence.  Shear is an important predictor in bed material composition, but not 

mass loss of bed material from the system.  Stream power has been shown by Yang (1984) as 
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an adequate explanatory variable in predicting stream capacity.  Equation 8 shows the 

method of calculating unit stream power as the velocity slope product: 

ω = γVSo    (12) 

where V is mean discharge velocity and So is the energy slope.  Stream power is a measure of 

the work done by the system over time, and the mass of sediment transported is proportional 

to the work efficiency of the discharge and stream dimensions. Empirical relationships have 

formulated dimensionless equations adequate for predicting sediment transport across stream 

sizes.  Care should be taken in applying across morphologies.   These relationships do not 

account for secondary vortices in meander bends, bed form development, or fully mobilized 

boundary layers.  Scour, flow diversity, and woody debris are controls of secondary 

morphologic features, and there are few predictive relationships.  Current design manuals 

point out that the measure of stream competency using critical resistance theories is less 

accurate (Doll et al., 2004; Hey, 2005; Rosgen, 2006).  This study used hydraulic shear stress 

and the velocity-slope product as explanatory variables to observed changes in channel 

morphology. 

2.6 GEOTECHNICAL PROCESSES 

Stream channel dimension is dependent on geotechnical, fluvial, aeolian, and 

mechanical processes effecting bank stability.  Geotechnical instability is a characteristic of 

the soil properties.  Fluvial instability would result directly from hydraulic shear and bank 

scouring phenomenon.  Aeolian weathering includes wind generated wave shear stress 

against the banks.  Mechanical weathering includes freeze/thaw cycles and shrink/swell 

actions in certain clay materials.  Geotechnical failure mechanisms are indicated in Figure 

2.3, which illustrates rotational slumping (a), wedge or planar failure (b), and cantilever 

failure (c).  Illustration (d) shows cantilever failure due to an elevated conductive, 

noncohesive layer in a stream bank.  Massive rotational failures can also occur, similar to a 

landslide.  The type of bank failure depends on stratigraphy of the soil and geometry. 



 17 

 

Figure 2.3:  Stream bank failure mechanisms due to rotational slumping (a), wedge or planar 
failure (b), cantilever failure (c), and cantilever failure due to an elevated conductive, 
noncohesive layer (d), (From Simon et al., 2000) 

Piping is illustrated in Figure 2.3 (c) and (d), where sediment is displaced by 

subterranean flow exiting at the bank surface.  A significant hydraulic gradient at the exit 

location creates enough seepage force to lift and entrain sediment particles, overcoming 

tractive and gravity forces.  Displaced sediment particles are more susceptible to erosion 

(Hagerty, 1991).  To avoid confusion and abide by conventional definitions, piping or 

sapping is the action of sediment transport, while seepage is the movement of water and 

contributor of force (Fredlund et al., 1978; Springer et al., 1985; Howard and McLane, 1988; 

Haggerty, 1991; Hey, 2005; Wilson et al., 2006; Fox et al., 2006).  Piping is a significant 

factor in the formation of regional drainage systems, and the occurrence is distributed 

throughout the world, most common in alluvial soil deposits with natural layering where flow 

concentrates in pervious strata (Hagerty, 1991).   

In modeling the transport of sediment under seepage forces, the free body diagram 

reveals three governing forces: a tractive force due to surface flow contributed by upslope 

seepage, a local seepage force, and gravity.  Figure 2.4 illustrates an analysis of the force 

balance. 
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Figure 2.4: Force balance diagram of noncohesive sediment particle with seepage forces 

Howard and McLane (1988) showed that at the onset of incipient motion, the forces 

are balanced such that: 
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where Fw is tractive force due to upslope seepage, Fs is seepage force due to hydraulic 

gradient at exit location, Fg is force of gravity due to soil mass, d is particle diameter, α is 

internal friction angle, θ is bank side slope, and ψ is seepage exit angle. 
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where C1, C2, and C3  are constants related to shape & exposure, soil packing, and particle 

shape respectively, τ is hydraulic shear stress, i is the seepage hydraulic gradient, ρ is density 

of water, η is porosity, and ρs is density of sediment. 
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Fox et al. (2006) explored seepage erosion and undercutting using soil lysimeters and 

the seepage force equation developed by Howard and McLane (1998).  Soil lysimeter testing 

was conducted at the Biosystems Engineering Lab at Oklahoma State University.  The OkSU 

researchers were using the lysimeters to study layered bank systems with noncohesive soil 

lenses.  Erosion due to seepage was found to form cavities in stream banks with layered soils 

of differing conductivity.  High permeable soils would erode out from stream banks, causing 

overhanging soil layers to fail.  Banks failed by undercutting and cantilever failure of the 

cohesive layers (Fox et al., 2006; Wilson et al., 2006).     

The resistance of soil to failure is often described using soil shear strength.  Soil shear 

strength is a measure of resistance to failure under applied force, as defined by the Mohr-

Coulomb equation: 

tanCτ σ φ= +      (17) 

where τ is soil shear strength, C is total cohesion, σ is normal stress or overburden pressure, 

and φ is internal friction angle. 

The strength of soil changes considerably with moisture content.  Atterburg 

consistency limits are valuable indices describing soil fabric dynamics under changing 

moisture content.  These include the cohesion limit, the moisture content at which soil 

becomes cohesive; the plastic limit, at which soil deforms plastically under stress; the liquid 

limit at which soil flows under defined moderate stress; and the shrinkage limit at which 

cracks form (Bryan, 2000). 

Fredlund et al. (1978) modeled total cohesive strength in unsaturated conditions as 

the sum of effective cohesion, c’, and apparent cohesion: 

C = c’ + ψtanφb    (18) 

where ψ is soil water tension, and φb is soil internal friction angle. 

Apparent cohesion is dependent on the total normal stress (σ), the pore air pressure 

(μa), and the pore water pressure (μw).  In unsaturated conditions, pore water pressure can be 

both positive (infiltration & draining profiles) or negative (capillary forces).  The internal 
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friction angle is also dependent on the stress state variables used in modeling unsaturated soil 

conditions, thus the shear strength model becomes: 

( ) ( )' tan ' tan b
a a wcτ σ μ φ μ μ φ= + − + −   (19) 

This form of the soil shear stress equation allows for variable pore water pressure in 

only one stress state variable (Fredlund et al., 1978).  Pore water pressure must always be 

accounted for in bank stability analyses (Haggerty, 1991).     

In a bankfull event, the stream banks are saturated during the rising limb of the 

hydrograph.  During the falling limb, the banks lose the confining hydrostatic pressure of the 

water, and rotational failure can occur.  A rapid drawdown of the river level or infiltration of 

rainwater can increase the soil pore water pressure.  The effective unit weight of the soil is 

increased due to wetting and subsequent removal of buoyant forces provided during high 

water stages (Simon et al., 2002).  To determine the forces acting in the process, Figure 2.5 

illustrates a 2-dimensional wedge of soil in a stream bank with the formation of a tension 

crack: 

 

Figure 2.5: Free body diagram of failure block in layered stream bank 

Modeling this process would employ a driving force (DF) and resisting force (RF): 
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where W is bulk weight of the wedge, Pw1 and Pw2 are hydrostatic water pressure on either 

side of the wedge, and N is normal force. 

The driving force is dependent on the weight component of the wedge, the hydrostatic 

water pressure in the stream, and water pressure behind the wedge (in tension cracks).  The 

resistant force is dependent on friction between the wedge and underlying soil.  Rising 

stream stage, particularly during dry bank soil conditions, will create buoyant uplift forces 

under the wedge, effectively reducing friction.  The uplift force acting under the wedge and 

confining water pressure force acting against the wedge are calculated assuming hydrostatic 

conditions: 
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where U is hydrostatic uplift force, P is confining force, γw is unit weight of water, hu is pore 

water head, and hcp is confining water head. 

Uplift reduces normal forces and friction, reducing wedge stability.  Balancing these 

terms in the driving and resistant force equations determines bank stability (Simon et al., 

2002; Springer et al., 1985).  Ullrich et al., (1986) found hydraulic conductivity, capillary 

forces, slope of underlying sand seams, and water tension in tension cracks to be the most 

significant forces in bank stability.  The flood hydrograph, while significant, was less 

important in explaining bank stability. 

Hey (2005) defines a critical bank height for mass failures of low, steep cohesive 

banks.  Ignoring pore water pressure terms, the critical bank height is: 

)]cos(1[
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φαγ
φα

−−
=

cHcr    (24) 
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where Hcr is critical bank height, c is cohesion of the material, γ is in situ unit weight of the 

material, φ is internal friction angle, and α is slope angle. 

While simple to apply, the Hey equation balances the equilibrium forces acting on a 

bank wedge.  This study applies the principles of geotechnical stability to test inundation and 

hydraulic gradient as surrogates for pore water pressure and seepage forces and explanatory 

variables for observed changes in channel morphology. 

2.7 LOCAL SCOUR AND IN-STREAM STRUCTURES 

In-stream structures and form diversity have been shown to improve aquatic habitat in 

warm water stream restoration projects, more so than watershed scale best management 

practices (BMPs) alone (Shields et al., 2006).  Log sills are in-stream hydraulic structures 

that mimic partially buried natural large woody debris.  The reaction on the stream bed is 

increased erosion and scour.  The purpose of log sills are to protect the grade of the upstream 

channel bed, while providing habitat diversity downstream through local scour pool 

formation.  The depth at which to install the structures depends on the expected scour depth 

downstream, and excess scour could risk the integrity of the sill.  Downstream scour is 

dependent on flow velocity, turbulence, and vortices generated by the structure.  In channel 

woody debris increases roughness and friction, causing wake interference flow.  Velocity 

over the wood structures decreases, turbulence increases, and flow vortices develop 

(Hoffmans and Pilarczyk, 1995).  These flow vortices act to scour out the channel bed 

downstream of wood structures.  Secondary morphologic patterns of low gradient, sand bed 

streams are developed during base flow conditions, because localized shear stresses exceed 

the critical shear required to mobilize sand grains.  Secondary pools formed by woody debris 

have been documented to be 1.5 to 2 times mean depth (Mutz, 2000). 

The Bureau of Reclamation (Pemberton & Lara, 1984) suggests computing local 

scour below hydraulic structures based on regime and rational methods.  The regime 

approach uses equations based on empirical data from incised river beds.  The regime 

equations presented by USBR are then adjusted for the probable concentration of floodflows 

in a portion of the stream bed.  The regime equations are adjusted by an empirical 
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multiplying factor based on meander geometry and grade control.  Values for the multiplying 

factor, K, are shown in Table 2.2. 

Table 2.2: List of z values used in regime equations dependent on channel conditions 

Channel Condition 

Z Value 
Lacey Blench 

ds = Z dm ds = Z dfo 
Straight reach 0.25 0.6 
Moderate bend 0.5 0.6 
Severe bend 0.75 0.6 
Right angle bend 1 1.25 
Vertical rock bank or wall 1.25   
Control across river 1.5 0.75 to 1.25 

The rational set of equations include empirically derived methods for computing 

scour depth developed using vertical difference in water level upstream and downstream of 

the structure, design discharge, particle size, and downstream mean water depth. 

Bormann, et al (1991) used the flow characteristics of submerged jet diffusion to 

describe maximum scour depth, Ds: 

Ds + Dp = Lssinβ’      (25) 

Ds + Dp = Kq0.6(Uo/g0.8ds
0.4)sinβ’    (26) 

β’ = 0.316sinλ + 0.15ln[(Dp+Yo)/Yo] + 0.13ln(Yt/Yo) – 0.05ln[Uo/(gYo)0.5] (27) 

where Dp is head drop over grade control structure, Ls is diffusion length, β’ is jet angle, K is 

a constant dependent on inlet geometry and sediment properties, q is unit discharge, Uo is 

average velocity, g is gravitational acceleration, ds is characteristic sediment size, λ is face 

angle of grade control structure, Yo is jet thickness entering tailwater, and Yt is tailwater 

depth. 

The resulting equation is computationally difficult and requires a large amount of data 

on the grade control structure.  Results of the analysis showed good correlation between 

calculated and predicted diffusion length, but less than desirable accuracy of the scour depth 

prediction. 
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The difficulty in predicting scour depth below sill structures lies in inaccurate 

projections in the head drop over the structure and downstream water depth.  Gaudio, et al. 

(2000) introduced the morphological jump term ‘a1’ to their predictive analysis.  Degrading 

rivers eventually reach equilibrium once their bed slope equals the threshold of motion for 

sediment transport.  The morphological jump is equivalent to the head drop over a bed sill 

structure, assuming the current bed slope fully degrades to the equilibrium bed slope.  The 

length a1 is calculated using the following relationship: 

a1 = (So-Seq)L     (28) 

where a1 is the morphological jump, So is initial bed slope, Seq is equilibrium bed slope, and 

L is centerline distance between grade control structures. 

The equilibrium slope of the channel is dependent on the sediment transport 

characteristics of the reach.  The morphologic jump method assumes the channel reaches a 

stable bed slope slightly steeper than the initial bed slope.  Degradation creates the head drop 

over the sill and submerged scour jet.  To define the equilibrium bed slope, Gaudio et al used 

the Meyer-Peter and Mueller sediment transport formula for bed load, and assumed qs equal 

to zero.  Combining sediment transport with a resistance formula for normal depth such as 

the Manning’s equation, one can achieve a simple relationship for calculating equilibrium 

bed slope: 

Seq = (θcΔD50)10/7/(nq)6/7    (29) 

where θc is critical Shields mobility parameter, Δ is relative submerged grain density, D50 is 

median particle diameter, n is Manning’s roughness factor, and q is unit discharge. 

Gaudio et al (2000) used dimensional analysis and Buckingham’s Pi Theorem, to find 

the following empirical formulae for scour depth characterization: 

ys/Hs = 0.189a1/ΔD50 + 0.266    (30) 

ls/Hs = 1.87a1/ΔD50 + 4.02    (31) 

where ys is scour hole depth, Hs is critical specific energy (Hs = 1.5(q2/g)1/3), and ls = scour 

hole length.  The linear relationship between variables makes calculations simple. 
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Channel bends also induce bed scour through transverse or secondary currents.  The 

vertical component of scour is due to lateral movement of bed sediments from the outside of 

the bend to the inside.  Simons, Li, and Associates (1985) report the following relationship 

between scour depth and channel bends assuming constant stream power: 

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

−
⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛

=Δ 1
cos

2
sin

1.20685.0

2.0
2

3.04.0

8.0

α

α

eh
bs SY

YVZ   (32) 

where ΔZbs is the  bend scour component of total scour depth, V is mean velocity of 

upstream flow, Y is maximum depth of upstream flow, Yh is hydraulic depth of upstream 

flow, Se is upstream energy slope, and α is angle formed by the projected channel centerline 

and line tangent to the outer bank of the channel 

For a simple circular curve, it can be shown mathematically that the following 

relationship exists between the angle α, the radius of curvature, and the channel top width: 

2
sin4

cos
2 α
α

=
W
rc      (33) 

where rc is radius of curvature to centerline of channel, and W is channel topwidth. 

Definition of radius of curvature, top width, and alpha are shown in Figure 2.6.  It should be 

noted that the relationship does not account for bed sediment size or armoring effects.   
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Figure 2.6: Definition of α for bend scour calculations, from Simons Li & Associates (1985). 

The effects of scour due to meander bends and log sill structures was tested during 

this study against modeled two-dimensional velocity profiles to create predictive 

relationships between channel geometry and hydraulics to maximum scour pool depth.  

2.8 BIOCHEMICAL PROCESSES 

The lotic environment is a complex assemblage of allochthonous food, bacteria, 

fungi, algae, insects, macrophytes, and larger vertebrate species such as fish.  Allochthonous 

coarse particulate organic matter enters the stream from outside sources, such as overhanging 

trees and shrubs.  Microbes and fungi are the primary producers of autochthonous food 

within the stream, which constitutes detritus.  Benthic invertebrates in turn feed on the 

microbes through grazing or scraping.  Shredders, collectors, and filterers eat primarily 

organic matter.  Finally, predating macroinvertebrates eat other benthos (Ward, 1992). 

These insects form the majority of trophic levels within the food chain.  The river 

continuum concept describes the changes in the form of organic matter, and functional 

communities of benthic invertebrates as stream order and size increases downstream.  These 

communities define what types of fish will dominate as well, from trout in the upstream 
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reaches, to middle order perch reaches, and more carp and bream downstream (Horne and 

Goldman, 1994).  The concept underscores the importance of headwater stream systems as 

the primary source for downstream biological function. 

How streams move sediment is important not only from a stream stability point of 

view, but also a water quality aspect.  Sediment pollution can stem from clean sediment, 

which can be potentially harmful to aquatic species by silting in habitat (EPA, 2002).  Excess 

suspended sediment is harmful to fish (Reed et al., 1993).  Nutrients and pollutants can also 

sorb to sediment particles and be carried downstream (Burton, 1992). 

The Clean Water Act (1972) requires the restoration and maintenance of the 

chemical, physical, and biological integrity of our national surface waters for the protection 

and propagation of fish, shellfish, and wildlife and recreation in and on the water.  The act 

limits pollutant discharge (Section 401), dredge and fill (404), ensures the creation of 

TMDL’s (303d), and outlines the management and funding for control of these TMDL’s 

(319) (Federal Water Pollution Control Act, 3 USC, 1251 et seq,  November 27, 2002). 

The Sedimentation Pollution Control Act of 1973 (1973, c. 392, s. 1) was also 

significant in identifying sedimentation of lakes and streams as a major pollution problem.  

This Act regulates land disturbance and ensures proper erosion control practices are met.  By 

protecting the land, sediment is kept from entering streams and lakes.   

2.9 RESEARCH OBJECTIVES 

The current research project was initiated to refine the methods of discharge and 

sediment transport analysis for coastal plain streams in North Carolina.  Data collection 

focused on comparing bankfull discharge to effective discharge with respect to the discharge 

frequency.  The dimension, pattern, and profile of a restored stream channel was monitored 

over time to express the alluvial nature of coastal plain streams.  For purposes of designing 

in-stream structures or predictive analysis of large woody debris, scour was measured 

downstream of constructed log sills and compared to existing scour models.   Stream banks 

were also studied under field and laboratory conditions to better understand bank stability for 
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channel construction techniques.  The objectives of the research study were to answer the 

following questions as they related to Lower Coastal Plain stream restoration: 

• What are the bounds of dynamic equilibrium for a stable low gradient sand bed 

stream? 

• What physical processes dominate observed channel change? 

• What mechanisms govern geotechnical stream bank stability? 

• How can fluvial scour pool development be predicted? 
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CHAPTER 3:  Channel Evolution of a Restored Coastal Plain Stream 

Abstract.  Successful restoration projects return ecological function to stream corridors.  The 

desired result is a dynamically stable dimension, pattern, and profile that resemble typical 

regional stream types.   The Coastal Plain of the Southeastern United States contains many 

low gradient, sand bed streams with bottomland hardwood forested floodplains.  Detailed 

analysis of existing and constructed streams is necessary to predict the type of dynamic 

equilibrium that can be expected in this region.   

A stream restoration project was constructed in the Core Creek watershed in the 

Lower Coastal Plain region of Eastern North Carolina.  Stream channel dimensional and 

longitudinal survey data were collected for two years post construction to classify and record 

changes in morphology.  The study included hydrologic monitoring of stream stage and 

riparian floodplain water table records. 

Channel form was shown to be a complex interaction between channel hydraulics, 

watershed hydrology, soil geomorphology, and vegetation.  Cross sectional area was 

significantly deeper and narrower at root wad and log sill structures compared to non-

structured cross sections.  Log sills were shown to increase channel depth by 20%.  The 

results reiterated the need for woody structures in stream restoration for creating and 

maintaining stable bed diversity and pools.  A high water table and saturated soil conditions 

during and immediately following construction were detrimental to bank stability.  Moderate 

bank slumping was observed in 17% of the monitored cross sections and mass wasting of 

stream banks was observed in 8.5% of the cross sectional survey data.  A stable side slope of 

3.5:1 was observed in stream banks with a layered soil profile and considerable shallow 

water table seepage.  Bankfull conditions were recorded an average of 3.4 times per year 

during monitoring.  Analysis of discharge frequency and channel hydraulic conditions 

indicated that the long term maximum shear stress and stream power discharge was 

considerably less than bankfull discharge, and corresponded to a discharge which occurred 

20-50 times per year.  A low flow channel was observed in the presence of backwater 
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conditions.  Low shear stress and stream power in addition to intermittent dry periods led to 

extensive vegetative establishment in the channel.   

Key words:  stream morphology, stream restoration, fluvial sediment transport, bank 

slumping, log sill, root wad 

3.1 INTRODUCTION 

Naturally occurring streams evolve into classifiable types depending on flow rate, 

sediment inflow, and geologic landscape position.  In the coastal plain region of Eastern 

North Carolina, many streams lie in bottomland hardwood forest valleys of unconsolidated 

fluviomarine deposits of sand, silt, and clay.  Natural channels tend to develop with high 

sinuosity, low width to depth ratios, and wide floodplains (Doll et al., 2003).  Beds are 

generally sandy, with ripple, dune, antidune, and plane bed formations dependent on 

hydraulic conditions (Engelund and Hansen, 1967; Kennedy, 1969).  Pools and bed diversity 

are supported by local scour in meander bends and around large woody debris (Trimble, 

1997; Mutz, 2000).  The floodplain will generally consist of a psammentic levee near stream, 

gently sloping to fine textured soil in the back plain swamps and sloughs (Daniels et al., 

1999).  Levees often occur on the banks of coastal plain streams due to deposited sandy 

sediment when streams overtop the banks.  Banks are stabilized by cohesive clay material 

and dense woody vegetation. 

The majority of stream length in Eastern North Carolina has been straightened or 

channelized to increase conveyance and improve drainage.  The topography is flat with broad 

interstream divides.  Headwater streams typically form in frequently ponded, concave 

depressional landscapes, and increase in size with increasing drainage area.  Channel 

straightening and removal of meander pattern was important for flood control and creating 

arable land for increased agricultural production.  However, channelization also led to water 

quality degradation and loss of aquatic and riparian habitat.  Restoration, rehabilitation, and 

increased buffer width have recently been used for mitigation offsets and improved 

environmental conditions (USACE, 2003). 



 35 

Typical dimension, pattern, and profile is reasonably duplicated in sand bed stream 

restoration projects through physical grading, placement of large woody debris, and channel 

re-meandering (Doll et al., 2004).  Evolution and maintenance of riffle/pool morphology 

relies on hydraulic stream power, log sill structures, root wads, and secondary flow vortices 

in meander bends.    In the absence of natural large woody debris, artificial structures are 

necessary for stream bed diversity (Shields et al., 2004).  In poorly drained and layered soils, 

stream banks are susceptible to seepage erosion and instability (Wilson et al., 2006; 

Haggerty, 1991).   

The balance of sediment transport, sediment size, fluvial discharge, and bed slope 

defines channel dimension, pattern, and profile (Rosgen, 2006).  Over the long term, the 

effective discharge carries the majority of sediment and may indicate a stable channel size 

(Doyle et al., 2007; Simon et al., 2004; Harmon, 2004).  A study of stable western US rivers 

showed that effective discharge was 80% of the expected bankfull discharge (Whiting et al., 

1999).  In low gradient sand bed streams, secondary morphological features and local scour 

are controlled by low flow fluvial characteristics and large woody debris (Mutz, 2000).  

Effective discharge, or the long term relationship between discharge and sediment 

distribution, would be important in evaluating the stable channel geometry. 

 Stream channel equilibrium requires the channel neither aggrade nor degrade.  This 

requires discharge and sediment continuity throughout the stream reach.  Unit stream power 

and maximum boundary shear stress have been used to directly estimate sediment transport 

capacity and particle motion (Yang, 1984; Engelund & Hansen, 1967; Leopold et al., 1964).  

Methods of calculating unit stream power and maximum boundary shear stress are shown in 

equations 1 and 2. 

 ω = τV (1) 

 τ = γDSf (2) 

where ω is unit stream power as the shear-velocity product in N/m-s per unit width, γ is unit 

weight of water generally taken as 9810 N/m3, V is average channel velocity in m/s, Sf is 
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friction slope in m/m, τ is maximum boundary shear stress in N/m2, and D is discharge depth 

measured at the thalweg in meters. 

The focus of this study was to link morphologic surveys to process based fluvial and 

geotechnical phenomenon. The study responds to a need to report expected channel evolution 

to anthropogenic restoration and process based analysis of channel form (Nagle, 2007; Doyle 

et al., 2007). 

3.2 MATERIALS AND METHODS 

Site Description 

Research was performed on a restored stream channel in Craven County in the Lower 

Coastal Plain of Eastern North Carolina.  The restoration site was formerly a cattle pasture 

with an intermittent channelized stream with severe bank erosion and degraded water quality.  

The road downstream was subject to flooding due to an undersized culvert.  Cattle were 

removed from the pasture in 2003.  This had an immediate impact on water quality, and 

indicator bacteria levels decreased rapidly (Smeltz, 2004).   

The restoration design employed a combination of analytical, analog, and empirical 

techniques.  Analytical design requires a balance of hydraulically transported sediment with 

the expected sediment inflows (USACE, 1995; Shields et al., 2003).  Analog stream design 

criteria relied on reference data from Beaver Dam Branch, a small headwater tributary to the 

Trent River located about 20 km from the restoration site.  Empirical data, or regime 

equations (Hey, 2006), were taken from survey data of dimension, pattern, and profile 

characteristics from 16 stable streams in the NC Coastal Plain (Doll et al., 2003).   

A new stream was constructed in March 2005 by lowering the floodplain elevation by 

0.6 m and creating channel dimension, pattern, and profile consistent with the geomorphic 

regime.  The re-meandered stream length was increased to 503 m (1650 ft), compared to the 

original channelized stream length of 271 m (890 ft).  The restoration design involved 0.3 

hectares (0.7 acres) of new stream corridor, 4 hectares (10 acres) of riparian bottomland 

hardwood forest, and 2.8 hectares (7 acres) of upland reforested pine and hardwoods.  The 
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constructed stream design consisted of a uniform trapezoidal cross section, meandering 

pattern with an average sinuosity of 1.5, 10.9-12.3 W/D ratio, and 0.1% average bed slope.  

The new channel had a bank full width of 4.27 m (14 ft), maximum depth of 0.46-0.61 m 

(1.5-2 ft), and cross sectional area of 1.49-1.67 m2 (16-18 ft2).  The pre-existing conditions, 

newly constructed pattern, and location of monitoring equipment are shown in Figure 3.1. 

Rather than construct riffles and pools, a uniform channel section was used 

throughout the reach, with log sills to hold grade and root wads to armor banks (Figure 3.2).  

Flow hydraulics and structures controlled riffle/pool formation.  A small berm was built at 

the top of bank to resemble naturally occurring levees that are often observed in coastal plain 

streams (Figure 3.3).  The levees measured approximately 15 cm in height and 100 cm in 

width.   

A 1.2 meter (4 ft) road culvert was installed downstream to accommodate larger flow 

rates.  An illustration of the installed culvert is shown in Figure 3.4.  Baffles along the bottom 

of the culvert were used as sediment traps, promoting a sand bed bottom intended to promote 

fish passage. 

Coir matting and hydro-seeding were used for initial bank stability.  Grass varieties 

used were brown top millet, winter wheat, rye grain, and wetland seed mix.  The banks and 

floodplain were planted and seeded with dense and varied species of woody and herbaceous 

wetland vegetation.  In the stream corridor, herbaceous species included a 500 count each of 

juncus effuses and schoenoplectus tabernaemontani.  Cornus amomum live stakes (400 

count) were planted in the stream corridor.  Small trees and woody shrubs included a total of 

300 Lynonia lucida, Ilex coriacea, Cyrilla racemiflora, and Clethra alnifolia.  

Approximately 200 stems of Diospyruos virginiana, Betula nigra, Platanus accidentalis, 

Persea barbonia, and Fraxinus pennsylvanica container trees were planted along the stream 

corridor.  In the riparian wetland area, an additional 1000 small trees and woody shrubs were 

planted.  3500 stems of bare root tree species were planted in the riparian wetland.  An 

additional 1500 stems of Gordonia lasianthus, Pinus taeda, and Liriodendron tulipfera were 

reserved for the upland areas. 
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Monitoring 

Post construction monitoring was used to measure and trace channel evolution, 

channel hydraulics, and riparian hydrology.  The stream stage was monitored at upstream, 

midstream, and downstream locations.  Gage pressure transducers and dataloggers (Infinities 

USA Inc., Daytona Beach, FL) recorded the data at twenty-minute intervals.  Stream stage 

was used in stage-discharge relationships, slope calculations, unit stream power, and 

maximum boundary shear stress estimations.  Unit stream power and maximum boundary 

shear stress were calculated using equations 1 and 2.  The time series of discharge, stream 

power, and shear stress was used to calculate the long term effective shear stress and stream 

power, using a method similar to sediment yield calculations (USACE, 1995; Wolman and 

Miller, 1960).  The median, quartiles, standard deviation, minimum, and maximum discharge 

was used to create a discharge exceedence curve and effective shear stress and stream power 

curves. 

Stream velocity measurement was important for friction factor, discharge, and stream 

power estimations.  A handheld velocity meter was used, with typical measurements taken at 

both 60% depth for average velocity and at 40% and 80% to estimate the linear velocity 

profile and roughness.  In addition to manual velocity measurements, an ultrasonic Doppler 

meter (Starflow manufactured by Unidata©, O’Conner, WA) was used for recording 

continuous velocity measurements in the stream.  Continuous velocity measurements allow 

for direct calculation of bed friction, turbulence, and flow regime.  Discharge was calculated 

using the slope area method outlined by USGS (Dalyrimple, 1972).  HEC-RAS (USACE, 

Hydrologic Engineering Center, Davis, CA) was also used to model the stage-discharge 

relationship.  The calculated discharge was calibrated to a gaged, double v-notch weir further 

downstream in a controlled drainage outlet (see Appendix 2, Figure A2.11). 

The local water table depth was monitored using a float driven sensor in screened 10 

cm PVC wells installed at 11 locations in the riparian wetland area.  Twenty-minute interval 

data was recorded using Sargent data loggers (SGT Engineering, Champaign, IL), attached to 

variable voltage potentiometers, driven by a float-pulley system.  The floodplain well 
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locations were set up in three transects corresponding to the upstream, midstream, and 

downstream stage recorders, shown in Figure 3.1. 

Survey data was taken to show the evolution of stream dimension and profile, and 

document changes in the channel.  Thirty-five permanent cross sections were installed along 

472 linear meters of the constructed stream.  Each cross section was 9.1 m (30 ft) wide, and 

permanently marked with 1.22 m (4 ft) sections of rebar.  The tops of the rebar monuments 

were set at the same elevation on either side of the stream using a laser level.   A sag tape 

method was used to survey the cross sections intermittently.  A surveyors tape was pulled 

across the tops of rebar, and survey measurements taken at 30.5 cm (1 ft) intervals.  A survey 

rod was used to measure down from the tape with 0.3 cm accuracy.  The sag tape method 

eliminated the need for additional survey equipment, and ensured consistent repeated 

measurements within cross sections (Figure 3.3).  Surveys were performed on 3/25/05, 

4/13/05, 5/19/05, 6/30/05, 10/17/05, 5/31/06, 10/11/06, and 1/30/07.  In order to minimize 

the impact of surveyor foot traffic on the channel bed and banks, a 4.9 m (16 ft) portable 

aluminum bridge was used to span the channel during surveys.  Some cross sections had to 

be skipped on some dates due to unstable, wet banks.  Using frequent survey data, the 

stability of each cross section was monitored, and temporal changes in area, width, and depth 

were evaluated.  The intent was to compare morphologic evolution to structural practices 

implemented during stream construction.  Fluvial and geotechnical processes were also 

linked to field observations.  Log sills used for grade control were evaluated for scour pool 

formation.  The survey data also accounted for overall net change in bed and bank derived 

sediments.  Permanent cross section surveys were documented as an important monitoring 

technique for sand bed streams (Hey, 1990; Thorne et al., 1996). 

Total station and laser level surveys were also performed to validate elevations and to 

create a complete 3-dimensional survey of the restored reach.  The completed surveys were 

important for calculating gradients and modeling work in HEC-RAS. 

The permanent cross sections and sag tape surveying method made it possible for a 

team of two individuals to complete a detailed survey of the stream in roughly 4 hours.  
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Maximum depth, top width, and bankfull area were calculated based on the survey results.  

The frequency and intensity of measurements represented a novel research approach, 

yielding detailed information on changes in the stream bed.  Results provided crucial insight 

to stream stability and evolution.   

3.3 RESULTS 

The survey data revealed differences in the constructed channel width, maximum 

depth, and area from the design cross section.  Cross section 10 represents a relatively 

straight, uniform riffle/run feature in the stream.  Figure 3.5 shows a series of surveys from 

cross section 10 against the intended design cross section.  The initial survey was taken 

approximately one month following construction.  The deviation from the design cross 

section was due to geotechnical conditions and localized bank slumping during construction.  

Following the initial slumping, cross section 10 remained stable, with only slight deformation 

observed in both banks.   

Cross section 8 was another typical example in a riffle/run feature, as shown in Figure 

3.6.  In cross section 8, the width and area of the cross section increased due to slumped 

banks.  Evidence of deposited lateral bars of bed and bank derived sediment were apparent in 

the field and at the toe of the banks in Figure 3.6.  A smaller, low flow channel formed in the 

bed sediment, increasing the maximum depth of the channel at the thalweg.  The low flow 

channel feature was evident in many riffle/run cross sections. 

Other cross sections remained quite stable during the entire monitoring period.  Cross 

section 15, shown in Figure 3.7, maintained a narrow top width and steep banks without 

notable slumping.  Cross section 15 also exhibited a stable maximum depth and cross 

sectional area similar to the design values.   

Certain cross sections revealed bank instability.  Mass wasting occurred along the left 

bank of cross section 20, due to an apparent rotational failure, as seen in Figure 3.8.  Severe 

bank slumping filled in much of the channel bed.  The left bank at cross section 20 was later 

repaired using a back hoe on October 4th, 2005.  Channel sediments were dredged and the 

bank slope re-shaped.  Root wads were added to the left bank and backfilled with loamy sand 
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top soil.  Subsequent surveys are illustrated in Figure 3.8, and showed moderate thalweg 

migration and scour/deposition cycles.  Some shallow bank slumping along the right bank 

occurred, obvious by the swelling at the toe of the right bank.  Overall, cross section 20 

remained stable since the repair work.  The addition of rootwads and more cohesive top soil 

stabilized the bank.   

Fluctuations in maximum depth were due to scour and sediment transport in the 

channel bed.  Variations in hydraulic forces and sediment supply resulted in cycles of bed 

elevation migration.  The changes were most apparent in cross sections downstream of log 

sill structures. Cross section 12 (Figure 3.9) was directly downstream of a log sill, and 

illustrated hydraulically controlled scour pool development.  The head drop over the log sills 

created flow diversity and turbulence.  A maximum pool depth of 0.95 m was recorded on 

6/30/05.  The depth slowly filled in to 0.77 m over subsequent surveys.  The deposition in the 

pool was due to dense vegetation establishment in the channel during late 2005 and Spring 

2006, which increased frictional resistance and reduced sediment carrying capacity.  Deep 

pool features are beneficial for fish habitat, and were intentional in the design. 

The resulting channel dimensions were wider, deeper, and larger in area than 

designed.  Moderate bank slumping occurred over the next year of monitoring.  Scouring of a 

low flow channel and increased max depth were also apparent.  More recent surveys revealed 

some deposition of fine sediments on the bed and toe of banks.  Table 3.1 includes the 

average channel dimensions taken from all the survey records in comparison to the design 

cross section.  The overall channel morphology fell within the design range for average depth 

and W/D ratio. 

However, the values in Table 3.1 illustrate that the constructed channel had a 

significantly wider top width, deeper max depth, and larger area than the design cross section 

(ANOVA, alpha = 0.05).  Average depth and the width/depth ratio were not significantly 

different.  Changes in channel geometry during the survey period were not significant, 

indicating that the channel was stable after construction.  Six of the thirty five permanent 

cross sections exhibited moderate bank slumping (determined from side slope values 
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between 5:1 and 8:1).  Three of the thirty five cross sections were observed to have more 

severe mass wasting, where the measured side slope was greater than 8:1. 

In order to link the observed geometry to fluvial and geotechnical properties, the 

survey results were compared to floodplain and stream stage monitoring data.  Continuous 

stage recorders were installed in the floodplain and in the stream to log the phreatic water 

surface at 20 minute intervals.  Transects across the stream were set up to monitor the 2-

dimensional water table gradient.  Results of the study are included in Figure 3.10, which 

shows the long term average water level in the floodplain and in the stream across the three 

transects. 

The water table in the floodplain was often recorded above the ground surface during 

the study.  However, standing water in the floodplain was intermittently observed in the field.  

As shown in Figure 3.10, the long term average head recorded in the floodplain was at or 

above the ground surface for all the monitoring wells.  Since the wells were installed below a 

restrictive soil horizon, the data reflects a pressurized pieziometric head in an underlying 

sand layer.  The sand parent material was under pressure, further indicated by small 

upwelling sand deposits in the stream during and after construction.  The pressure head in the 

sand layer was maintained for much of the study.  The water level in the stream was much 

lower, such that a significant positive hydraulic gradient existed between the local water table 

and the stream.  The banks were fully saturated during much of channel construction. 

Changes in channel evolution were attributed to the hydrology and hydraulics of the 

watershed.  Hydrology was characterized by wet winters and intermittent dry periods in 

summer.  Bankfull flow conditions were recorded an average of 7 days during the 742 days 

of stage records.  This frequency is similar to bankfull recurrence in a natural channel in the 

same geomorphic regime (see Appendix 6, Figures A6.1, A6.2, A6.3, and A6.4).  The 

quartiles and moments for the distribution of measured discharge are shown in Table 3.2.  

Figure 3.11 summarizes the daily average discharge, stream power, and shear stress values 

based on stage monitoring results and equations 1 and 2.  The shear stress and stream power 

versus discharge data illustrate characteristic backwater phenomenon in slow moving streams 
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of the coastal plain.  Under non-backwater conditions, stream power would increase until 

bankfull discharge.  Over bankfull, energy is dissipated to the floodplain.   However, 

backwater due to downstream conditions prevented stream power from increasing.  

Therefore, the discharge which produced the greatest stream power and shear stress over the 

long term was less than bankfull.  Bankfull was observed in the field to occur at a discharge 

between 0.6 and 0.8 m3/s.  The peak of the weighted stream power curve corresponded to a 

discharge value of 0.27 m3/s.  Maximum boundary shear stress reflected a similar 

relationship.  The peak weighted shear stress occurred at a discharge of 0.13 m3/s, which was 

well below the expected bankfull flow.  The peak values of the weighted stream power and 

shear stress curves should correspond to the discharge that carries the most sediment over the 

long term, or the effective discharge. 

3.4 DISCUSSION 

Bank deformation was a result of fluvial and geotechnical conditions, and occurred 

mostly during and immediately following channel construction.  Soil morphology was a 

qualifying condition of the observed channel form.  The soils after construction were similar 

in characteristics to a Grifton soil series, from the Jones County Soil Survey (USDA, 2007).  

The epipedon was a loamy sand (0-15 cm), underlain by a massive sandy clay loam horizon 

with low hydraulic conductivity from 18-60 cm.  Deeper material consisted of gleyed, 

noncohesive, and highly conductive fine sand below 60 cm.  Figure 3.12 illustrates the soil 

profile, taken from soil borings in the floodplain.  The soils were typical of fluvial and 

marine deposits in Eastern North Carolina (Daniels et al., 1999).  The physical soil properties 

of a Rains sandy loam and Grifton loamy sand are listed in Appendix A1 (see Tables A1.1 

and A1.2).  However, the observed soils were a result of construction practices.  The original 

site elevation was lowered by 0.6 m of soil removal.  Top soil was stock piled and later 

reapplied to a depth of 15 cm. 

Observed seepage in the sand layer led to piping and sediment transport of material, 

under cutting the overlying cohesive clay banks.  Infiltration of rain water or ponded water 

behind the bank levees induced positive pore water pressures in the banks, reducing effective 
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cohesion.  Low stream stages removed the confining forces of water in the channel.  The 

combination of forces led to a rotational failure and mass wasting of bank material.  An 

example of tension crack formation along the top of the bank is apparent in Figure 3.13.  

Similar seepage erosion and bank stability issues have been reported by Wilson et al., 2007; 

and Haggerty, 1991.  Soil shear strength and bank stability models do account for pore water 

pressure and seepage undercutting (Fredlund et al., 1978; Simon et al., 2002; Hey, 2005).  

However, the exact conditions observed at Core Creek represent a unique failure mechanism 

due to a noncohesive sand layer under positive pore water pressure. 

No significant changes were recorded in stream channel dimensional parameters 

during the study period.  The data indicated evolution of a stable channel and maintenance of 

equilibrium morphologic features.  However, significant variability in channel geometry was 

observed based on structures (Figure 3.14).  The instability caused by excess moisture and 

seepage in the banks was mitigated by root wads.  Survey data showed stable side slopes of 

2.7:1 measured in cross sections armored by root wads.  Cross section side slopes without 

root wads were significantly shallower, with a mean side slope of 3.5:1 recorded over the 

entire study.  The shallower side slope measured in the non-structured cross sections 

represented a stable angle of repose for bank soils under these conditions, as no significant 

changes in side slopes were recorded during the two years of surveying. 

Maximum depth from top of bank was also controlled by structures.  Cross sections 

with root wads armoring the banks and downstream of log sills were shown to have a 

significantly deeper maximum depth than cross sections with no structures (Figure 3.15).  

The mean maximum depth of pool below log sills was 0.77 m, while the mean maximum 

depth of non-structured features was 0.63 m.  Rootwads and log sills promote flow 

constriction and diversity, which increases local velocities and turbulence. 

The average W/D ratio of the channel was within the design range of 10.9-12.3.  

However, structures also were influential in maintaining a stable W/D ratio.  Reiterating the 

previous findings, cross sections with root wads were shown to maintain a lower W/D ratio 

than non-structured cross sections (Figure 3.16).  The mean W/D ratio for non-structured 



 45 

cross sections was 14.5, well above the design value and significantly higher than cross 

sections with rootwads.  The cross sections with structures had mean W/D ratios of 10.3 (log 

sills) and 12.1 (rootwads).   

Cross sections without structures were more prone to bank slumping and widening, 

and were also shallower in maximum depth.  The impact of a larger, wider channel is a 

reduction in average velocity, stream power, and sediment transport capacity (Rosgen, 2006).  

In general, large woody structures were necessary for creation and maintenance of beneficial 

bed feature diversity.  Rootwads were found to mitigate the impacts of saturation and 

seepage erosion on bank stability by physically supporting bank soils. 

The stream power and shear stress rating curves showed a logarithmic decay in unit 

stream power and average boundary shear stress as discharge increased due to the onset of 

backwater conditions (Figure 3.11).  Backwater occurred below bankfull discharge (~0.6-0.8 

m3/s).  The onset of backwater varied, but Figure 3.11 illustrates an inflection point in the 

shear stress and stream power curves between 0.1 and 0.2 m3/s.  Due to the lack of excess 

stream power and shear stress during high discharge events, the sediment transport capacity 

of the channel was limited.  Due to the fine sand particle size of the stream bed, significant 

sediment transport was observed during low flow.  The sediment transport pattern reflects 

impressions from the shear stress and stream power data.  Long term weighted stream power 

and shear stress were recorded at low discharge values between 0.13 and 0.27 m3/s.  This 

finding may reflect the low flow channel features observed in channel cross sections (Figures 

3.5 and 3.6).  Another implication is the lack of energy in the stream to create and maintain 

bed form diversity.  Generally, uniform sand grain stream beds do not exhibit riffle/pool 

morphology (Leopold et al., 1964; Montgomery & Buffington, 1997).  The presence of hard 

structures enhances pool formation through increased turbulence, flow constriction, and 

momentum transfer.  Channel behavior was similar to that reported by Wolfert et al. (2006) 

in small, lowland sand bed streams in the Netherlands.  Secondary channel morphologic 

features such as scour pools, bed forms, and the low flow channel developed quickly after 

construction during low to moderate flows. 
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Stable channels require a balance of sediment inflow and outflow to promote a steady 

dimension, pattern, and profile.  Estimates of watershed sediment influx were low due to 

upstream land use and both anthropogenic and natural sediment traps.  The watershed land 

use was primarily managed pine forest and a portion of NC HWY 70.  No harvesting from 

the forest occurred during the study, and the impervious surface of NC HWY 70 had minimal 

sediment input.  An upstream culvert and frequent beaver dam activity acted as sediment 

traps.  Thus sediment inflow was low, and most mobilized material originated from the bed 

and banks. 

Riparian vegetation played a key role in channel evolution.  Initially, ripple bed forms 

developed in the bed, indicating significant bed load transport during the first year of 

monitoring (Figure 3.17).  Ripples also increased the channel roughness in the absence of 

vegetation.  The stream power measured at the site was typical for a ripple bedform regime 

(Thorne et al., 1997).  Due to hydrologic and hydraulic conditions, vegetation was able to 

establish within the channel.  Wetland grasses, sweet bay bush, and black willow live stakes 

grew well in the first growing season.  During the second year, ripple bedforms were no 

longer observed in the channel.  Vegetation protected the bed from hydraulic shear stresses, 

increased channel roughness, and decreased sediment transport capacity.  Based on shear 

stress/stream power data, low sediment flux, and a densely vegetated channel, the cross 

sectional area of the channel is expected to decrease (Hey, 2006). 

3.5 CONCLUSIONS 

A conceptual drawing of the channel evolution at the site is illustrated in Figure 3.18, 

and shows the initial bank slumping due to a fluidized underlying sand bed.  The slumping 

bank sediments and upwelling of pressurized sand in the stream bed created a wider channel 

with more gradual side slopes.  Maximum depth increased due to scour, but was mainly 

restricted to pools downstream of log sills.  The mean maximum depth was significantly 

affected by log sills and root wads.  Stream bank stability was significantly enhanced by root 

wads.  In the absence of structure, a stable side slope of 3.5:1 was observed for this soil and 

hydrologic conditions. 
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Survey data indicated a stable channel, with no significant changes observed over the 

two year study period.  However, significant variation was observed in relation to channel 

features and structures.  The differences indicate an alluvial channel, which scoured out 

pools, created ripples in the stream bed, and deposited sediment in lateral bars and riffle/run 

features.  Bed forms created by sediment from stream banks and scour pools acted to increase 

roughness and reduce velocity.  Scour pools and secondary morphologic features developed 

quickly after construction. 

Inadequate stream power and boundary shear stress, and intermittent dry hydrologic 

condtions led to vegetation establishment within the channel.  As the stream became more of 

a threshold channel, sediment transport decreased and bedforms were less apparent as the bed 

was covered in wetland grasses and aquatic vegetation.  Larger discharges acted to deposit 

fine sediment in the channel due to backwater conditions and dense riparian vegetation.  

Maximum long term shear stress and stream power occurred between 16 and 45% of the 

expected bankfull discharge, which may indicate a formative discharge for secondary 

morphologic features such as scour pools and the low flow channel.  It is expected that 

hardwood tree establishment will eventually shade out in-channel vegetation, increasing 

sediment carrying capacity. 

Based on the study, it is recommended that future restoration projects take additional 

precautions in the Lower Coastal Plain.  Extensive soil investigation is necessary to 

characterize the location of soil stratigraphy and local water table.  Layered fluviomarine 

soils are prone to have noncohesive sand deposits, which are poor bank materials.  If sand 

deposits are encountered and unavoidable, the toe of bank must be armored through rootwads 

and top soil backfill.  Construction of a low flow channel or inclusion of toe armoring 

materials may also improve bank stability by armoring the toe of slope.  A slightly shallower, 

undersized channel that overtops more frequently would be more stable than a deep channel 

that penetrates underlying sandy deposits.  Future work will further explore the fluvial and 

geotechnical parameters affecting channel form through analysis of field data, lab scale 

experiments on bank deformation, and scour pool development modeling. 
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Table 3.1: Average channel geometry measured during survey study versus design cross 
section 

 Area* Width* Max 
Depth* 

Ave 
Depth W/D 

Date m2 m m m m/m 
Design 1.5-1.7 4.3 0.5-0.6 0.3-0.4 10.9-12.3 

3/25/2005a 2.01a 5.37a 0.68a 0.38a 14.37a 
4/13/2005 1.84 4.63 0.68 0.40 11.66 
5/19/2005 1.86 4.68 0.67 0.40 11.8 
6/30/2005 1.83 4.73 0.69 0.39 12.22 
10/17/2005 1.88 4.76 0.69 0.40 12.08 
5/31/2006 1.94 4.81 0.70 0.41 11.94 
10/11/2006 1.89 4.76 0.71 0.40 12.00 
1/30/2007 1.90 4.77 0.70 0.40 11.99 

*Significantly different than design cross section (alpha = 0.05) 
aIncomplete survey that included only 8 cross sections 

Table 3.2:  Quartiles and moments for the distribution of daily mean discharge measured at 
the site.  The incremental frequency and mid ordinate discharge values were used to calculate 

the effective shear stress and stream power. 

Exceedence 
Frequency 

Incremental 
Frequency Quantity  Discharge 

Mid-ordinate 
Discharge 

% % ID m3/s m3/s 
100.0%  minimum 0.00  
99.5% 0.5% 3rd St Dev 0.00 0.00 
97.5% 2.0% 2nd St Dev 0.001 0.001 
90.0% 7.5% 1st St Dev 0.009 0.005 
75.0% 15.0% quartile 0.02 0.02 
50.0% 25.0% median 0.04 0.03 
25.0% 25.0% quartile 0.08 0.06 
10.0% 15.0% 1st St Dev 0.18 0.13 
2.5% 7.5% 2nd St Dev 0.41 0.30 
0.5% 2.0% 3rd St Dev 1.41 0.91 
0.0% 0.5% maximum 1.86 1.63 
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Figure 3.1:  Core Creek watershed with pre-existing conditions (left) and restored stream 
layout with monitoring instrumentation (right).  Background photo of pre-existing conditions 
was taken from Craven County GIS database (Valenti, 2007).  The old channel and surface 
drains in the photo were abandoned and filled. 

 
Figure 3.2:  Pool formation at root wad and downstream of log sill structure. 

 
Figure 3.3: Typical design cross section and surveying methodology. 
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Figure 3.4: Culvert with baffles to trap sediment, creating natural sand bed bottom for 
improved fish passage. 

 
Figure 3.5: Cross Section 10 evolutionary changes of a riffle/run feature, showing the 
intended design cross section, and initial survey results.   Subsequent surveys show 
fluctuations in the bed and banks. 

 
Figure 3.6: Cross section 8 evolutionary changes, showing the intended design cross section, 
and proceeding measured survey results.  Bank slumping occurred initially, followed by the 
development of a low flow channel at the thalweg. 
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Figure 3.7:  Cross Section 15 evolutionary changes, a stable riffle/run section. 

 
Figure 3.8: Cross Section 20 evolutionary changes, bank slumping in the outer bend of a 
pool/glide feature.  The bank was repaired on 10/04/2005.  Subsequent surveys show a stable 
morphologic features. 

 
Figure 3.9: Cross Section 12 evolutionary changes, scour pool development downstream of a 
log sill. 
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Figure 3.10: Water elevation monitoring with long term average pieziometric head 
illustrated in the downstream, midstream, and upstream transects respectively (clockwise 
from top left). 
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Figure 3.11:  Daily average stream power (left) and daily average shear stress (right) versus 
daily average discharge.  Discharge exceedence frequency was the probability of exceeding 
the given discharge based on the daily averaged data (N=742 days).  The weighted stream 
power and weighted shear stress were multiplied by the incremental exceedence probability 
for the mid-ordinate discharge, and the peak of the curves represents the effective unit stream 
power and shear stress (~0.13-0.27 m3/s). 
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Figure 3.12: Soil profile showing loamy sand epipedon (0-15 cm), sandy clay loam B 
horizon (15-60 cm), and fine sand parent material (below 60 cm). 

 
Figure 3.13:  Illustration of severe bank slumping at cross section 20.  A tension crack 
formed along the top of the bank due to seepage erosion in the underlying sand layer.  The 
coir matting was carried into the channel by bank slumping. 
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Figure 3.14: Box plot of side slope populations based on cross sectional structures.  Results 
from the ANOVA showed the mean side slope in non-structured cross sections was 
significantly shallower than cross sections with root wads armoring the banks (alpha = 0.05). 

 
Figure 3.15: Box plot of maximum depth populations based on cross sectional structures.  
Results from the ANOVA showed the mean maximum depth in non-structured cross sections 
was significantly shallower than cross sections with root wads or downstream of log sills 
(alpha = 0.05). 
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Figure 3.16: Box plot of W/D ratio populations based on cross sectional structures.  Results 
from the ANOVA showed cross sections without bank structures had a significantly higher 
W/D ratio, indicating wider top width and shallower average depth (alpha = 0.05). 
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Figure 3.17:  Channel evolution and vegetation establishment.  Photographs taken in order, 
clockwise from top left:  Spring 2005 with sparse vegetation and notable sediment flux, Fall 
2005 showing typical ripple bed forms, Spring 2006 with dense vegetation establishment and 
reduced sediment transport, and Spring 2007 with low flow channel evident. 
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Figure 3.18: Evolutionary model of channel behavior at Core Creek.  The top width widened 
and bottom narrowed due to slumping banks.  Max depth increased due to low flow channel 
development and local scour processes.  As vegetation established, the roughness increased 
and sediment capacity decreased.  Some deposition was measured in the channel.  The banks 
are expected to slowly aggrade.   
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CHAPTER 4: Process Parameter Analysis of Sand Bed Stream Evolution 

Abstract.  Stream bank stability and secondary morphological feature models are empirical 

and semi-analytical in nature.  The relationship between natural channel geometry and 

geotechnical and fluvial processes are specific to the stream geomorphologic regime.  A 

restored stream in Eastern North Carolina was instrumented to record unit stream power, 

average boundary hydraulic shear stress, lateral bank seepage, inundation, and discharge for 

two consecutive years following construction.   Intermittent surveys of 35 permanent cross 

sections involving riffle/run and pool/glide features were used to measure changes in stream 

bank geometry.  The stream dimensional surveys and stage-discharge monitoring were used 

to link changes in stream bank width, side slope, and maximum depth to fluvial and 

geotechnical processes.   

Moderate bank slumping occurred during the first month post construction due to site 

soil conditions and sparse bank vegetation.  The second growing season led to establishment 

of dense low lying herbaceous vegetation which stabilized the stream banks.  Unit stream 

power, boundary shear stress, bank inundation, discharge, and shallow groundwater gradient 

were measured and compared to two years of survey data using multivariate analysis.  

Inundation, discharge, and local groundwater gradient were significant process parameters 

related to changes in side slope and width of the channel over time.  Shear stress and stream 

power were not significant explanatory variables in the stream depth model, which was an 

unexpected result.  Low gradient, backwater conditions reduced the impact of hydraulics on 

channel form.  Wood structures created significant differences in channel geometry. 

The study provided an important description of channel evolution following 

construction and revealed significant process parameters influencing stream channel design 

and construction practices of low gradient sand bed streams.  The bed slope of constructed 

channels should be balanced throughout the reach to reduce sustained inundation of stream 

banks.  Construction practices should focus on shedding water away from bank soils and 

avoid creating potential ponded water areas near stream banks.  Excess moisture and 

infiltration through bank soils reduces bank stability. 
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key words: stream bank stability, channel evolution, stream restoration, seepage erosion, 

stream bank slumping 

4.1 INTRODUCTION 

Understanding two-dimensional processes that affect bank stability in channel cross 

section is important for promoting more complete, 3-dimensional stream modeling.  The 

forces affecting bank stability can be defined as geotechnical, fluvial, aeolian, and 

mechanical.  Geotechnical instability is a characteristic of the soil properties, vegetation, and 

resultant force on bank wedges.  Fluvial instability results directly from hydraulic shear and 

bank scouring phenomenon.  Aeolian weathering includes wind generated wave shear stress 

against the banks.  Mechanical weathering includes freeze/thaw cycles and shrink/swell 

actions in certain clay materials.  Geotechnical failure mechanisms are generally defined as 

cantilever failure, wedge or planar failure, and rotational slumping (Hey, 2005).  Massive 

rotational failures can also occur, similar to a landslide.  The type of bank failure depends on 

stratigraphy of the soil and geometry.  Fluvial erosion is typically modeled using shear stress 

or stream power relationships (Rosgen, 2006). 

The conventional definitions for piping or sapping is sediment erosion due to 

seepage, which is the movement of water and contributor to bank instability (Haggerty, 

1991; Fredlund et al., 1978; Springer et al., 1985; Howard & Mclane, 1988; Wilson et al., 

2006; Fox et al., 2006; Hey, 2005).  Piping results in sediment displacement by subterranean 

flow exiting along the bank face.  The significant hydraulic gradient at the exit location may 

create sufficient seepage force to lift and entrain sediment particles, overcoming tractive and 

gravity forces.  Displaced sediment particles are more susceptible to erosion (Haggerty, 

1991).  Piping is a significant factor in the formation of regional drainage systems, and the 

occurrence is distributed throughout the world, most common in alluvial soil deposits with 

natural layering where flow concentrates in pervious strata (Haggerty, 1991).  Up to 90% of 

stream sediment yield may be contributed by stream bank erosion (Rosgen, 2006). 

In modeling the transport of sediment under seepage, tractive, and gravitational 

forces, the free body diagram reveals three governing forces: a tractive force due to surface 



 63 

flow contributed by upslope seepage, a local seepage force, and gravity.  Figure 4.1 

illustrates an analysis of the force balance. 

 
Figure 4.1: Force balance diagram of noncohesive sediment particle with seepage forces 

Howard & McLane (1988) showed that at the onset of incipient motion, the forces are 

balanced such that: 
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where C1, C2, and C3  are constants related to shape & exposure, soil packing, and particle 

shape respectively, τ is hydraulic shear stress, i is the seepage hydraulic gradient, ρ is density 

of water, η is porosity, and ρs is density of sediment. 

The strength of soils changes considerably with moisture content.  Atterburg 

consistency limits are valuable indices describing soil fabric dynamics under changing 

moisture content.  These include the cohesion limit, the moisture content at which soil 

becomes cohesive; the plastic limit, at which soil deforms plastically under stress; the liquid 

limit at which soil flows under defined moderate stress; and the shrinkage limit at which 

cracks form (Bryan, 2000).  Fredlund et al., (1978) modeled total cohesive strength in 

unsaturated conditions as the sum of effective cohesion and apparent cohesion.  Due to the 

changing cohesive nature of soil, pore water pressure must always be accounted for in bank 

stability analyses (Haggerty, 1991).     

In a bankfull event, the stream banks are saturated during the rising limb of the 

hydrograph.  During the falling limb, the banks lose the confining hydrostatic pressure of the 

water, and rotational failure can occur.  A rapid drawdown of the river level or infiltration of 

rainwater can increase soil pore water pressure.  The effective unit weight of the soil is 

increased due to wetting and subsequent removal of buoyant forces provided during high 

water stages.   

Detailed analyses have been made of bank stability in semi-arid regions, where long 

term moderate to high flows tended to saturate stream banks and removed matrix suction 

(Simon et al., 2002).  In Mississippi, seepage forces, fluvial entrainment, infiltration, and the 

stream hydrograph were all significant factors in bank stability (Simon et al., 2000).  Casagli 

et al (1999) reported that a small reduction in matrix suction resulted in a dramatic reduction 

in bank factor of safety.  The falling limb of the hydrograph was the most susceptible period 

for failure.  Ullrich et al. (1986) found hydraulic conductivity, capillary forces, slope of 

underlying sand seams, and water tension in tension cracks to be the most significant forces 

in bank stability.  The flood hydrograph, while significant, was less important in explaining 

bank stability.  In Mississippi, erosion due to seepage was found to form cavities in stream 
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banks with layered soils of differing conductivity (Fox et al., 2006; Wilson et al., 2006).  

High permeable soils eroded out from stream banks, and caused overhanging soil layers to 

fail.  Banks failed by undercutting and cantilever failure of the cohesive layers.     

The current state of geotechnical bank stability science focuses on seepage and 

inundation forces in relation to physical properties and geometry of stream banks to define 

stability indices (Simon et al., 2002; Hey, 2005).  Other techniques use field measurements of 

bank geometry and vegetation to define hazard indices related to measured erosion rates to 

predict sediment yield and bank stability (Rosgen, 2006).  The regime channel concept links 

channel width to the dominant discharge from the watershed and vegetation density on the 

stream banks.  Under certain discharge, sediment inflow, and vegetative conditions, streams 

of similar width evolve consistently (Hey, 2006).  The time scale for channel evolution has 

not been well documented.  Further research is necessary to define stable bank relationships, 

especially in field scale studies. 

Field based research was conducted using monitoring data from a stream restoration 

site to define process based parameters linked to stream bank deformation.  The study was 

important for exploring necessary considerations in further laboratory experimentation.  The 

report also outlines a case study in stream restoration practice, and hopefully the information 

will lead to better natural channel and analytical channel designs. 

4.2 MATERIALS AND METHODS 

The majority of the research was conducted at the Core Creek Restoration Project in 

Craven County, NC.  The stream restoration project was completed in March, 2005.  Figure 

4.2 shows the constructed stream meandering through the old cattle pasture.  Elevation was 

lowered by approximately 0.6 m to establish a functional floodplain.  The final specifications 

were a combination of natural channel design and analytical sediment transport analysis.  The 

goals of the restoration were to create a sinuous sand bed stream with bottomland hardwood 

riparian floodplain for habitat and water quality improvement (Smeltz, 2004).  In stream 

structures included root wads for bank protection and log sills for grade control and pool 

development.  A typical design cross section for the stream is shown in Figure 4.3.  After 
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construction, the stream banks and floodplain were hydroseeded and planted with woody 

vegetation and wetland grasses.   

 
Figure 4.2: Restored stream layout with monitoring instrumentation.  Background photo of 
pre-existing conditions.  The floodplain was lowered 0.6 m and the old main channel and old 
surface drains were backfilled. 

The stream stage was monitored using gage pressure transducers and dataloggers 

(Infinities USA Inc., Daytona Beach, FL) with data recorded at twenty-minute intervals.  

Stage-discharge relationships developed using these units and stream cross sections were 

compared to a gaged, v-notch weir further downstream.  Stream velocity was important for 

friction factor, discharge, and stream power estimations.  A handheld velocity meter (Rickly 

Hydrologic, Columbus, OH) was used, with typical measurements taken at both 60% depth 

for average velocity and at 40% and 80% to estimate the linear velocity profile and 

roughness.  The six tenths and two point methods are recommended by the USGS (Holmes, 

1999).  In addition to manual velocity measurements, an ultrasonic Doppler meter (Starflow, 



 67 

Unidata ©, O’Conner, WA) was used for recording continuous velocity measurements in the 

stream.  Continuous velocity measurements allow for direct calculation of bed friction, 

turbulence, and flow regime.  Discharge was calculated using the slope area methodology 

outlined by USGS (Dalrymple, 1967).   

The local water table depth was monitored using a float driven sensor in screened 10 

cm PVC wells installed in the riparian wetland area.  Twenty-minute interval data was 

recorded using Sargent data loggers (SGT Engineering, Champaign, IL), attached to variable 

voltage potentiometers, driven by the float-pulley system.  Locations of instrumented stage 

dataloggers and permanent cross sections are shown in Figure 4.2.   

In order to model the forces described in equations 2, 3, 4 and 5, the following 

relationships were used to continuously represent fluvial and geotechnical forces during the 

study: 

 ω = τV         (5) 

τ = γDS         (6) 

HG = (WS1 – WS2)/L        (7) 

BI% = 100*(WS-BS)/BH       (8) 

where ω  is the maximum unit stream power at the thalweg measured as the velocity-shear 

product (N/m2-s), τ is maximum boundary hydraulic shear stress at the thalweg (N/m2), V is 

the depth averaged velocity at the thalweg (m/s), γ is the unit weight of water (N/m3), D is 

the depth of water at the thalweg (m), S is the water surface slope (m/m), HG is the  

hydraulic gradient of local water table (m/m), WS is the phreatic water surface elevation (m), 

L is the linear distance between water surface measurements (m), BI% is bank inundation as 

percent of total bank height, BS is the bed surface elevation (m), and BH is total bank height 

measured from thalweg to top of bank (m). 

Sediment transport capacity was represented by stream power, after semi-analytical 

relationships by Yang (1984).  Tractive force due to fluvial hydraulics was represented by 

shear stress, as a measure of potential near bank stress (Rosgen, 2000) and sediment transport 
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competence (Engelund and Hansen, 1964).  Seepage forces in the stream banks were 

represented by hydraulic gradient measured in continuous monitoring wells.  Inundation was 

used as a surrogate for soil wetness conditions and soil mass. 

Survey data was taken to show the evolution of stream dimension and profile, and 

document changes in the channel.  Survey methodology implemented thirty-five permanent 

cross sections, monumented along 472 linear meters of the constructed stream.  Each cross 

section was 9.1 m (30 ft) wide, and monumented with 1.22 m (4 ft) sections of rebar.  The 

tops of the rebar monuments were set at the same elevation on either side of the stream using 

a laser level.   A sag tape method was used to survey the cross sections intermittently.  A 

surveyors tape was pulled across the tops of rebar, and measurements taken at 30.5 cm (1 ft) 

intervals.  A survey rod was used to measure down from the tape with 0.3 cm accuracy.  The 

sag tape method eliminated the need for additional survey equipment, and ensured that cross 

sections would be measured consistently (Figure 4.3).  Surveys were performed on 03/25/05, 

04/13/05, 05/19/05, 06/30/05, 10/17/05, 05/31/06, 10/11/06, and 01/30/07.  Some cross 

sections had to be skipped on some dates due to unstable, wet banks.  Cross sections were 

randomly chosen in riffle/runs and meander bends.  At log sills, the cross section was 

typically located less than 1 meter downstream of the log sill in the resulting scour pool.  

Certain cross sections were located directly over rootwads.  Using frequent survey data, the 

stability of each cross section was monitored, and temporal changes in area, width, and depth 

were evaluated.  Fluvial and geotechnical processes were also linked to field observations.  

The survey data also yielded a judgmental account of overall net change in bed and bank 

derived sediments.  This method has been documented as an important monitoring technique 

for sand bed streams (Hey, 1990; Thorne, 1996). 
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Figure 4.3: Typical design cross section and surveying methodology 

Total station and laser level surveys were also performed to validate the levels of 

rebar monuments and to create a complete 3-dimensional survey of the restored reach.  The 

complete surveys were important for modeling work in HEC-RAS. 

The permanent cross sections and sag tape surveying method made it possible for a 

team of two individuals to complete a detailed survey of the stream in roughly 4 hours.  

Maximum depth, top width, and bankfull area were calculated based on the survey results.  

The frequency and intensity of measurements represents a novel research approach, yielding 

extensive data on changes in the stream bed.  

Statistical analysis was applied to the survey results to test for explanatory 

significance in hydrologic and hydraulic process parameters.  The results were in the form of 

a longitudinal data set, with repeated measures of the same subjects over time.  Since the 

cross section measurements are correlated, the data cannot be analyzed as a univariate model.  

Multivariate methodology was used to test differences between and within subjects over time 

with a profile response function in SAS ® (SAS Institute Inc, Cary, NC).  Channel 

geometrical parameters side slope, width, and depth were tested as dependent variables in 

separate models.  Model effects included channel geometry, fluvial, and geotechnical 

parameters shown in Table 4.1. 
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Table 4.1:  Model effect parameter definitions 
Effect Definition 
Date Number of days since last survey 
Width Top width of channel 
Depth Maximum depth of channel 
Area Bankfull area of channel 
Bank Left =1, Right =2 
Feature Inner bank = 1, Outer bank = 2, Scour pool = 3, Riffle/Run = 4 
Structure Log sill = 1, None = 2, Rootwad = 3 
Power Median value of equation (5) 
Shear Median value of equation (6) 
Bank HG Median hydraulic gradient between stream stage and floodplain well using eqn (7) 
Fldpln HG Median hydraulic gradient between floodplain wells using equation (7) 
Inundation Median value of equation (8) 
Discharge Median discharge value 

Within subject effects were also tested over time using AxDate as the explanatory 

variable where A is the effect parameter. 

4.3 RESULTS 

The average channel dimensions taken from all the survey records in comparison to 

the design cross section are shown in Table 4.2.  Moderate bank slumping occurred during 

construction and over the first year of monitoring.  The slumped banks resulted in a wider top 

width and larger area than the designed channel dimensions.  Scouring of a low flow channel 

and increased max depth were also apparent.  More recent surveys revealed some deposition 

on the bed and toe of banks. The overall channel dimensions fell within the design range of 

average depths and W/D ratios. 
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Table 4.2: Mean cross sectional dimensions measured during the surveys compared to the 
design cross section.  The stream was constructed using a uniform trapezoidal cross sectional 

design.  Means not connected by the same letter are significantly different. 
Feature Structure Max Depth 

m 
Width 

m 
Area 
m2 

Ave Depth 
m 

W/D Side Slope 
x:1 

Design - 0.5-0.6 4.3 1.5-1.7 0.3-0.4 10.9-12.3 2.5 
Riffle/Run None 0.66 CD 4.91 A 1.91 B 0.39 C 13.46 AB 3.39 B 
Riffle/Run Rootwad 0.72 AB 5.06 A 2.23 A 0.46 A 12.17 BC 2.36 D 
Pool/Glide None 0.64 D 4.94 A 1.76 C 0.36 D 14.22 A 3.75 A 
Pool/Glide Rootwad 0.69 BC 4.66 B 1.88 BC 0.41 BC 11.99 C 2.97 C 

Log Sill Rootwad 0.77 A 4.37 C 1.89 B 0.43 AB 10.31 D 2.98 C 

Structures were observed to have a significant impact on side slope data.  Log sills, 

most outer banks in meander bends, and some riffle/runs were constructed with root wads.  

By armoring and physically protecting the banks from slumping and scour, root wad 

structures prevented an increase in side slope during the study.  Cross section banks with no 

structures had significantly shallower side slopes than banks protected by root wads 

(ANOVA, alpha = 0.05).  The mean side slope for riffle/runs and pool/glides with no 

structure was 3.5:1.  This slope likely indicates a stable angle of repose or internal friction 

angle characteristic to the site soils, as the overall mean side slope did not change 

significantly over the survey period based on statistical analysis over time (ANOVA, alpha = 

0.05). 

Riffle/runs were typically constructed with rootwads at the head and bottom of the 

restored reach, where the original stream met the constructed channel and where the new 

channel tied into the downstream culvert.  These cross sections were wider, deeper, and 

larger in bankfull area than the average cross sections.  Pool/glides and log sills with 

rootwads were deeper and narrower, with a low width-to-depth ratio because of the physical 

constraints created by the rootwads armoring the banks. 

Statistical ANOVA tests revealed significant differences in the stable side slopes 

observed in cross sections defined by feature.  This result indicated that riffle/run features 

and meander bends developed subtle differences in geometry based on fluvial or geotechnical 

influences.  Constructed stream channel dimensions were essentially uniform, thus the 
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measured channel dimension reflected mostly natural processes rather than anthropogenic 

influence. 

In order to link the observed geometry to seepage and wetting processes, the survey 

results were compared to water table and stream stage monitoring data.  Discharge was 

estimated using stream stage data, velocity measurements, and the channel cross sectional 

area.  Stream stage and discharge estimates made it possible to record the number of bankfull 

events over a continuous discharge hydrograph.  The results are shown in Figure 4.4. 
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Figure 4.4:  Daily maximum discharge measurements made during the study.  Individual 
survey dates are indicated as well as bankfull events (BF). 

The first year of data collection indicated low flow in the stream, with intermittent 

dry periods.  Flow was characterized as free-flowing with more rapid downstream drainage.  

Another dry period occurred in August 2006, but overall 2006 was much wetter and drainage 

was slower.  Winters were typically wet, and summers were characterized by several large 
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BF 
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BF 
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discharge events.  Surveys were frequent initially, but were later taken only after major 

events.   

Unit stream power was calculated based on the water surface slope and calibrated 

velocity estimates.  The time series of unit stream power calculated at the channel thalweg 

using stream stage recorders is illustrated in Figure 4.5. 
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Figure 4.5: Maximum daily unit stream power versus discharge (a) and date (b), calculated 
from stream stage data and calibrated velocity estimates.  The maximum daily stream power 
was recorded during the peak discharge of 2.9 m3/s.  This discharge corresponded to 
Tropical Storm Ernesto in September 2006.   

(a) 

(b) 
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 Stream power was low during the first year of monitoring.  Peaks of stream power 

were recorded during the rising stage of event hydrographs.  Extreme peaks were typically 

followed by a large and sudden drop in stream power, due to backwater effects in the 

channel.  There was considerable hysteresis in the data, thus the relationship of stream power 

to discharge was inconsistent.  The range of calculated stream power was sufficient for 

sediment transport during most flows, based on Thorne et al. (1997) and a mean particle size 

of 0.2 mm measured at the site. 

The maximum boundary shear stress was calculated at the thalweg of the channel 

based on stage and slope data.  Figure 4.6 illustrates the shear stress records during the study. 
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Figure 4.6: Daily maximum hydraulic shear stress calculated from stream gage data versus 
discharge (a) and versus date (b).  The maximum shear stress was measured at 0.3 m3/s.  The 
maximum shear stress was recorded during storms in July and September 2006.   

(b) 

(a) 
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Shear stress was fairly consistent until major storm events in late 2006.  Tropical 

storm Ernesto occured in September 2006.  Backwater due to a flat slope in the midstream 

reach, friction in the channel, and downstream conditions led to diminished shear stress 

during high flows.  Another large storm occurred in November 2006.  During both of these 

events, the stream and floodplain were flooded for extended periods.  Flow was occasionally 

affected by beaver dams constructed in upstream and downstream areas.  In early 2006, 

upstream beaver dams dampened storm hydrograph peaks, which is reflected in both shear 

stress and stream power data.  In late 2006, beaver dams were more frequent in the 

downstream section, which created backwater conditions and sharp decreases in shear stress 

and stream power. 

Three transects of floodplain and stream stage monitoring wells were used to 

calculate the lateral shallow water table gradient.  The results from the middle transect are 

shown in Figure 4.7.  Upper and lower transects reflected similar patterns. 
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Figure 4.7: Shallow groundwater gradient as measured by adjacent monitoring wells in the 
floodplain and stream in the mid-stream transect.  The floodplain gradient was calculated 
based on adjacent floodplain wells.  The bank gradient was calculated based on the stream 
stage recorder and closest floodplain well.  Positive gradient indicated flow toward the 
stream. 

Gradient through the stream bank was more variable than that measured in the 

floodplain for the left bank.  The hydraulic gradient ranged from 5% to -5% in the transects, 

indicating high potential for seepage erosion.  The floodplain hydraulic gradient indicated the 

stream as a sink for local shallow groundwater for much of the year.  The gradient through 

the banks fluctuated, but the largest deviations from the mean were during summer months. 

The amount of bank inundation was calculated as a percentage of the total bank 

height during the study.  Total bank height was measured from thalweg to top of bank 

elevation in the permanent cross sections.  The results from cross section 16 are shown in 

Figure 4.8.  Other cross sections exhibited similar results. 
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Figure 4.8: Bank inundation as the percent total bank height for the left and right channel in 
the midstream reach.   

Bank inundation was also monitored using the measured water surface data and HEC-

RAS modeling of the water surface profile.  Each bank was assigned a % inundation 

depending on the water level in the channel with respect to the bank height.  The results 

shown in Figure 4.8 are the time series of % bank inundation for the left and right midstream 

channel banks.  The data indicated that the banks were only partially inundated on average, 

but became fully inundated for short periods during storm events.  Inundation greater than 

100% indicated that the stream channel overtopped.  There were also seasonal variations. 

 A multivariate statistical model was built to link hydrological and hydraulic processes 

with the observed channel form.  The longitudinal data set of stream surveys was used to 

represent stream morphology in terms of depth, width, side slope, and area.  The median 

stream power, shear stress, bank inundation, discharge, floodplain hydraulic gradient, and 

bank hydraulic gradient were used to represent hydrology and hydraulics within the restored 

reach.  Cross sectional features, structures, and bank were treated as nominal data to separate 

additional effects.  Time between surveys was used to measure the changes in channel 

geometry across process parameters. 

 Side slope was used as the dependent variable in a multivariate model.  The results of 

analysis are shown in Table 4.3. 
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Table 4.3:  Results of side slope multivariate model.  The model tested effects of channel 
geometry and fluvial/geotechnical parameters on side slope between permanent cross 

sections.  Date was also used to explain variance in side slope within cross sections over 
time.  P-values less than 0.05 were considered significant.. 

Effect Num DF Den DF F value Pr > F 
Width 1 202 23.27 <0.0001* 
Depth 1 202 0.800 0.372 
Area 1 202 0.620 0.432 
Bank 1 53 0.420 0.520 

Feature 2 53 2.440 0.097* 
Structure 1 1 11.380 0.183 

Stream Power 1 202 0.520 0.473 
Bank Inundation 1 202 0.260 0.613 

Bank HG 1 202 0.000 0.971 
Fldpln HG 1 202 0.500 0.481 

Shear Stress 1 202 0.640 0.426 
Discharge 1 202 0.030 0.862 
Width*Date 1 202 11.430 0.001* 
Depth*Date 1 202 5.670 0.018* 
Area*Date 1 202 6.160 0.014* 
Date*Bank 1 202 0.170 0.683 

Date*Feature 2 202 1.080 0.343 
Date*Structure 1 202 0.250 0.619 

Stream Power*Date 1 202 0.160 0.690 
Bank Inundation*Date 1 202 7.410 0.007* 

Bank HG*Date 1 202 0.210 0.650 
Fldpln HG*Date 1 202 0.270 0.606 

Shear stress*Date 1 202 0.120 0.726 
Discharge*Date 1 202 0.170 0.677 

Effects of Width, Feature, Width*Date, Depth*Date, Area*Date, and Bank 

Inundation*Date were significant explanatory variables within the full model of side slope.  

The estimate of trends within the model for the significant variables are shown in Table 4.4. 
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Table 4.4:  Trend estimates for significant independent variables in the side slope model.  
Positive values indicate direct correlation.  The magnitude indicates the strength of the 

correlation. 
Effect Estimate 
Width 1.26 

Inner Bank 0.06 
Outer Bank 1.00 
Scour Pool 1.66 
Riffle/Run 0.00 

Width*Date -0.01 
Depth*Date -0.02 
Area*Date 0.01 

Inundation*Date 0.02 

The trend estimates are indicators of positive or negative correlations of the 

individual response variables on side slope between cross sections.  Positive trends indicate 

direct correlations.  Negative values indicate inverse relationships.  The magnitude of the 

trend estimate is related to the strength of the correlation.  For instance, the side slope was 

positively correlated to width (p<0.0001) with a trend estimate of 1.26.  This result was a 

strong correlation illustrating that wide cross sections tended to have shallower slopes.  Inner 

bank, outer bank, riffle/run, and scour pool were the different features in the stream, and 

were significantly correlated to side slope.  Riffle/Run features were ‘zeroed’ in the model, 

and the trend estimate reflects the relative difference in side slope compared to the mean 

riffle/run side slope.  The mean side slope of outerbank and scour pool features was 

significantly different from mean riffle/run side slope.  The incorporation of date in the 

model also indicated significant changes in side slope over time and their effects within 

individual cross sections.  Width and depth were negatively correlated with changes in side 

slope over time.  The side slopes of wider and deeper cross sections were becoming steeper 

over time.  Area and inundation were positively correlated to the change in side slope.  Cross 

sectional side slopes with larger bankfull area were becoming shallower between surveys.  

High median bank inundation also indicated an increase in side slope between surveys. 

A complete model of cross sectional width as the dependent variable was tested using 

the same multivariate analysis.  The results are shown in Table 4.5. 
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Table 4.5: Results of width multivariate model.  The model tested effects of channel 
geometry and fluvial/geotechnical parameters on width between permanent cross sections.  
Date was also used to explain variance in width within cross sections over time.  P-values 

less than 0.05 were considered significant. 
Effect Num DF Den DF F value Pr > F 

Side Slope 1 202 18.88 <0.0001* 
Depth 1 202 0.79 0.375 
Area 1 202 0.28 0.595 
Bank 1 53 5.25 0.026* 

Feature 2 53 0.56 0.573 
Structure 1 1 0.96 0.506 

Stream Power 1 202 26.27 <0.0001* 
Bank Inundation 1 202 0.02 0.878 

Bank HG 1 202 0.38 0.540 
Fldpln HG 1 202 10.27 0.002* 

Shear Stress 1 202 0.81 0.368 
Discharge 1 202 10.61 0.001* 

Side Slope*Date 1 202 7.12 0.008* 
Depth*Date 1 202 0.6 0.439 
Area*Date 1 202 1.71 0.192 
Date*Bank 1 202 2.49 0.116 

Date*Feature 2 202 2.32 0.101 
Date*Structure 1 202 2.16 0.143 

Stream Power*Date 1 202 5.4 0.021* 
Bank Inundation*Date 1 202 1.27 0.262 

Bank HG*Date 1 202 4.47 0.036* 
Fldpln HG*Date 1 202 5.48 0.020* 

Shear stress*Date 1 202 0.25 0.616 
Discharge*Date 1 202 22.2 <0.0001* 

Side slope, stream bank, stream power, floodplain hydraulic gradient, discharge, Side 

Slope*Date, Stream Power*Date, Bank Hydraulic Gradient*Date, Floodplain Hydraulic 

Gradient*Date, and Discharge*Date were significant explanatory variables of channel width 

based on the statistical model.  The trends associated with the significant effects are shown in 

Table 4.6. 
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Table 4.6: Trend estimates for significant independent variables in the width model.  
Positive values indicate direct correlation.  The magnitude indicates the strength of the 

correlation. 
Effect Estimate 
Side Slope 0.15
Left Bank -0.39
Right Bank 0.00
Stream Power 0.99
Fldpln HG 68.12
Discharge 15.17
Side Slope*Date 0.00
Stream Power*Date 0.00
Bank HG*Date 0.17
Fldpln HG*Date -0.32
Discharge*Date -0.22

The trend estimates in Table 4.6 are related to channel width.  There was a positive 

correlation between side slope and channel width, which means cross sections with shallow 

side slopes tended to be wider.  There were significant differences between channel banks.  

The low p-value in Table 4.5 and negative estimate in Table 4.6 mean that left and right 

banks were significantly different between cross sections, most likely related to inner and 

outer banks and rootwads.  Outerbanks were more likely to have rootwads.  Side slope and 

stream power were also positively correlated to changes in width between surveys, but the 

trend estimate less than two significant digits in Table 4.6.  The relative strength of the 

relationship between side slope, stream power, and width was weak.  Bank hydraulic gradient 

was positively correlated to width over time within cross sections.  Cross sections that 

experienced an increase in width tended to have high bank seepage.  Floodplain hydraulic 

gradient and discharge were negatively correlated to width within cross sections over time.  

Floodplain hydraulic gradient reflects the relationship between the stream and the local 

shallow groundwater table.  The result means that during periods when the stream was a sink 

to local groundwater drainage, the width tended to decrease.  Increases in median discharge 

tended to reflect decreases in width over time. 

Maximum channel depth was modeled using multivariate analysis.  The results are 

included in Table 4.7. 
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Table 4.7:  Results of maximum depth multivariate model.  The model tested effects of 
channel geometry and fluvial/geotechnical parameters on maximum depth between 

permanent cross sections.  Date was also used to explain variance in maximum depth within 
cross sections over time.  P-values less than 0.05 were considered significant. 

Effect Num DF Den DF F value Pr > F 
Side Slope 1 202 18.88 0.4997 

Width 1 202 0.79 0.002* 
Area 1 202 0.28 <0.0001* 
Bank 1 53 5.25 0.984 

Feature 2 53 0.56 <0.0001* 
Structure 1 1 0.96 0.801 

Stream Power 1 202 26.27 0.3828 
Bank Inundation 1 202 0.02 <0.0001* 

Bank HG 1 202 0.38 0.979 
Fldpln HG 1 202 10.27 0.777 

Shear Stress 1 202 0.81 0.316 
Discharge 1 202 10.61 0.002* 

Side Slope*Date 1 202 7.12 <0.0001* 
Width*Date 1 202 0.6 0.024* 
Area*Date 1 202 1.71 <0.0001* 
Date*Bank 1 202 2.49 0.770 

Date*Feature 2 202 2.32 0.0001* 
Date*Structure 1 202 2.16 0.564 

Stream Power*Date 1 202 5.4 0.310 
Bank Inundation*Date 1 202 1.27 <0.0001* 

Bank HG*Date 1 202 4.47 0.713 
Fldpln HG*Date 1 202 5.48 0.816 

Shear stress*Date 1 202 0.25 0.399 
Discharge*Date 1 202 22.2 0.0112* 

Width, Area, Feature, Bank Inundation, Discharge, Side Slope*Date, Width*Date, 

Area*Date, Date*Feature, Bank Inundation*Date, and Discharge*Date were significant 

explanatory variables within the statistical model of maximum depth.  The trend estimates 

are shown in Table 4.8 for the significant variables. 
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Table 4.8:  Trend estimates for significant independent variables in the depth model.  
Positive values indicate direct correlation.  The magnitude indicates the strength of the 

correlation. 
Effect Estimate
Width -0.04
Area 0.27
Inner Bank 0.09
Outerbank 0.05
Scour Pool 0.12
Riffle/Run 0.00
Inundation 0.20
Discharge -1.78
Side Slope*Date 0.01
Width*Date 0.00
Area*Date 0.00
Date*Inner Bank 0.00
Date*Outer bank 0.00
Date*Scour Pool 0.00
Date*Riffle/Run 0.00
Inundation*Date 0.00
Discharge*Date 0.01

Wide cross sections tended to be shallower.  Cross sections with large bankfull areas 

tended to be deeper.  The maximum depth of inner bank, outer bank, and scour pools were 

compared to riffle/run features.  The trend estimates indicate relative difference between 

features, and the results mean that channel depth of scour pools were significantly different 

to riffle/runs.  Inundation was positively correlated to depth, meaning that deeper cross 

sections tended to have greater median bank inundation.  Most likely this reflects the depth of 

scour pools which tended to have a deeper normal flow depth.  Discharge was strongly and 

negatively correlated to maximum depth between cross sections.  This means that discharge 

had a stronger effect on shallower cross sections.  Most of the significant date correlations 

within cross sections had very weak trends.  Only side slope and discharge were significantly 

correlated to changes in depth between surveys, and had estimates within the significant 

digits of this study.  An increase in side slope tended to occur with an increase in depth.  This 

trend may reflect the tendency of the channel banks to slump when the bed sediments 

scoured out.  Discharge was positively correlated to changes in depth, which means that an 

increase in discharge resulted in an increase in maximum depth within cross sections. 
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Channel evolution was divided into two distinct periods: an initial alluvial period 

directly after construction and a stable threshold period after the second growing season 

characterized by dense, low lying herbaceous vegetation.  Vegetative cover changed 

dramatically over the study.  The first growing season and year of monitoring, vegetation was 

sparse.  However, in Spring 2006, the woody and grass species in the bed and banks of the 

channel became very dense.  The change in vegetation clearly affected the results of the 

survey data.  Figure 4.9 illustrates sequential vegetative establishment at the restored site. 

 
Figure 4.9:  Channel evolution and vegetation establishment.  Photographs were taken at the 
same location in the following order, clockwise from top left:  Spring 2005 with initial 
vegetation, Spring 2006 with dense vegetation establishment, Spring 2007 illustrating 
continued vegetation succession and low flow channel development, and Fall 2005 
illustrating ripple bedforms that reflected considerable sediment transport during the first 
year of monitoring.  Bedforms were not apparent in 2006, but some were observed in the low 
flow channel in 2007. 
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Soil was a distinct qualifying condition for the bank side slopes measured at the 

restored stream.  Soil profiles taken at the site contained a 0-12 cm of loamy sand epipedon, 

underlain with 50-60 cm of sandy clay loam that was very massive with frequent mottles.  

The sandy clay loam was restrictive to hydraulic conductivity, and was underlain by a deeper 

fine sand material with positive pore water pressure.  Wells installed below the clay layer had 

water levels above ground surface for much of the year.  The deep sand layer was gleyed and 

had very high conductivity based on particle size distribution.  Based on the profiles, the soils 

at the restoration site were best described by the Grifton soil series from the Jones County 

Soil Survey (USDA, 2007).  Grifton soils are fine-loamy, siliceous, semiactive, thermic 

Typic Endoaqualfs.  Parent material is described as loamy fluviomarine deposits over marly 

sandy and clayey alluvium.  Figure 4.10 illustrates the typical soil profile, taken from soil 

borings in the floodplain.  The figure also shows an example of piping erosion seen during 

construction, and a rotational failure of a small section of stream bank. 
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Figure 4.10: Soil profile showing sandy loam epipedon (0-15 cm), sandy clay loam B 
horizon (15-56 cm), and underlying sand material (below 56 cm) (left); piping erosion 
observed during construction (top right); and bank rotational failure with tension crack 
(bottom right). 

Soils at the site were a result of construction techniques.  0.6 m of soil was removed 

to lower the floodplain elevation.  15 cm of top soil was stock piled and reapplied after 

construction of the channel.  The resulting soils are typical of fluvial and marine deposited 

soils in Eastern North Carolina.  The bank soils were susceptible to seepage erosion due to 

piping and sapping of the underlying sand layer. 

Figure 4.11 shows the relationship between the thalweg of the channel and the 

elevation of the underlying sand layer.  Elevations were taken from a total station survey 

performed in 2007.  Figure 4.11 also shows the changes in channel top width between two 

total station surveys taken in March 2006 and March 2007. 
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Figure 4.11: Elevation of the channel thalweg versus the measured clay-sand horizon 
boundary (top) and changes in channel top width from 2006 to 2007 (bottom).  The areas 
with considerable change in top width are highlighted by arrows, and correspond with a 
flatter section of the restored stream and an area below the clay-sand boundary.  Elevation 
values are relative to an arbitrary benchmark. 
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The width in Figure 4.11 was determined from top of bank surveys using a total 

station.  Much of the variation in surveyed top width was due to the precision of total station 

surveys.  The measured points were not consistent between surveys.  However, two locations 

show distinct changes in top width from 2006 to 2007: stations 250-315 m and stations 40-90 

m.  Stations 40-90 m was in an area where the constructed channel penetrated the underlying 

sand layer.  The non-cohesive fine sand material was susceptible to rapid seepage erosion 

and bank slumping.  Station 250-315 was related to an abrupt change in channel bed slope.  

The abrupt change in slope in the middle reach created conditions for greater bank 

inundation.  The flat slope created a deeper normal depth of flow.  The depth of the channel 

varied across the reach and was correlated to log sill structures, channel feature, bank 

inundation, and discharge. 

4.4 DISCUSSION AND CONCLUSIONS 

The restored stream channel was stable during the study, with channel dimensions 

slightly wider, deeper, and larger in bankfull area than designed.  Soil, vegetation, and 

hydrologic conditions were influential in defining the final channel geometry.  Inundation, 

seepage, and discharge were significant process parameters related to changes in channel 

geometry.  Stream power and shear stress were not significantly correlated to measured 

changes in cross sectional geometry. 

Frequent permanent cross section surveying formed a longitudinal data set that 

required particular statistical analysis.  Multivariate modeling of side slope, width, and depth 

with the measured hydrology and hydraulics revealed significant process parameters related 

to changes in channel geometry.  Side slope and width were correlated to bank inundation, 

discharge, and hydraulic gradient through the stream banks and floodplain.  Construction 

issues exacerbated these processes.  Penetration of the stream banks into a pressurized sand 

layer created conditions for seepage erosion.  A change in bed slope in the midstream reach 

increased bank inundation.  The levee constructed along the top of the banks most likely 

increased infiltration through the bank, lowering effective cohesion.  Excess soil moisture 

strongly affects bank stability. 



 91 

Sustained high water table and stream stage were recorded in the winter months.  The 

negative correlation between changes in width to floodplain hydraulic gradient and discharge 

could relate to channel narrowing in winter months.  Shear stress and stream power were 

typically moderate in winter. 

The channel became heavily vegetated during the second year of monitoring.  Dry 

summer periods and slumped bank material made favorable conditions for vegetation 

establishment.  Vegetation and downstream conditions lowered stream power and shear 

stress by slowing down and backing up water in the channel.  The vegetation also physically 

protected the bed from scour.  A stable low flow channel formed at the thalweg of the stream.  

Changes in maximum depth were correlated to channel discharge.  The results illustrated no 

significant relationship between channel depth and shear stress or stream power.  This 

finding was unexpected, and reflected the low gradient, backwater conditions of the stream 

system.  Rather, structures and features were more closely correlated with depth. 

Stream and shallow groundwater interactions were significant in defining channel 

stability and geometry.  This study was useful in illustrating significant field based process 

parameters related to stream form.  Layered stream banks with distinct changes in hydraulic 

conductivity and clay content are susceptible to seepage erosion if sufficient hydraulic 

gradient or infiltration conditions exist.  Further stream bank modeling and research should 

be directed at the impact of seepage and inundation forces on bank stability and channel 

evolution. 
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CHAPTER 5: Seepage Erosion in Fluviomarine Stream Bank Material 

Abstract.  Stream bank erosion is a major source of sediment to streams and rivers, which in 

excess leads to poor water quality and habitat degradation.  Laboratory experiments were 

conducted on reconstructed stream banks of fluviomarine material in intermediate-scale soil 

lysimeters to study the process of shallow groundwater movement and subsurface seepage 

through stream banks.  The goal of the study was to determine the effect of seepage, pore 

water pressure, and bank geometry on erosion and bank stability.  The experiments were 

performed on field soil from a stream site in the Coastal Plain of North Carolina that 

consisted of a sandy clay loam top soil underlained by fine sand.  The experiments indicated 

that the process of shallow groundwater flow and seepage alone resulted in bank failures. 

Under conditions of positive pore water pressure, the underlying sand layer reached a 

liquid limit and deformed due to the overburden pressure of the loam layer.  Pop out failures 

were observed in the underlying sand material.  The loam layer failed along a linear failure 

plane despite negative pore water pressure and apparent cohesion near the bank face.  The 

average side slope was consistently shallower after failure.  Reducing the initial bank 

gradient did not effectively increase bank stability.  The volume of eroded sediment 

increased with decreased bank slope due to a greater mass required to overcome cohesive and 

frictional forces along the failure plane.  The percentage of the bank exhibiting saturated 

conditions was consistent during failure, indicating the importance of soil water content on 

slope stability.  Seepage particle mobilization was not apparent. 

The laboratory study was able to recreate bank failures observed in the field, and 

allowed detailed data collection of a failure mechanism unique to the fluviomarine soil type.  

Future bank modeling should include indices of stability for layered soil systems and 

liquefaction or pop out failure of sandy soils with low cohesive strength. 

Key words: stream bank stability, seepage erosion, shallow groundwater flow, sapping, 

piping 
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5.1 INTRODUCTION 

Research exploring lateral forces on stream banks is important for promoting an 

understanding of stream evolution, slope deformation, sediment transport, and channel 

widening processes.  The forces effecting bank stability are classified as geotechnical, 

fluvial, aeolian, and mechanical.  Geotechnical instability is a characteristic of the soil 

properties.  Fluvial instability would result directly from hydraulic shear and bank scouring 

phenomenon.  Aeolian weathering includes wind generated wave shear stress against the 

banks.  Mechanical weathering includes freeze/thaw cycles and shrink/swell actions in 

certain clay materials.  Geotechnical failure due to a rotational bank slump is indicated in 

Figure 5.1.  Geotechnical failure mechanisms depend on the stratigraphy of the soil and bank 

geometry. 

Piping is sediment erosion due to macropore flow, while sapping describes bank 

collapse due to seepage undercutting.  Seepage is the movement of water and contributor of 

force (Haggerty, 1991; Fredlund et al., 1978; Springer et al., 1985; Howard and McLane 

1988; Hey, 2005; Wilson et al., 2006; Fox et al., 2006; Fox et al., 2007).  Piping is a 

significant factor in the formation of regional drainage systems, and the occurrence is 

distributed throughout the world, most common in alluvial soil deposits with natural layering 

where flow concentrates in pervious strata (Hagerty, 1991). Piping results in sediment 

displacement by subterranean flow exiting at the bank surface.  A significant hydraulic 

gradient at the exit location creates enough seepage force to lift and entrain sediment 

particles, overcoming tractive and gravity forces.  Displaced sediment particles are more 

susceptible to erosion (Hagerty, 1991).  Up to 90% of stream sediment yield is contributed by 

stream bank erosion (Rosgen, 2006).   

In the humid climate of Eastern North Carolina, the majority of excess rainfall travels 

as surface runoff in poorly drained soils (Evans et al., 2000).  Soils directly adjacent to 

streams are typically better drained, and the majority of excess rainfall infiltrates and travels 

as shallow groundwater flow toward the stream (Heath, 1980).  The regional hydrological 

conditions exacerbate the likelihood of seepage erosion on stream banks.  Fluviomarine soil 
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deposits are typically highly weathered material, but fairly youthful (~200,000 years).  

Minerology can be mixed, and structure development low (Goodwin, 1989). 

In modeling the transport of sediment from a stream bank face, Howard and McLane 

(1988) showed that at the onset of incipient motion, the forces are balanced between tractive 

forces due to fluvial stress, seepage forces due to the hydraulic gradient at the bank face, and 

gravity forces acting on the soil particle.  The resistance of soil to failure is often described 

using soil shear strength.  Soil shear strength is a measure of resistance to failure under 

applied force, as defined by the Mohr-Coulomb equation (1): 

tanCτ σ φ= +       (1) 

where τ is the soil shear strength, C is cohesion, σ is the normal stress or overburden 

pressure, and φ is the internal friction angle. 

The strength of soil changes considerably with moisture content.  Atterburg 

consistency limits are valuable indices describing soil fabric dynamics under changing 

moisture content.  These include the cohesion limit, the moisture content at which soil 

becomes cohesive; the plastic limit, at which soil deforms plastically under stress; the liquid 

limit at which soil flows under defined moderate stress; and the shrinkage limit at which 

cracks form in the soil matrix (Bryan, 2000). 

Fredlund et al (1978) modeled total cohesive strength, C, in unsaturated conditions as 

the sum of effective cohesion, c’, and apparent cohesion:. 

C = c’ + ψtanφb     (2) 

where ψ is soil water tension and φb is the soil internal friction angle. 

Apparent cohesion is dependent on the total normal stress (σ), the pore air pressure 

(μa), and the pore water pressure (μw).  In unsaturated conditions, pore water pressure can be 

both positive (infiltration and draining profiles) or negative (capillary forces).  The internal 

friction angle is also dependent on the stress state variables used in modeling unsaturated soil 

conditions, thus the shear strength model becomes the following:  
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( ) ( )' tan ' tan b
a a wcτ σ μ φ μ μ φ= + − + −    (3) 

This form of the soil shear stress equation allows for variable pore water pressure in 

only one stress state variable (Fredlund et al., 1978).  Pore water pressure must always be 

accounted for in bank stability analyses (Haggerty, 1991).     

In a bankfull event, the stream banks are saturated during the rising limb of the 

hydrograph.  During the falling limb, the banks lose the confining hydrostatic pressure of the 

water, and rotational failure can occur.  A rapid drawdown of the river level and seepage of 

the local water table can increase the soil pore water pressure.  The effective unit weight of 

the soil is increased due to wetting and subsequent removal of buoyant forces provided 

during high water stages.  The forces acting on a 2-dimensional wedge of soil in a stream 

bank with the formation of a tension crack are broken up into driving and resistive forces.  

The driving force is dependent on the weight component of the wedge, the hydrostatic water 

pressure in the stream, and water pressure behind the wedge (in tension cracks).  The 

resistant force is dependent on friction between the wedge and underlying soil.  Rising 

stream stage, particularly during dry bank soil conditions, will create buoyant uplift forces 

under the wedge, effectively reducing friction.  The uplift force acting under the wedge and 

confining water pressure force acting against the wedge are calculated assuming hydrostatic 

conditions.  Uplift reduces normal forces and friction, reducing wedge stability.  Balancing 

these terms in the driving and resistant force equations typically determines a factor of bank 

stability (Springer et al., 1985; Simon et al., 2002; Hey, 2005). 

In Mississippi, erosion due to seepage was found to form cavities in stream banks 

with layered soils of differing conductivity (Fox et al., 2006; Wilson et al., 2006).  High 

permeable soils eroded out from stream banks, and caused overhanging soil layers to fail.  

Banks failed by undercutting and cantilever failure of the cohesive layers.  The use of soil 

lysimeters in lab experiments further clarified the role of sediment transport, undercutting, 

and soil moisture content during failure.  Seepage forces, fluvial entrainment, infiltration, and 

the stream hydrograph were all significant factors in bank stability (Simon et al., 2000).  

Detailed analyses of bank stability in semi-arid regions of the western US, have shown that 
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long term moderate to high flows tended to saturate stream banks and removed matrix 

suction (Simon et al., 2002).  In the Sieve River in Italy, Casagli et al. (1999) reported that a 

small reduction of matrix suction resulted in a dramatic reduction in bank factor of safety.  

The falling limb of the hydrograph was the most susceptible period for failure.  Ullrich et al. 

(1986) found hydraulic conductivity, capillary forces, slope of underlying sand seams, and 

water tension in tension cracks to be the most significant forces in bank stability.  The flood 

hydrograph, while significant, was less important in explaining bank stability.   

Less research effort has been documented for seepage erosion and failure 

mechanisms in stream banks of restored systems.  At a stream restoration site in Eastern NC, 

stream banks in a fluviomarine, layered soil were found to slump despite gradual side slopes 

during post construction monitoring.  A final stable side slope was observed at a mean bank 

angle of 16° (Lindow, 2007).  The monitoring results prompted the current study, which used 

laboratory methods to analyze a two-dimensional cross section of the stream bank under 

seepage forces to determine the effect of side slope on bank stability. 

5.2 MATERIALS AND METHODS 

A laboratory scale soil lysimeter was used to mimic stream banks at a restored 

channel in Craven County, NC.  The restoration site was in the Lower Coastal Plain region, 

where site soils consisted of layered fluvimarine deposited sediment.  The soils were similar 

in characteristics to a Grifton soil type (USDA, 2007).  The epipedon was a loamy sand (0-15 

cm), underlain by a massive sandy clay loam horizon from 15 to 60 cm with low hydraulic 

conductivity.  Parent material consisted of gleyed, noncohesive, and highly conductive fine 

sand below 60 cm.  A newly constructed channel was completed in March 2005 with the bed 

elevation in the fine sand parent material.  The local shallow water table exhibited a 

significant hydraulic gradient as it drained to the newly built channel.  The conclusion of 

field research was that the local groundwater hydraulic gradient and frequent bank inundation 

were significantly correlated to stream bank deformation (Lindow, 2007).  The mechanism 

for seepage erosion was not fully documented, and it was believed that hydraulic gradient 

alone could not have created significant sapping erosion given the flat topography of the site. 



 99 

The lysimeter was previously used in analysis by Fox et al. (2006) and Wilson et al. 

(2006).  The lysimeter was constructed of 2 cm thick clear plexiglass material and measured 

100 cm in length, 50 cm in height, and 15 cm in width.  A vertical water reservoir at one end 

was used to control an adjustable constant head.  A porous plate with 0.32 cm diameter 

perforations was used to separate the water in the reservoir from the soil.  A flumed outlet at 

the other end allowed for sediment and discharge sampling. 

The sides of the lysimeter were instrumented with an array of 12 pencil sized 

tensiometers (Soil Measurement Systems, Tuscan, AZ).  The tensiometers were installed 

through 1.5 cm holes drilled in the side of the lysimeter to a depth of 15 mm.  Measurements 

were located 15, 30, and 60 cm from the bank face at heights of 2.5, 9.5, 14.5, and 30 cm to 

allow for pore water pressure readings in each of the soil layers.  The allowable range of pore 

water pressure readings was -80 to 5 cm H2O.  Pressure was recorded by individual pressure 

transducers (Soil Measurement Systems, Tuscan, AZ), connected to a CR10 datalogger 

(Cambell Scientific, Logan, UT).  Pore water pressure was recorded at 10 s intervals.  A 

diagram of lysimeter dimensions and tensiometer locations is shown in Figure 5.2. 

Constant head in the inflow reservoir was maintained using a Marriott bottle.  The 

bottle was set on an HW-60 KGL scale (A&D Company, Ltd, Tokyo, Japan) in order for 

measurement of inflow in units of mass lost per time at +/-5g resolution.  

Soil was collected from the site in Craven County and shipped to the Biosystems 

Engineering Lab at Oklahoma State University for testing.  Approximately 300 kg of sandy 

clay loam material and 90 kg of fine sand material was collected from a pit dug in the 

floodplain of the Craven County site.  Particle size was analyzed using the hydrometer 

method from Gee and Or (2002), and the results are shown in Table 5.1. 

The soil was processed prior to testing by drying to an optimal packing moisture 

content of 11-14% for the loam and 12-18% for the sand.  The optimal moisture was 

determined by previous testing by Fox et al. (2006).  The soil was passed through an 8 mm 

sieve and then packed in the lysimeter in lifts.  Each lift was packed to the desired bulk 

density of 1.3 g/cm3 using 2 cm layers.  The re-constructed banks were 34 cm high, with 24 
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cm of loam over 10 cm of sand.  The outlet to the lysimeter was controlled by a removable 

plexiglass sliding plate during packing.   

Three lysimeter tests were performed at bank angles of 90°, 45°, and 26.6° to test the 

effect of initial side slope on bank stability and mass of erosion.  Slopes were achieved by 

cutting into the bank after packing and removing soil to the desired bank angle. During each 

run, measurements of inflow, outflow, pore water pressure, and sediment flux were collected.  

The pressure head was held equivalent to total bank height for each test.  Time series 

photographs and video were captured to document bank failure dynamics.  The experiments 

were run until failure occurred at the surface.  The final geometry, failure angle, location of 

tension crack, and mass of eroded material were measured at the end of each run.   

5.3 RESULTS 

90° Bank 

The first bank was constructed with a 90° bank angle.  The sand layer was packed 

from 0-10 cm and the loam layer from 10-24 cm.  The inflow reservoir was filled to a 

constant head of 34 cm at t = 0 s.  Initial seepage was observed from the bottom of the sand 

layer face at t = 2760 s (0.77 hrs).  Initial failure at the bank toe occurred at t = 3960 s (1.1 

hrs), progressively undercut to a depth of 14 cm, until t = 28800 s (8 hrs) when the 

overhanging loam bank failed.  The sand material exhibited some cohesive strength during 

the experiment, and erosion due to piping was not apparent.  The sand layer liquefied upon 

saturation or under slight positive pore pressure.  The material progressively slumped or 

failed as rotational or cantilever wedges as the wetting front saturated the material.  The 

undercut reached a depth of 9 cm into the bank face, when small cantilever slices began 

falling out from under the loam layer.   The loam material was stable until pore pressure 

approached zero, and the soil lost apparent cohesive strength.  Inflow was steady at 1.3 L/hr 

during failure.  The final bank geometry is shown in Figure 5.3. 
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45° Bank 

The second run was constructed with 45° bank angle and similar sand and loam layer 

thicknesses as the first run.  The initial head in the  reservoir was 32 cm, but was raised to 35 

cm at t = 121500 s (33.75 hrs) after equilibrium saturation had occurred without significant 

piping or bank slumping.  The onset of erosion at the toe of the slope was observed at t = 

123405 s (34.28 hrs).  The sand material slumped from under the loam material, but piping 

erosion and sediment transport was not observed.  The bank slope failed in three 

progressively larger wedges, with complete failure to the top of bank occurring at t = 127200 

s (35.33 hrs).  The steady state inflow recorded at failure was 1.5 L/hr.  Geometry and soil 

conditions at failure are shown in Figure 5.4. 

26.6° Bank 

The third lysimeter test was run with an initial bank angle of 26.6°, which 

corresponds to a 2:1 bank slope.  The soil preparation and packing procedure was similar to 

previous tests.  The test began at t = 0 s with a head of 33 cm in the inflow water reservoir.  

Seepage and erosion at the toe of the slope was noticed within minutes of testing..  The 

gradient through the bank was sufficient to create a seepage zone along the upper bank and 

fluvial zone along the lower sand layer.  Considerable sediment transport was recorded with 

a peak sediment flux of 0.142 kg/kg at the outlet flume.  Steady state inflow at failure was 

23.7 L/hr as recorded by the Marriott bottle and scale, which was an order of magnitude 

higher than the other test runs.  The bank failed as a large slumping wedge under fully 

saturated condition.  Water collected in tension cracks was noted to accelerate wedge 

slumping.  The time at failure was t = 470 s (0.13 hrs).  Figure 5.5 illustrates the final bank 

geometry and soil conditions of the bank at failure. 

The volume of eroded material and final average bank angle were recorded for each 

of the lysimeter test runs.  The location of tension crack and angle of the failure plane were 

also noted.  Results of the lysimeter experiments are summarized in Table 5.2. 

Volume and mass of failure wedges increased with decreasing initial bank angle.  The 

time required for failure decreased with decreasing initial bank angle.  The final average 
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bank angle was consistently shallower than the initial bank angle.  The failure plane angle 

was similar to initial bank angle for each test.  Figure 5.6 illustrates a time series of pore 

water pressure data measured in the bank soils using the tensiometers. The percent of 

tensiometers indicating saturation at failure was consistent between tests.  Full bank 

saturation and positive pore water pressure was not observed in all the tensiometers.   

Soil in the lysimeter generally saturated from bottom to top, inlet to outlet.  Saturation 

and positive pore water pressure in the lower sand tensiometer closest to the outlet generally 

preceded seepage.  Both the lower and middle tensiometers indicated fully saturated, positive 

pore water pressure in the sand layer at bank failure.  However, the tensiometers in the loam 

layer closest to the failure plane were unsaturated prior to failure (Figure 5.6).  Thus, some 

apparent cohesion was still available.  Failure was mainly due to liquefaction and piping by 

seepage through the underlying sand layer.   

5.4 DISCUSSION 

The failure mechanism for each bank angle was distinct.  The 90° bank failed as a 

cantilever wedge due to increasing mass under saturation, loss of apparent cohesion, and 

erosion of underlying sand material from seepage undercutting.  The 45° bank was observed 

to fail as a rotating wedge with a linear failure plane.  Undercutting of the sand layer was not 

apparent.  The 26.6° bank also failed as a rotating wedge with a linear failure plane.  

Sediment erosion due to tractive forces at the toe of the slope and water infiltrating through 

the tension cracks accelerated bank failure.   

From the lysimeter tests, the cantilever failure observed during the 90° bank resulted 

in a large wedge of sediment that collapsed away from the bank, directed toward the fluvial 

zone.  The rotational failures observed in the 45° and 26.6° bank tests remained in contact 

with the bank.  Rotational failure wedges are assumed less susceptible to further fluvial 

erosion due to the final location of failed material.  Fluvial erosion was noted by Hagerty 

(1991) as a necessary precursor for further erosion by seepage.     

The 26.6° bank was noted to have an inflow rate an order of magnitude higher than 

previous lysimeter tests.  The total volume of bank soil was 83% for the 45° bank and 66% 
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for the 26.6° bank test compared to the 90° bank test.  Due to the smaller volume of bank soil 

during the tests, the resulting saturated conditions occurred faster.  A degree of preferential 

flow through soil macropores was also apparent.  Small differences in antecedent moisture 

conditions between tests may have affected the results.  The increased flow rate and faster 

saturation to the top of bank both accelerated failure. 

Volume of failure increased with a decrease in initial bank angle.  The failure plane 

angle also decreased with initial bank angle.  The results indicated that the increased volume 

and mass of failure wedges was necessary to overcome cohesive and frictional resistance in 

the banks.  The bank failures occurred faster in the more gradually sloped banks, which 

coincides with results of lysimeter experiments conducted by Wilson et al. (2007).  Since the 

bank slope was achieved by cutting and removing soil from the bank face, saturation of the 

lesser soil volume occurred more rapidly in the more gradually sloped banks. 

It was interesting to note that each bank angle required similar percent total saturation 

for failure.  The effect of saturation and positive pore water pressure has been documented as 

a major contributor to stream bank collapse along the River Sieve, Italy (Casagli et al., 1999; 

Rinaldi & Casagli, 1999) and along Goodwin Creek, MS (Simon et al., 2000).  This 

phenomenon indicated that seepage and piping were influential in bank stability, despite a 

lack of particle mobility in the underlying sand layer.  It was important to note that no 

undercutting was observed in the 45° and 26.6° bank slopes.  The experiments indicated that 

the mechanism of failure by seepage was due to smaller pop-out failures along the sand layer 

face.  This was a unique observation to previous studies where seepage caused particle 

mobilization and undercutting prior to overhanging wedge failure (Fox et al., 2006, 2007; 

and Wilson et al., 2007).  The percent deviation from the initial bank angle varied from 30% 

for the 90° bank, to 17.7% for the 45° bank, and 19.5% for the 26.6° bank.  Further analysis 

is needed to verify a stable slope under these conditions.   

5.5 CONCLUSIONS 

Lysimeter experiments mimicking the stream banks of a restored stream channel in 

Eastern North Carolina indicated seepage erosion leading to “pop-out” failures was a critical 
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factor in determining bank stability in fluviomarine soils.  The result of a significant 

hydraulic gradient on stream bank soil was liquefaction of the underlying sand layer.  

Seepage particle mobilization was not apparent from relatively cohesive sand layer.   

As bank slope was reduced, a greater mass of sediment was necessary to overcome 

cohesive and frictional forces along the failure plane.  This resulted in a greater eroded 

volume for more gradually sloped banks.  The time to failure decreased with decreasing bank 

slope, as less time was required to saturate the smaller volume of bank soil.  The relative 

change in side slope decreased as bank angle changed from 90° to 45°.  However, the results 

do not indicate a stable slope under these environmental conditions and soil type.  The 

percentage of saturated soil in the bank at failure was similar between experiments which 

indicated that seepage was an important factor in determining bank stability at the stream 

restoration site. 

Results of the experiments indicate that seepage forces alone are capable of causing 

bank failures in the layered alluvial soils typical of Eastern North Carolina stream systems.  

Future bank stability modeling should include the unique failure mechanism expressed by 

stream banks in fluviomarine layered soils.  Positive pore water pressure and saturation in 

relatively cohesive sediment caused liquefaction and loss of stability even under gradually 

sloped banks.  The recommendation for future restoration is to avoid noncohesive sandy bank 

material and remove ponded water from the top of bank.  Slopes should be built shallower 

than 2:1 in fluviomarine material to mitigate for seepage effects. 
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Table 5.1:  Results of soil core and particle size analysis of floodplain soils sampled from stream restoration site in Craven County, 
NC. 

Horizon Particle Size SAND
% 

SILT 
% 

CLAY 
% 

Depth 
(m) 

Bottom 
Boundary 

Elevation (m) 
Ap Loamy Sand 82.5 12.5 5 0-0.12 13.1 

Bw Sandy Clay 
Loam 72.5 7.5 20 0.12-0.56 12.98 

Cg Sand 92.5 5 2.5 0.56-1.0 12.54 

Table 5.2:  Results of stream bank soil lysimeter tests indicating initial boundary conditions with final bank geometry and erosion 
measurements.  Time to failure was taken from initial observation of erosion at the toe of slope.  Tension crack was measured from the 

initial top of bank.  Final average bank angle was measured as the angle from the initial toe of slope to final top of bank.  Percent 
saturation was calculated as the percent of tensiometers indicating positive pore water pressure at failure. 

Initial 
Bank 
Angle 

Pressure 
Head 

Time to 
Failure*

Inflow at 
Failure 

Tension 
Crack** 

Failure 
Plane 
Angle 

Erosion 
Volume

Final 
Average 

Bank 
Angle 

Percent 
Saturation 

° cm s L/hr cm ° cc/cm ° % 
90 34 24840 1.3 17 90 423.3 63 63.6 
45 35 3795 1.5 11 55 512.7 37 66.7 

26.6 33 470 23.7 21 38 901.5 21 62.5 

*Time measured from initial bank toe erosion 

**Measured from initial top of bank 
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Figure 5.1:  Rotational stream bank failure mechanism 

 
Figure 5.2: Dimensions of lysimeter used in stream bank seepage analysis experiment.  
Setup matches that by Fox et al. (2006) and Wilson et al. (2006). 
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Figure 5.3:  Final bank geometry after failure of the initial 90° bank lysimeter run.  Failure 
angle, location of tension crack, average bank angle, pore water pressure at failure, and total 
eroded volume are shown at left.  Photo of failed bank shown at right. 

 
Figure 5.4: Final bank geometry of initial 45° stream bank lysimeter test after bank failure.  
Failure angle, location of tension crack, average bank angle, pore water pressure at failure, 
and total eroded volume are shown at left.  Photo of failed bank shown at right. 
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Figure 5.5:  Final bank geometry of initial 26.6° stream bank lysimeter test after bank 
failure.  Failure angle, location of tension crack, average bank angle, pore water pressure at 
failure, and total eroded volume are shown at left.  Photo of failed bank shown at right. 

 
Figure 5.6: Time series of pore water pressure measured in the tensiometers closest to the 
bank failure plane for the 90°, 45°, and 26.6° bank experiments.  Time of failure is indicated 
by the arrow.  The tensiometer was still equilibrating to soil moisture conditions in the upper 
loam for the 26.6° bank test. 
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CHAPTER 6: Local Scour and Energy Dissipation Downstream of Log Sills 

Abstract.  Proper design and construction of log sill structures is necessary for structural 

stability and function.  Log sill structures used for grade control and scour pool formation in 

a small sand bed stream restoration project were analyzed for geometry and hydraulics using 

field data, hydrodynamic modeling, and statistical analysis of results.  Data was collected 

from 8 sill structures with varied maximum scour pool depths, distance between structures, 

bed slopes, and sill heights.  The data was used to formulate an empirical relationship for 

head loss over the sills and maximum scour depth downstream of the logs.  The results 

indicate novel dependent variables for local scour predictive relationships under field 

conditions.  

Flow analysis was performed using River2D to model the two dimensional depth 

averaged velocity profile under steady state discharge conditions.  The maximum velocity 

and flow depth were exported from upstream and maximum pool depth cross sections.  A 

best fit model relating dimensionless channel hydraulic and geometric variables was created 

using a stepwise regression of the response surface variables.  A standard least squares linear 

analysis was performed on the significant variables to test significant explanatory power and 

interactive terms.  The resulting model illustrated the interaction of hydrodynamic parameters 

and log sill constructed geometry. 

Significant differences were found in variables affecting head loss over the log sills 

and maximum scour pool prediction.  Head loss over the sills was dependent on height of the 

sill above the bed and upstream turbulence.  Turbulence was estimated using the Reynolds 

number, and the results meant upstream depth and velocity were influential in head loss.  The 

maximum scour depth below the log sill was dependent on the morphologic jump, turbulence 

in the pool, and median bed particle size.  The Reynolds number was used to indicate pool 

turbulence, and could reflect the influence of downstream tailwater depth on scour pool 

depth.  Radius of curvature and log sill height were not significant explanatory variables for 

predicting scour pool depth.  The results verified earlier laboratory research on scour pools 

but revealed a dependence on flow turbulence that has been previously ignored.  In low 
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gradient, sand bed streams, the downstream conditions and Reynolds number are important 

predictive parameters. 

Key Words: Log sill, local scour, pool depth, stream restoration, large woody debris 

6.1 INTRODUCTION 

In-stream structures and bed form diversity have been shown to improve aquatic 

habitat in warm water stream restoration projects, more so than watershed scale best 

management practices alone (Shields, et al., 2006).  Log sills are instream hydraulic 

structures that mimic partially buried natural large woody debris.  The purpose of a log sill is 

to protect the grade of the upstream channel bed.  Downstream of the structure, increased 

erosion forms a scour pool, providing habitat diversity.  Flow diversity also acts to dissipate 

energy and increase dissolved oxygen levels.  The depth at which to install the structures 

depends on the desired scour depth downstream, and excess scour could risk the integrity of 

the sill (Shields et al., 2004).  To date there is no universal scour depth prediction equations 

available, and engineers and scientists rely heavily on empirically based relationships 

(Hoffmans and Verheij, 1997). 

A typical constructed log sill and naturally occurring log sill in small low gradient 

sand bed channels are shown in Figure 6.1.  Thompson (2002) reported log sills installed 

during the 1930s were still efficient at protecting streams from vertical incision, suggesting 

long term grade control.  Secondary pools formed by woody debris have been documented to 

be 1.5 to 2 times mean depth (Mutz, 2000).    

The low gradient, sand bed channel monitored for this study typically exhibited 

subcritical flow.  Based on field observations, flow hydraulics downstream of the log sills 

were best described as submerged jets, using terminology from Hoffmans and Verheij 

(1997).  The structures created a zone of acceleration above the logs, with deceleration 

directly downstream.  Reverse flow in the recirculating zone tended to pick up sediments into 

the mixing layer, which deposited them downstream.   
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Figure 6.1:  Constructed log sill at restoration site (left) and naturally occurring, buried log 
jam in small, low gradient, sand bed stream (right).  Flow is from left to right, with scour 
pool formation downstream.  Root wads are used to armor the banks laterally of the sill 
structure at the restoration site. 

Hydraulics of the sill can be described in two steps.  The initial step occurs as flow 

approaches the sill from upstream.  Energy is dissipated by velocity impact upon the exposed 

height of the log.  Analysis of hydraulic parameters results in the following set of variables 

effecting head loss over the sill in the familiar Darcy-Weisbach equation for head loss due to 

friction.   

2
0

0 2
L

f
VDh f

D g
=       (1) 

where hf is the head loss in meters, f is the friction factor, and g is gravitational acceleration.  

The other variables are defined in Figure 6.2.   
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Figure 6.2: Definintion of log sill and scour pool terminology 

The Buckingham П Theorem was applied to the same set of variables as used in 

equation (1).  The fundamental repeating variables were q0, the maximum upstream unit 

discharge, and g, gravitational acceleration.  The dimensionless set of variables shown in 

equation 2 was used to model head loss. 

0,Ref L

s s

h D
H H

⎡ ⎤
= Θ⎢ ⎥

⎣ ⎦
     (2) 

where
2

3
s

qH g=  is the critical specific energy, which in relation to flow depth defines the 

hydraulic characteristics at the log.   0
0Re q

υ=  is proportional to the Reynolds number.  

The Reynolds number is a measure of turbulence in flow over the log. 

The second phase in the hydraulic analysis occurs as the flow passes over the log and 

plunges off the downstream face.  In subcritical flow, the flow is typically characterized by a 

submerged jet.  Downstream scour depth is a function of geometry and hydraulics.  A 
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schematic of the geometric and hydraulic terms is shown in Figure 6.2.  Based on these 

terms, the maximum scour depth (Ds) can be written as equation 3. 

'
1 50 1, , , , , ,s w sD f g q D aρ υ ρ⎡ ⎤= ⎣ ⎦      (3) 

where ρw is the density of water (assumed 1000 kg/m3), υ is the kinematic viscocity of water 

(assumed 1.002E-7 m2/s), q1 is the maximum unit discharge measured in the pool, ρs’ is the 

submerged sediment grain density (assumed 1650 kg/m3), and D50 is the mean bed particle 

size.  The morphologic jump term, a1, was defined by Gaudio et al (1999).  Degrading rivers 

eventually reach an equilibrium bed slope based on the threshold of motion for sediment 

transport.  The morphological jump is equivalent to the elevation drop over a bed sill 

structure, assuming the current bed slope fully degrades to the equilibrium bed slope.  The 

length a1 is calculated using the following relationship: 

( )1 0 eqa S S L= −      (4) 

where So is the initial bed slope and Seq is the equilibrium bed slope, defined at the threshold 

of particle motion.  Assumptions imbedded in the morphologic jump term are equilibrium 

sediment transport and scour pool depth conditions.  Since log structures used in low gradient 

systems are typically spaced well apart, geometrical interference was not expected to 

influence scour pool development.  

In addition to scour induced by the sill structure, the hydrodynamics in meander 

bends create potential scour due to water surface superelevation and secondary flow vortices.  

The vertical component of scour is due to lateral movement of bed sediments from the 

outside of the bend to the inside.  Simons, Li and Associates (1985) reported a relationship 

for scour depth in meander bends assuming constant stream power based on flow depth, 

energy gradient, and radius of curvature.  The scour depth can be represented by the variables 

set in equation 5. 

0 0 0, , ,s
c

BD f V D S
R
⎡ ⎤

= ⎢ ⎥
⎣ ⎦

    (5) 
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where Rc is the radius of curvature measured at the pool and B is the channel width. The ratio 

of radius of curvature to channel width is mathematically proportional to the angle made by 

the straight line from the point of curvature and the tangent to the curve in a meander bend.  

The relationship is shown in Figure 6.3. 

 

Figure 6.3: Relationship of radius of curvature to channel width 

The combined scour pool depth function would include the entire set of variables, the 

number of which is reduced by using conventional definitions and dimensionless 

relationships.  Based on fundamental hydraulic and geometric relationships from previous 

literature, the variable set in equations 3 and 5 are reduced to the following set of 

dimensionless terms shown in equation 6: 

1
1

50

Re , , , , ,fs s

s s c s

hD Ha B
H H R D H

⎡ ⎤
= Φ Δ⎢ ⎥Δ⎣ ⎦

    (6) 

The Buckingham П Theorem was used to create the variable set with a1, g, and 

submerged grain weight as repeating variables.  In low gradient natural sand bed streams, 

flow is typically subcritical and turbulent.  Previous models have ignored the effects of 

turbulence.  Δ is the specific submerged weight of sediment, and is assumed constant at 1.65.  
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The dimensionless morphologic jump term is a function of channel geometry and sediment 

transport in relationship to the specific energy head (Hs).  As the prototype stream is small, 

the channel banks could influence scour pool formation, thus the width term is kept in the 

final variable set.  The dimensionless critical specific energy was related to mean sediment 

characteristics to represent the influence of particle size on scour depth. 

Empirical and semi-analytical relationships have been proposed in the literature using 

a similar set of terms (Pemberton and Lara, 1984; Simons, Li and Associates, 1985; Bormann 

et al., 1991; Gaudio et al., 2000; D’Agostino and Ferro, 2004).  The relationships were based 

mostly on laboratory results and steady state flow conditions. 

The Bureau of Reclamation published a series of methods for computing local scour 

below hydraulic structures based on regime and rational methods (Pemberton and Lara, 

1984).  The regime approach used equations based on a design discharge and mean grain size 

in the channel bed.  The relationships were generated based on empirical data from incised 

river beds.  Rational methodology was based on the head drop over the structure, discharge, 

and mean bed particle size. 

Analytical methods developed by Bormann et al (1991) used the flow characteristics 

of submerged jet diffusion to describe maximum scour depth.  The resulting equation 

included terms for jet thickness, tailwater depth, grade control face angle, and velocity over 

the structure.   

D’Agostino and Ferro (2004) reduced the number of independent dimensionless 

variables necessary to accurately describe the scour hole downstream of a sharp crested weir 

to two, which involved the ratio of scour depth to drop height and upstream head over the 

structure to the drop height.  Bed particle size was not as significant. 

Most grade control structure protocol is poor in defining the design discharge.  Use of 

extremal hypothesis and stochastic return interval estimates are typical in engineering design 

practices.  The use of effective discharge in channel design has been advocated for continuity 

of sediment transport capacity (Doyle et al., 2007).  Previous analysis of long term sediment 

transport and discharge defined an effective discharge below bankfull flow for snow-melt 
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driven channels in Northern Idaho (Whiting et al., 1999).  Discharge return interval and 

hydraulic analysis of over two years of hydrologic data illustrated long term shear stress and 

stream power curves peaked between 1-7% of bankfull for the stream monitored in this study 

(Lindow, 2007).  This peak should correspond to the effective discharge peak, which is 

estimated to occur between 0.01-0.04 m3/s.  Secondary morphologic patterns of low gradient, 

sand bed streams are developed during base flow conditions, because localized shear stresses 

exceed the critical shear required to mobilize sand grains even at low flow (Mutz, 2000). 

6.2 MATERIALS AND METHODS 

Research was performed on a restored stream channel in Craven County in the Lower 

Coastal Plain of Eastern North Carolina.  The constructed stream design consisted of a 

uniform trapezoidal cross section, meandering pattern with an average sinuosity of 1.5, 10.9-

12.3 W/D ratio, and 0.1% average bed slope.  Rather than construct riffles and pools, a 

uniform channel section was used throughout the reach, with log sills to hold grade and root 

wads to armor banks (Figure 6.1).  A small berm was built at the top of bank to resemble 

naturally occurring levees that are often observed in coastal plain streams.  The levees 

measured approximately 15 cm in height and 100 cm in width.  The new channel had a bank 

full width of 4.27 m, maximum depth of 0.46-0.61 m, and cross sectional area of 1.49-1.67 

m2.  The stream was constructed in March 2005 by lowering the floodplain elevation by 0.6 

m and creating channel dimension, pattern, and profile consistent with the geomorphic 

regime.  The pre-existing conditions, newly constructed pattern, and location of monitoring 

equipment are shown in Figure 6.4.  Flow hydraulics and structures controlled riffle/pool 

formation.   
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Figure 6.4:  Photo of pre-existing conditions with constructed stream overlay.  Position of 
permanent cross sections, and stage data loggers are shown.  The old channel and surface 
ditches were backfilled during construction.. 

Survey data was taken to show the evolution of stream dimension and profile, and 

document changes in the channel.  Survey methodology implemented thirty-five permanent 

cross sections, monumented along 472 linear meters of the constructed stream.  Each cross 

section was 9.1 m (30 ft) wide, and monumented with 1.22 m (4 ft) sections of rebar.  The 

tops of the rebar monuments were set at the same elevation on either side of the stream using 

a laser level.   A sag tape method was used to survey the cross sections intermittently.  A 

surveyors tape was pulled across the tops of rebar, and measurements taken at 30.5 cm (1 ft) 

intervals.  A survey rod was used to measure down from the tape with 0.3 cm accuracy.  The 

sag tape method eliminated the need for additional survey equipment, and ensured that cross 

sections would be measured consistently.  Surveys were performed on 3/25/05, 4/13/05, 

5/19/05, 6/30/05, 10/17/05, 5/31/06, 10/11/06, and 1/30/07.  Some cross sections had to be 

skipped on some dates due to unstable, wet banks.  Using frequent survey data, the stability 

of each cross section was monitored, and temporal changes in area, width, and depth were 

evaluated.  Log sills used for grade control were evaluated for scour pool formation.  This 

method has been documented as an important monitoring technique for sand bed streams 

(Hey, 1990; Thorne, 1996). 
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Total station and laser level surveys were also performed to validate elevations and to 

create a complete 3-dimensional survey of the restored reach.  The total station was used to 

survey top of bank, bottom of bank, thalweg, and floodplain ground shots.  The thalweg was 

defined as the deepest point in the channel and was followed using a top of riffle, bottom of 

riffle, top of pool, maximum pool depth, bottom of pool sequence.  Riffle/run and pool/glide 

features were grouped in analysis, as distinct separation from riffles and runs was not 

apparent.  Pools and glides were also not visually independent.  The complete surveys were 

important for creating a surface based on breaklines and a triangular irregular network of 

elevation nodes.  The three-dimensional surface was necessary for modeling work in 

River2D.   

Post construction monitoring was used to measure pool formation, channel 

hydraulics, and riparian hydrology.  Gage pressure transducers and dataloggers monitored the 

stream stage at twenty-minute intervals.  Stage-discharge relationships were developed using 

these units and permanent stream cross sections.  The measured stage was also compared to a 

gaged, double v-notch weir further downstream in a controlled drainage outlet.   

Stream velocity measurement was important for friction factor and discharge 

estimations.  A handheld velocity meter was used, with typical measurements taken at both 

60% depth for average velocity and at 40% and 80% to estimate the linear velocity profile 

and roughness.  In addition to manual velocity measurements, an ultrasonic Doppler meter 

(Starflow©) was used for recording continuous velocity measurements in the stream.  

Continuous velocity measurements allow for direct calculation of bed friction, turbulence, 

and flow regime.  Discharge was calculated using the slope area method outlined by USGS 

(Dalyrimple, 1984). 

Stream bed particle size was sampled in the constructed channel using a modified 

pavement/subpavement sampling routine.  A 30 cm diameter PVC pipe section was driven 

into the stream bed to stop flow and define a sampling area.  The top 6 cm of sediment was 

removed and labeled pavement.  The underlying 6 cm of sediment was also sampled and 

labeled subpavement.  Sediment transport was monitored post construction using a 
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combination of single stage sediment samplers for suspended sediment, Helley Smith 

bedload samplers for sampling bedload during high stage events, and bedload traps installed 

in the creek bed for sampling long term bedload over a range of flow rates.  The Helley 

Smith units consisted of a long handle connected to a metal box with an 81 cm2 inlet and 

mesh sampling bag at the outlet.  The box was flared to account for isokinesis.  The bedload 

traps were 30 cm diameter PVC pipes buried in the stream bed and covered with plastic drain 

grates.  Grate openings were 1 cm wide, large enough to capture the mean D84 measured in 

subpavement bed material samples.  Suspended sediment samples were analyzed for free 

suspended solids.  Bedload samples were taken using a 200 micron mesh bag to sample fine 

sand transport close to the bed.  Samples were dried and analyzed for mass and particle size.  

Protocol for sediment sampling was taken from USACE Engineering Manual 1110-2-4000 

(1995) and FISP Report No. 13 (1961).  Illustrations of the samplers used at the site are 

shown in Figure 6.5. 
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Figure 6.5: Images of sediment samplers used at the restoration site.  Bed material sample 
technique (top left), bed load trap samplers exposed during intermittent dry stage (top right), 
single stage sediment samplers (bottom left), and Helley-Smith bedload sampler, bag not 
attached (bottom right). 

Hydrodynamic modeling of the log sill and downstream scour pool was performed 

using the software River2D © (University of Alberta, Edmonton, Alberta, Canada).  The 

River2D model uses conservation of mass and momentum principles to solve for two-

dimensional, depth averaged velocity profile across the stream channel.  The model was 

developed specifically for use in natural streams, and is used in hydrodynamic and fish 

habitat evaluations.  It is a finite element model based on a conservative Petrov-Galerkin 

upwinding formulation.  The velocity calculations are based on a triangular-irregular network 

of nodes, and the conservative form of the two-dimensional, depth averaged St. Venant 

Equations (Steffler and Blackburn, 2002).  The modeling routine used elevation data from 

the total station survey in March 2007.  Each pool was modeled separately, with the modeled 
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reach length less than 10 channel widths in accordance with the model specifications 

(Steffler and Blackburn, 2002).  A range of discharges were run under steady state conditions 

through each reach section from low flow (0.01 m3/s) to over bank flow (0.5 m3/s).  Results 

of flow depth, velocity, and shear velocity were exported from cross sections directly 

upstream of the log sill and at the deepest pool depth.  Based on previous research, the 

effective discharge for the restored reach occurs at low flow conditions (Lindow, 2007).  The 

discharge used in statistical analysis of pool hydrodynamics was 0.02 m3/s. 

The parameters defined in equations (2) and (6) were analyzed for significant 

explanatory behavior using the statistical analysis program SAS JMP ® (SAS Institute, Cary, 

NC).  JMP uses a model parameterization procedure similar to SAS GLM.  A response 

surface was created out of each variable set including individual terms, polynomials, and 

interactive terms (A&B, A*A, B*B, and A*B).  Continuous factors are placed directly into 

the design matrix as regressors. Stepwise regression methodology was used to add and 

subtract terms based on a 0.25 forward alpha level and 0.1 reverse alpha.  The final set of 

terms was then analyzed using standard least squares linear regression.  While stepwise 

regression violates some standard statistical assumptions, the significance probability is 

adjusted for comparison to other models based on number of terms and degrees of freedom. 

6.3: RESULTS 

The mean pool depth below log sill structures was 0.77 m from top of bank, 

compared with 0.63 m in cross sections without structures.  This difference was significant, 

resulting in a 22% increase in depth downstream of the log sill.  Overall, log sills were found 

to improve grade control and increase flow and bed form diversity.  Analysis of maximum 

depth development in relation to hydrologic parameters can be found in Lindow (2007).  

Results of the permanent cross sectional surveys show pool development continued during 

the first year of monitoring.  The second year from May 2006 to January 2007 exhibited 

steady state pool depth.  The boxplot in Figure 6.6 shows overall mean pool depth over time.   
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Figure 6.6: Mean pool scour depth downstream of all log sill structures measured in the 
cross sectional surveys over time.  The blue line connects population means, and the 
horizontal gray line indicates the overall mean. 
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Figure 6.7:  Scour depth for each log sill structure measured in permanent cross sectional 
surveys over the entire monitoring period.  The comparison circles indicate the actual 
difference and least squares difference for each population.  Non-intersecting circles indicate 
significant difference at the alpha 0.05 level.  There were significant differences between 
pools. 
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Significant differences were observed between scour pools.  Figure 6.7 shows the 

median, maximum, and quartiles of each scour pool.  The results indicate diversity among 

the resulting pools.  The diversity of pool depth and steady state pool depth condition were 

suitable for analyzing the scour pools for explanatory differences in geometry and hydraulics. 

Sediment transport was monitored starting in the second year after construction.  

Results of Helley-Smith bedload samples illustrated a large flux of sediment during the first 

growing season, followed by relatively inactive bedload transport period.  Figure 6.8 

illustrates the data collected from Helley-Smith samples. 
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Figure 6.8:  Results of bed load sampling monitoring using Helley Smith bedload samplers 
during high stage events.  The blue line connects population means, and the horizontal gray 
line indicates the overall mean. 

The Helley-Smith samples were taken during high stage following heavy rainfall 

events.  The first year of post construction sampling resulted in high bedload transport, but 

subsequent sampling in years two and three were unable to capture high sediment loads.  Due 

to the relatively low sediment discharge, bedload traps were installed to capture more long 

term bedload transport over the entire flow range.  Figure 6.9 shows the results of bedload 

trap sampling. 
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Figure 6.9:  Results of bedload sampling using long term bedload traps in the stream bed.  
The blue line connects individual population means, and the horizontal gray line indicates the 
overall mean. 

Daily unit bedload was low during the entire monitoring period.  No significant 

differences were observed in the bedload trap samples.  Based on the results of sediment 

transport samples and scour pool depth monitoring, the stream had reached steady state 

bedload transport and scour pools had assumed an equilibrium depth.  These facts were 

important for the assumptions made in equation (4).  The morphologic jump assumes 

equilibrium slope downstream of the log sill.   

The channel bed was sampled for particle size distribution using a modified 

pavement/subpavement technique for sand bed streams.  The subpavement sample results 

were used for scour pool analysis.  The median particle size distribution from subpavement 

samples for the analyzed pools is shown in Figure 6.10.  Results indicate a sand bed channel 

with an overall median particle size of 0.15 mm measured in the pools.   
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Figure 6.10:  Distribution of median bed particle sizes from subpavement sampling in the 
scour pools.  The median was 0.15 mm with a left skewed distribution.  The box plot to the 
right indicates the median, upper, and lower quartiles of the distribution.. 

The radius of curvature and channel width values were taken from total station survey 

results of the stream.  The relative radius of curvature to channel width used in analysis is 

shown in Figure 6.11.  Results show a bimodal distribution ranging from straighter reaches to 

tighter meander bends.  The median ratio was 0.31. 
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Figure 6.11: Channel top width to radius of curvature ratio for the scour pool cross sections.  
The box plot to the right indicates the median, upper, and lower quartiles of the distribution. 

Discharge was calculated based on stage-discharge relationships from a combination 

of handheld and acoustic Doppler velocity measurements and a downstream double v-notch 

weir.  Results of the mean daily discharge values from all 742 days of data are shown in 
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Figure 6.12.  Discharge was heavily skewed to the left, which was typical of the rainfall and 

shallow groundwater driven hydrology of Eastern North Carolina (Heath, 1980; Evans et al., 

2000).   

 Quantiles 
100.0% maximum 1.858
99.5%  1.406

97.5%  0.411
90.0%  0.182
75.0% quartile 0.077
50.0% median 0.043
25.0% quartile 0.022
10.0%  0.00875
2.5%  0.00102
0.5%  0.000
0.0% minimum -0.014
Moments 
Mean 0.084056 
Std Dev 0.1640647 
Std Err Mean 0.006023 
upper 95% Mean 0.0958802 
lower 95% Mean 0.0722318 
N 742 

 
Figure 6.12:  Distribution of mean daily discharge values during the monitoring period.  The 
box plot to the right of the graph indicates the median, upper, and lower quartiles of the 
distribution.  The table shows individual quartiles and moments of the population. 

The lower quartile of discharge was measured as 0.02 m3/s.  Previous research has 

shown that long term stream power and shear stress are greatest at the lower quartile 

discharge for the stream study reach (Lindow, 2007).  Research by Mutz (2000) also 

suggested that local scour and secondary morphologic features are controlled during low 

flow conditions for low gradient sand bed streams.   

A range of discharge was tested using River2D.  The triangular irregular network of 

nodes were formulated based on a total station survey of the stream channel two years post 

construction.  Breaklines were set at the top of bank, bottom of bank, and channel thalweg.  

Fixed nodes were set along the top of logs and at maximum scour pool depths.  A uniform 

roughness value was assigned to the channel bed, based on suggested Ks values in van Rijn 
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(2007).  The Ks was set equal to the average ripple height measured in the field, which was 3 

cm.  Figure 6.13 illustrates ripple formations in a uniform section reach.   

 

Figure 6.13:  Sand ripples observed in the field.  Ripple height averaged 3 cm. 

Eight reaches were modeled separately for flow depth and two-dimensional, depth 

averaged velocity over the log sill and at maximum scour pool depth.  Each reach included 

one log sill and scour pool.  An example of the triangular irregular network (TIN) grid of 

mesh points used in modeling is shown in Figure 6.14.  The minimum triangle quality index 

was greater than 0.15 prior to any steady state discharge testing.  

Pool 4

X

Y

1465.245

1408.111
1605.8621482.489

Bed Elevation

Distance
10.0 m

 

Figure 6.14:  TIN elevation nodes and mesh created for River2D hydrodynamic analysis for 
the reach containing pool 4 (cross section 12). 
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The results of running a steady state discharge through the modeled reach was a 

network of two-dimensional, depth averaged velocity nodes with depth, shear velocity, and 

channel elevation.  An example of modeled output showing the waters edge, bed elevation, 

and velocity magnitude is shown in Figure 6.15. 
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Figure 6.15: Hydrodynamic River 2D steady state discharge model results of pool 4 (cross 
section 12) showing bed elevation and water edge (top) and velocity magnitude (bottom).  
Maximum velocity shown in red was recorded over the log sill, indicated by the arrow. 

Log Sill 

Log Sill 
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Cross sections with velocity and depth data were exported from the model upstream 

of the log sills and at the maximum pool depth at 30 cm increments.  From the output, 

maximum depth and velocity were used in hydraulic analysis, as well as the discharge.  

Discharge was calculated as the sum of the width averaged velocity-depth product across the 

exported cross section.  This way, effects of secondary currents and overbank flow were 

neglected.  The results indicated a head loss over the log sills, as shown in the graph of 

upstream and downstream velocity head in Figure 6.16. 
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Figure 6.16:  Relationship between velocity head (V2/2g) in the pool and at the log sill as 
modeled in River2D, with 1 to 1 line plotted (left) and distribution plot of upstream to 
downstream velocity head ratio over log sills from River2D simulation (right).  The boxplot 
to the right of the distribution chart illustrates the median and quartiles of the distribution. 

The majority of log sills resulted in a reduction of velocity head with a median ratio 

of 48% between upstream and downstream conditions.  The relationship was consistent over 

the range of discharge analyzed.  Some logs illustrated an increase in velocity head in the 

scour pool.  Logs 2 and 4 in the lower reach exhibited an increase in velocity head during 

moderate to high discharge.  Log 5 resulted in an increase in velocity head during low flow.  

Log 6 in the upper reach illustrated an increase in head during moderate discharge.  The 

increase could be explained by flow constriction.  Figure 6.17 shows the relationship 

between dimensionless headloss and channel width for a steady state 0.02 m3/s discharge. 
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Figure 6.17:  Dimensionless headloss versus channel width, B, in meters.  Hf/Hs was a 
measure of energy loss over the log to critical specific energy.  The relationship was not 
highly determined (R2 = 0.39) but channel width was weakly significant in explaining the 
variability (alpha 0.1). 

One issue with hydraulic modeling is the issue of scale.  Common practice is to 

ignore the effect of turbulence assuming fully developed turbulent flow.  Inertial effects are 

more varied, thus Froude scaling is more common.  The graphs of relative Reynolds number 

and Froude number as ratios of upstream to downstream conditions are shown in Figure 6.18.  

The results are from River2D modeling. 
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Figure 6.18: Ratio of upstream to downstream Reynolds number (right) and Froude number 
(left) with respect to discharge (Qin).  Mean value is illustrated by the horizontal line. 
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The mean ratio of upstream to downstream Reynolds number was 0.88, indicating an 

increase in turbulence in the pools.  Froude number decreased over the logs, with a mean 

ratio of 2.9.  The decrease in Froude number reflected a decrease in inertial forces.  The 

results indicate an influence of turbulence and inertia that should not be neglected in 

hydraulic modeling over the log sill. 

Log sill construction techniques were an important factor in the resulting channel 

hydraulics and pool formation.  Much of the stream was constructed using a laser level set on 

grade from one control point.  Using a laser level on grade to check the bed slope resulted in 

flat runs due to the meandering stream pattern.  Meander sections that were perpendicular to 

the laser level grade were constructed flat.  An example of flat sill construction in shown in 

Figure 6.19 between logs 4 and 5. 
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Figure 6.19:  Constructed stream profile and location of log sills measured from a total 
station survey in March 2007.  Elevations are relative to an arbitrary benchmark.  Variation 
in slope between logs was due to the construction technique using a laser level on grade. 

The survey data allowed for calculation of initial slope between log sills and 

equilibrium bed slope.  Log 5 was constructed slightly lower in elevation than log 4.  This 
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flat section created a low energy subreach with little scour pool development.  The 

downstream subreach was constructed steeper, and more scour below the bottom of bank was 

observed.  Table 6.1 includes the log sill geometry and hydrodynamic values used in the head 

loss and scour depth models. 
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Table 6.1: Constructed log sill and pool geometry, and hydrodynamic parameters used in models.  Velocity and depth values were 
taken from the River2D model run at a steady state discharge of 0.02 m3/s. 

Pool  H L S0 Seq a1 D50 DL Ds Rc B D0 V0 D1 V1 
# m m m/m m/m m m m m m m m m/s m m/s 
1 0.43 21.02 0.0206 0.0091 0.242 0.15 0.07 0.41 24.08 5.26 0.31 0.11 0.61 0.06 
2 0.03 19.11 0.0018 0.0017 0.001 0.15 0.15 0.34 18.90 4.76 0.41 0.13 0.34 0.09 
3 0.10 29.48 0.0034 -0.0028 0.182 0.14 0.16 0.45 11.89 4.88 0.37 0.15 0.44 0.11 
4 0.13 91.46 0.0014 0.0019 -0.043 0.18 0.07 0.30 21.94 4.27 0.29 0.09 0.44 0.10 
5 0.00 101.25 0.0000 0.0009 -0.096 0.24 0.01 0.14 10.97 3.96 0.31 0.07 0.50 0.06 
6 0.05 70.18 0.0008 -0.0008 0.108 0.22 0.10 0.11 8.53 3.57 0.39 0.09 0.48 0.09 
7 0.08 67.66 0.0011 0.0030 -0.128 0.19 0.03 0.45 20.73 3.92 0.30 0.15 0.86 0.09 
8 0.06 94.72 0.0006 0.0016 -0.094 0.24 0.13 0.12 9.75 4.14 0.10 0.43 0.42 0.13 

H = elevation change between log sills 

L = thalweg length between log sills 

S0 = slope between logs, measured as H/L 

Seq = channel bed slope at the equilibrium of sediment 
transport 

a1 = morphologic jump, measured as (S0-Seq)*L 

D50 = median bed particle size 

DL = height of log sill above channel bed 

Ds = depth of scour measured below log sill 

Rc = radius of curvature at the scour pool 

B = channel top width at the scour pool 

D0 = upstream flow depth 

V0 = upstream velocity  

D1 = flow depth in the scour pool 

V1 = velocity in the scour pool 
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Log sill 5 was constructed slightly below log sill 4, creating flat initial slope and low 

energy subreach.  The construction technique made headloss and scour pool depth prediction 

difficult, so the data was removed from further analysis. 

Head loss over the log sills was modeled using a stepwise, response surface model 

with the dimensionless variables from equation (3).  The resulting model was a mixed 

linear/interactive equation.  The stepwise regression was stopped according to Mallow’s 

criterion, which is a function of the sum of squares error and number of predictive variables.  

The resulting model is shown in equation 6.  Model analysis is shown in Figure 6.20 with the 

summary of fit (Table 6.2) analysis of variance (Table 6.3) and parameter estimates included 

(Table 6.4). 
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Figure 6.20: Actual versus predicted plot (left) of the modeled head loss equation (right). 

 

Table 6.2: Summary of Fit for head loss prediction equation 

R2 0.91 
R2 Adj 0.82 

Root Mean Square Error 1.16 
Mean of Response 1.53 

Observations (or Sum Wgts) 7 
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Table 6.3: Analysis of Variance for prediction equation for head loss 

Source DF Sum of Squares Mean Square F Ratio 
Model 3 41.92 13.97 10.30 
Error 3 4.07 1.36 Prob > F 

C. Total 6 45.99  0.04 

Table 6.4: Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t| 
Intercept 26.08 9.14 2.85 0.06 

DL/Hs -23.89 8.59 -2.78 0.07 
Re0 -6.29x10-4 2.06x10-4 -3.06 0.06 

DL/Hs*Re0 5.65x10-4 1.78x10-4 3.18 0.05 
 
 Observation of the adjusted R2 value and F probability signify a strong correlation 

between the observed head loss and predicted head loss over the log sill.  The alpha values 

observed in the parameter estimates were weaker, with significance level greater than 0.05 

for all parameters tested.  However, the stepwise regression function found the least sum of 

squares error for this number and set of parameters. 

Examination of the prediction profiler plot in Figure 6.21 indicates interesting results.  

Head loss over the log sill decreases linearly with increasing sill height when upstream 

Reynolds number is low.  The log sill increases downstream energy in these conditions.  As 

the upstream flow becomes more turbulent, a sill height becomes directly related to head 

loss, and an increase in sill height dissipates energy.  The model shows how the sill height 

can be constructed to dissipate energy given upstream flow conditions. 
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Figure 6.21: Prediction profiler, illustrating the head loss response to sill height within the 
headloss model.  Upstream Reynolds number was varied over a range to illustrate the 
interaction between sill height, upstream turbulence, and head loss over the log sill. 

The depth of scour pool was described using a stepwise response surface model and 

standard least squares regression of the dimensionless variables in equation (3).  The 

resulting prediction equation was a mixed linear/interactive model for scour depth shown in 

equation 7.  The resulting model analysis is shown in Figure 6.22 with summary of fit (Table 

6.5), analysis of variance (Table 6.6), and parameter estimates (Table 6.7). 
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Figure 6.22:  Actual versus predicted plot (left) for the scour pool depth model (right).  Log 
5 is shown in red and was removed from analysis due to differences in construction. 

 
Table 6.5: Summary of fit for scour pool depth model 

R2 0.9995 
R2 Adj 0.9986 

Root Mean Square Error 0.065 
Mean of Response 3.51 

Observations (or Sum Wgts) 7 

Table 6.6: Analysis of Variance for scour pool depth model 

Source DF Sum of Squares Mean Square F Ratio 
Model 4 17.73 4.43 1050.30 
Error 2 0.0084 0.0042 Prob > F 

C. Total 6 17.74  0.001 

Table 6.7: Parameter Estimates in scour pool depth model with statistical probability values 

Term Estimate Std Error t Ratio Prob>|t| 
Intercept 0.96 0.15 6.53 0.02 

Morphologic jump (a1/Hs) 2.13 0.10 20.42 0.002 
Reynolds Number (Re1) -1.61x10-4 3.34x10-6 -48.15 0.0004 

Median particle size (Hs/D50') 3.21x10-2 6.02x10-4 53.32 0.0004 
Interactive term (a1/Hs*Re1) -5.61x10-5 2.43x10-6 -23.10 0.002 

The prediction equation in Figure 6.22 illustrated linear relationships between the 

explanatory variables and the relative scour depth with an additional interactive term between 
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the morphologic jump and Reynolds number in the pool.  Judging by the p-values in Table 

6.7, the terms were strongly correlated to scour depth.  Reynolds number also exhibited 

strong predictive strength, but was negatively correlated.  Relative radius of curvature and 

head loss were not significant predictors of scour pool depth.  The R2 value and F probability 

statistics suggested a good fit between observed and predicted scour pool depth. 

Figure 6.23 shows the individual prediction variable responses within the overall 

scour depth model.  Although the scour depth and the morphologic jump were positively 

correlated, the morphologic jump term exhibited a negative response under higher values of 

Reynolds number.  Scour depth decreased with Reynolds number.  This result was not 

expected, but may indicate a relationship between the Reynolds number and tailwater depth.  

Previous prediction equations have used tailwater depth as an explanatory variable 

(Borrmann and Julien, 1991; Simons, Li and Assoiciates, 1985; Pemberton and Lara, 1984).  

Reynolds number was calculated from hydrodynamic data in the pool, and would be 

indicative of tailwater depth.  Scour depth increased as median sediment size in the bed 

decreased, which was expected.  The results of modeling showed how the depth of scour can 

be engineered given low tailwater downstream conditions. 
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Figure 6.23: Prediction profiler illustrating individual variable response within the overall 
scour depth model.  The scour pool depth is plotted versus morphologic jump assuming a 
median bed particle size term (280) over a range of Reynolds numbers (left).  Scour pool 
depth is plotted versus morphologic jump over a range of median bed particle sizes assuming 
a Reynolds number of 33,000 (right). 
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6.4 DISCUSSION AND CONCLUSIONS 

A relationship between log sill geometry and channel hydraulics was successful in 

explaining the variance in scour pool depths.  Experimental results verify a strong 

dependence for scour depth on the morphologic jump term, which coincides with previous 

work by Gaudio et al (2000).  The Reynolds number was also significantly correlated.  

However, increased turbulence in the pool was found to reduce scour pool depth.  This result 

most likely reflected the influence of tailwater depth, which was not exclusively tested by the 

model.  An increase in tailwater depth will both raise turbulence values and reduce scour 

pool depth (Bormann and Julien, 1991).  The overall model also suggested an interaction 

between the morphologic jump and Reynolds number.  Flow over the log sill resembled a 

submerged jet with high tailwater depth.  Due to the subcritical nature of flow, scour pool 

depth was dependent on both the drop over the log and downstream flow conditions. 

The bed particle size was also a significant predictive variable.  Median bed particle 

size varied by a factor of three over the stream reach, but was all fine (0.12 mm) to medium 

sand (0.35 mm).  The slight differences in bed particle size had a significant effect.  This 

result was indicative of previous research (D’Agostino and Ferro, 2004; Gaudio et al., 2000; 

Borrmann and Julien, 1991). 

Relative radius of curvature was not a significant explanatory variable.  The relative 

radius of curvature in the studied meanders ranged by a factor of two, from relatively straight 

sections (B/Rc = 0.42) to tighter meander bends (B/Rc = 0.19).  Log sills were typically 

installed at the foot of a riffle/run section before the meander curve.  The effect of 

meandering on scour depth was much less than the log sill effect. 

Relative head loss over the log sill was not a significant explanatory variable.  

Dimensionless headloss was found to vary from -1.9 to 6.1, with negative headloss indicating 

an increase in energy along the thalweg.  The increase could be explained by flow 

constriction.  Headloss, and hence the log sill height above the channel bed, was not 

significant in predicting scour pool depth.  This conclusion directly contradicts experimental 

results by D’Agostino and Ferro (2004).  The scour pool phenomenon studied by D’Agostino 
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and Ferro was due to a free falling jet over a sharp crested weir.  The field project used for 

this study involved submerged jets over broad log sills. 

The Reynolds number exhibited significant explanatory power in the model.  This 

result indicated a dependence of scour pool depth on downstream flow conditions.  The 

empirical headloss model was meant to enable a prediction equation for calculating 

downstream conditions based on log sill geometry and expected design discharge.  An 

iterative approach could be used to find a stable scour pool depth based on a design discharge 

and log sill geometry.  Headloss was dependent on constructed sill height and upstream 

Reynolds number.  Headloss over the log sill can be engineered given upstream flow 

conditions.  The depth of scour downstream of the log sills can also be controlled for low 

downstream tailwater conditions. 
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CHAPTER 7: Conclusions 

 This study used a combination of field data, laboratory experiments, and 

hydrodynamic modeling to illustrate the evolution of a low gradient sand bed channel in the 

Lower Coastal Plain of Eastern North Carolina.  Channel evolution was determined to be a 

relationship between geotechnical and fluvial processes.  Survey data indicated development 

of a stable channel within the first year of monitoring post construction.  Soils, vegetation, 

and hydrology were all influential in channel change.  In particular, the following 

conclusions were made based on monitoring data: 

• Secondary morphologic features such as scour pools were significantly correlated to 

in-stream structures.  The absence of structure resulted in a wider, shallower stream 

cross section.  Mean cross sectional bank slopes without rootwads were 12% more 

shallow than armored cross sections.  Log sills created scour pools with mean depth 

20% greater than the mean channel depth. 

• Bank slumping was influenced by an underlying sand layer with positive pore water 

pressure, and lack of vegetative cover during the first year post construction. 

• The recurrence interval of discharge, shear stress, and stream power indicated the 

long term peak stream power and shear stress occurs at 16-45% of bank full 

discharge.  Backwater due to downstream conditions decreased stream power and 

shear stress during high stage.  The peak in stream power and shear stress were 

recorded at discharge which recurred 18-54 times per year during the study, and may 

explain the formation of a low flow channel observed in riffle/run cross sections.  The 

lack of sediment transport capacity and intermittent dry periods has led to vegetation 

growth in the channel, which also dissipated energy and retarded flow. 

Stream bank stability was analyzed against measured hydraulic and hydrologic 

parameters to test for significant process parameters in explaining changes in side slope and 

width.  The data collection procedure created a longitudinal data set of repeated 

measurements that required a specific multivariate statistical analysis.  The following trends 

and conclusions were made based on the study. 
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• Changes in width between surveys was significantly correlated to shallow water 

seepage, local groundwater table, and discharge.  Channel cross sections were 

tending toward an equilibrium top width of 4.9 m.  Bank seepage was positively 

correlated to increases in width, suggesting a dominant process in bank stability.  

High water table and discharge were negatively correlated to width.  The widening 

process increased during dry periods of low flow in the channel. 

• Wetness strongly affects bank stability.  Stream bank side slope was correlated to 

structure and feature.  Riffle/run cross sections and inner banks with no structures 

were tending toward an equilibrium side slope of 3.5:1.  Inundation was a significant 

process parameter explaining changes in side slope between surveys.  Inundation 

was positively correlated to side slope, suggesting soil moisture strongly affects 

bank stability. 

• Stream power and shear stress were not significant in explaining changes in depth.  

This result indicates a lack of sediment transport capacity to sustain depth in the 

absence of structures and meander bends.  Maximum depth in the channel was 

highly correlated with feature and structure.  Discharge was the only significant 

process parameter related to changes in depth.  The positive correlation suggested 

that the channel tended to deepen during periods of sustained discharge. 

Stream bank stability was further analyzed using laboratory scale soil lysimeters.  The 

study used re-constructed stream banks built from site soils.  Bank seepage was induced 

using an artificially sustained water table gradient.  The following results were concluded 

from the study. 

• Shallow groundwater seepage alone was capable of causing stream bank collapse in 

the site soils.  Failure was caused mainly by soil liquifaction and smaller ‘pop-out’ 

failures in the underlying sand layer.  Bank collapse was observed consistently at 

60% bank saturation. 

• Gradual slopes are still susceptible to slumping and failure, but the absolute change in 

side slope is reduced.  The stability was increased by building more gradually sloped 
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banks.  The failure mass increased with more gradual banks, requiring a greater 

overburden force to induce failure. 

The hydrodynamic model River2D was used to test the hydrodynamic behavior near the 

log sills and resulting downstream scour pool.  The log sills were shown to create a 

statistically deeper cross section than non-structured cross sections.  Scour pool depth and 

over all channel bed slope reached equilibrium within the first year of monitoring.  The 

weighted shear stress and stream power discharge was used in the model to analyze the 

hydrodynamics at the log sills.  The following conclusions were made based on the study. 

• Log sills resulted in a 48% median reduction in velocity head from upstream to 

downstream 

• Energy dissipation over log sills can be engineered given upstream flow conditions.  

Head loss over the logs can be modeled using the empirical relationship in equation 1. 

4 426.08 23.89 6.29*10 5.6*10f L L
e e

s s s

h D DR R
H H H

− − ⎛ ⎞
= − − + ⎜ ⎟

⎝ ⎠
   (1) 

where hf is energy head loss over the log sill (m), Hs = 3 2 / gq  is the critical specific 

discharge (m), DL is log sill height over the channel bed (m), Re is the upstream 

Reynolds number (q/ν).  The coefficient of determination, R2 = 0.82 (adjusted).  The 

relationship illustrates the influence of log height and turbulence on headloss. 

• The depth of scour downstream of log sills can be controlled under low downstream 

tailwater conditions.  Maximum scour pool depth was modeled assuming equilibrium 

sediment transport using the relationship in equation 2. 
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where Ds is the depth of scour below the log sill (m), a1 is the morphologic jump 

defined as the change in downstream slope times the thalweg distance between sills 

(m), Re is the downstream Reynolds number, and D50’ is the median particle size in 
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the bed (m) times the specific weight of submerged sediment (1.65).  The coefficient 

of determination, R2 = 0.999 (adjusted).  The results reiterate previous predictive 

empirical relationships which include the morphologic jump and median bed particle 

size.  However, the analysis suggested a dependence of the scour depth on turbulence, 

which has been previously ignored.  Reynolds number as used in this expression may 

be indicative of tailwater depth. 

• The results indicated that downstream conditions were significant in scour pool depth 

formation.  The headloss relationship is necessary for predicting downstream energy. 

• The relative radius of curvature and sill height were not significant explanatory 

variables for scour pool depth. 

The research study at Core Creek illustrated stable stream equilibrium conditions.  The 

evolution of stable stream dimension, pattern, and profile was important for advancing 

stream design in the coastal plain of North Carolina.  Numerous process parameters were 

significantly correlated, but no strong determinant predictive relationships were found.  

Further intensive study on specific processes effecting bank stability in the field is necessary.  

The lab study was useful in illustrating bank deformation specific to coastal plain soils and 

seepage forces.  The research indicated the influence on seepage on bank stability, and 

reiterated the need for further modeling research on bank stability for this particular failure 

mechanism.  Hydrodynamic modeling illustrated a relationship with channel morphology and 

scour pool depth over log sills.  The empirical relationships are specific to these morphologic 

conditions, and showed the dependence of turbulence on scour pool development. 

Based on the study, coastal plain restoration designs should account for a range of flow 

conditions.  Overbank discharge was observed over 3 times per year on average.  However, 

the long term peak shear stress and stream power were measured at a discharge with a much 

higher frequency.  Undersizing the channel to flood more frequently is recommended when 

appropriate.  Investigation into the effective discharge as a criteria for channel design in the 

Coastal Plain is suggested as important subject for further research. 
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The lack of power in the channel and intermittent dry periods allowed for dense in 

channel vegetation to establish.  The low flow channel may prevent vegetation at the 

thalweg.  Side slope stability would also benefit by having a low flow channel or armoring 

materials at the toe of slope.  The low flow channel created a stable toe at the bottom of the 

bank, increasing bank stability.  Coir logs, tree stumps, or densely planted wetland grasses 

would act in a similar manner by constricting water to the center of the channel and 

providing a stable bank toe. 

Side slopes and channel width were affected by inundation and bank seepage.  Flatter 

sections of stream act to slow down flow and increase inundation.  Scour pool depth is also 

reduced.  Adequate slope is necessary to improve drainage and enhance scour downstream of 

log sills.  In order to determine an appropriate slope, designers should determine the 

threshold slope for sediment transport and the necessary slope given site constraints.  Log 

sills can be used to dissipate energy given upstream conditions (see Equation 1).  The sills 

should be engineered appropriately according to downstream tailwater depth, median bed 

particle size, and morphologic jump (see Equation 2). 

Naturally forming channels in the coastal plain have levees made of sandy alluvial 

deposits.  However, at the restoration site, the levees ponded stormwater close to the stream 

banks which increased seepage through the banks.  High moisture at the top of banks and 

increased seepage were found to induce bank failure.  Future designs should retain 

stormwater further from the stream banks.  The levees should be constructed to shed 

stormwater away from the stream and store it in the floodplain.  Vernal pools along the inside 

of meander bends would be appropriate.  Drainage channels or slope drains made of 10 cm 

black corrugated plastic drain tile or other appropriate material can be used to drain storm 

water to the stream.  By providing stormwater a preferred path for drainage, bank erosion and 

excess moisture can be avoided. 

Wood structures were found to enhance bed diversity and increase bank stability.  Root 

wads are recommended in areas of high seepage potential, layered or sandy bank soils, and 



 150 

for bed depth diversity.  The rootwad provides the bank a physical structure to mitigate 

against seepage erosion. 
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APPENDIX 1: Site description 

The stream restoration site was in Craven County, NC, approximately 3 miles south 

of Cove City, NC at latitude 35.187N, and longitude -77.321W.  Elevation of the site was 

approximately 46 feet above mean sea level.  The US Census reported a population of 71,043 

in Craven County in 1980.  Most of the population lived in and around New Bern, the county 

seat, and Havelock, which included the Cherry Point US Marine Corps Air Station.  Total 

land area in the county was 464,000 acres, with 72,000 acres of cropland and most of the 

remaining acres of woodland.  The Croatan National Forest made up 60,933 acres of the 

county.   

Craven County was drained by the Neuse and Trent Rivers, which generally flowed 

to the Southeast.  These rivers are characterized by sluggish flow over the land.  Topography 

is very gradual, with a range in elevation from 63 feet above sea level at Dover to less than 5 

feet in the marshes and floodplains in the eastern part of the county.   88% of the land was 

nearly level, 11% was gently sloping, and less than 1% was sloping to moderately steep 

(Goodwin, 1989). 

The coastal plain of North Carolina is made up of a series of ancient beach fronts in 

the form of scarps.  The soils here are unconsolidated, fluvial and marine deposits.  Age 

depends on the morphostratigraphic unit.  The youngest landscapes are closest to the Atlantic 

Ocean, the Talbot and Pamlico geomorphic surfaces having been the last exposed during the 

previous geologic period of ocean retreat less than 200,000 years ago.  These youthful soils 

possess a mixed mineralogy of weatherable minerals such as feldspar and mica, with a 

greater fraction of montmorillonite clays.  Broad interstream divides make for poorly drained 

soil systems (Goodwin, 1989).   

The NRCS national soil survey listed the site specific soils as Rains fine sandy loam.  

This soil was in hydrologic group B, with high runoff potential, and high water tables at or 

near the surface during the winter and early spring.  Much of the restored stream watershed 

was in Jones County, which is similar in topography and hydrology to Craven.  The Jones 

county soils map listed much of the watershed soils as Grifton fine sandy loam.  The Grifton 
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soils group was in hydrologic group D, with high runoff potential and water table conditions 

at or near the surface during the winter and early spring.  The soil profile descriptions for the 

Rains and Grifton groups were very different, as shown in tables A1.1 and A1.2.  The Rains 

group had a gradual increase in clay content down to 80 inches.  The Grifton soils had an 

increase in clay up to 18-35%, and a sudden sharp decrease to 2-18% at 50 inches of depth. 

The deep sandy layer had an order of magnitude higher saturated hydraulic conductivity than 

the overlying clay layer.  The soil type observed in the field more closely resembled the 

Grifton series, and was an important factor in bank stability. 

References 
Goodwin RA.  1989.  Soil Survey of Craven County, NC.  USDA-SCS. 

United States Department of Agriculture.  2007.  Natural Resources Conservation Service.  
National soil survey handbook, title 430-VI (http://soils.usda.gov) accessed: 08-24-
2007 

 



 161 

Table A1.1: Rains fine sandy loam soil series physical properties profile 
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Table A1.2: Grifton fine sandy loam soil series physical properties profile 
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APPENDIX 2: Stage, velocity, and discharge monitoring results 

The computation of a continuous time series of hydraulic gradient in the stream and 

in the local water table was necessary for many of the analyses.  Slope was calculated by the 

difference in pieziometric head between logging instruments divided by the linear distance.  

Three transects were installed at upstream, downstream, and midstream locations. 

For hydraulic gradient through the bank, the difference between stream stage data and 

the adjacent floodplain well data were used.  For hydraulic gradient in the floodplain, the 

difference between adjacent floodplain wells was calculated.  Positive values indicate a 

positive gradient toward the stream.  The following chart series illustrates monitoring results 

of stage in the floodplain and in the stream.  An arbitrary reference elevation of 100 ft was 

set at a survey monument, and all stage recorders are reported accordingly. 
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Transect 3
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Figure A2.1: Lower (transect 1), Middle (transect 2), and Upper (transect 3) stage records 
for the stream and adjacent floodplain wells 

The data spans most of the survey period.  Initial surveys on 3/28/05, 4/13/05, and 

5/31/05 do not have corresponding stage recorded data.  Stream stage recorders were 

installed on 5/5/05, but floodplain wells did not begin logging until 6/15/05.  Interactions 

between the stream and local water table are interesting to note.  The stream often fluctuates 

between a source and sink, acting as drainage for much of the winter and a source for 

groundwater during dry spring and summer periods.  The overall drop in head along the 

stream was only around 1 foot.  However, the difference in head between the floodplain and 

stream stages was often greater than 1 foot, over a short distance.  The data was used to 

compute hydraulic gradient in the floodplain and in the stream banks by comparing adjacent 

well records in time series in each transect.  The results are a continuous record of hydraulic 

gradient which was used to compare to changes observed in surveys of the stream banks.  

The following figure illustrates the gradient data calculated. 
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Transect 2
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Transect 3
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Figure A2.2: Hydraulic gradient data for the three transects.  Gradient was calculated as the 
difference in pieziometric head between adjacent monitoring wells divided by the linear 
distance. 

The gradient data illustrate a large range of hydraulic gradient pressures between the 

stream and local water table.  The floodplain gradient was fairly steady, but the gradient 

through the banks varied widely by +/- 8%.  Gradient response differed according to seasons.  

In dry summer and spring seasons, the gradient would increase rapidly during heavy rains 

and slowly recede.  The wet winter season showed a different response, and the gradient 

decreased during rains as the stream stage increased.  As the stream drained, the hydraulic 

gradient through the banks would slowly increase. 

The hydraulic gradient was also calculated along the stream channel.  The value of 

the hydraulic gradient in the channel was important for calculating many parameters, 

including velocity, discharge, shears stress, and stream power.  The following chart illustrates 

the fluctuations in upper and lower stream gradients over a portion of the study period. 
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Figure A2.3: Hydraulic gradient in the stream channel as calculated using adjacent stream 
stage records divided by the thalweg length 

Downstream hydraulic gradient was generally higher than upstream.  This was 

expected due to the increased channel bottom slope in the downstream reach.  Greater 

fluctuations in slope were observed during the summer months.  During the last period of 

monitoring, some interesting results were recorded due to frequent beaver dam construction.  

Two large storm events were recorded in September (TS Ernesto) and November of 2006. 

Shear stress is an important parameter for estimating sediment transport and stream 

bank erosion in the channel.  The typical method for calculating hydraulic shear stress is 

given by the following equation. 

DSτ γ=  

where τ is shear stress (N/m2), γ is the unit weight of water, defined as 9810 kg/m3, D is flow 

depth (m), and S is energy gradient, defined as the hydraulic gradient (m/m) 
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The flow depth was used to calculate a maximum shear stress at the thalweg of the 

channel, as opposed to the average shear stress which is calculated using the hydraulic radius 

or average depth.  Shear stress is a measure of the force of water per unit area of channel bed.  

It is proportional to the energy loss in the stream due to friction, sediment transport, and heat 

loss assuming uniform steady flow (Marsh et al., 2004).  Using the hydraulic gradient in 

place of the energy gradient is typical in sediment transport literature, and should be 

proportional to the true energy gradient.  Velocity head of the stream was expected to be very 

low.  The following graph shows a portion of the continuous time series of hydraulic shear 

stress used in analysis. 
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Figure A2.4:  Hydraulic shear stress calculated in the channel according to hydraulic 
gradient and flow depth 

The shear stress in the channel generally fluctuated between zero and six N/m2.  

Larger values were recorded during large storm events, and generally the lower reach 

downstream experienced increased shear stress.  For reference, most incipient motion 
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equations estimate some sediment transport of 0.2 mm sand particle (D50 of the bed) at only 

0.3 N/m2 (using equations provided by WARSSS, 2005)  Motion of bed grains was observed 

during most normal flow rates.  Shear stress effects bank stability through erosion of 

sediment at the toe of the banks.  The erosion of sediment can undermine banks.  In seepage 

research, sediment transport is a necessary precursor to promote piping or sapping erosion 

(Haggerty, 1991).  

A time series of bunk inundation was also calculated using stream stage records, 

discharge estimates, and water surface profile modeling through HEC-RAS.  Stream stage 

was recorded directly at cross sections 6, 16, and 33.  In order to estimate the stage at all 

other cross sections, the discharge and modeled water surface profile were necessary.  

Discharge was estimate using the slope-area method developed by Dalrymple & Benson 

(1967).  The method is based on uniform flow assumptions.  The following computational 

steps were required to find discharge based on the measured slope and channel area. 
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where V is average channel velocity (m/s), g is acceleration due to gravity (m/s2), f is the 

Darcy-Weisbach friction factor, R is the hydraulic radius of the channel (m), S is energy 

gradient, hf is energy head loss due to friction (m), hv is the velocity head (m), and k is a 

constant dependent on contraction and expansion. 

Assuming no major contraction or expansion in between cross sections, the energy 

gradient becomes: 

2
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and 
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vh hS
L

Δ + Δ
=  (when Δhv is negative) 

The Darcy-Weisbach formula was used to compute velocity based on data from the 

STARFLOW acoustic Doppler velocity meter.  The velocity meter was installed in 

December, 2005 near the GCT2 stage recorder.  Data from the logger is shown in the 

following graph. 
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Figure A2.5: Velocity data recorded using the STARFLOW acoustic Doppler meter and the 
handheld rotary current meter 

The velocity data was consistent with measurements made using a handheld rotary 

current meter.  The datalogger was prone to power loss even with a solar panel backed 12V 

battery.  The dense vegetation and algae in the stream also made velocity measurements very 

scattered.  However, the data proved useful in estimating a friction factor for the stream.  To 

calculate a continuous series of velocity and discharge estimates, the friction factor was 
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necessary.  Friction factor was indirectly measured using the STARFLOW meter, and was 

calculated from the Darcy-Weisbach formula.  The STARFLOW acoustic Doppler meter was 

installed to monitor 2-dimenional average velocity in the channel.  The specifications for the 

STARFLOW are included in the following table. 

STARFLOW Acoustic Doppler Velocity Meter Technical Specifications 

Velocity Range: 21 mm/s to 4500 mm/s bi-directional  
Accuracy: 2% of measured velocity  
Resolution: 1 mm/s  

Accuracy: ±0.25% of calibrated lower range  
Temperature: -17°C to 60°C  
Resolution: 0.1°C  
Flow Computation: Flow rate, totalised flow  
Channel Type: Pipe, open channel, natural stream  
Integrated MicroLogger Storage Memory: 100KB, 
CMOS RAM  
Log Interval: programmable, 5 sec to 1 week  
Communication: RS-232, 300-38400bps  
SDI-12: 1200bps, instrument channel  
Control: CMOS output trigger (water sampler)  
Compatibility: STARLOG compatible  
General Cable: 15 metre, 9 way vented, «SQL» compatible  
Power Source: External battery 12V dc  
Power Usage: 11.5 to 15 Vdc, 50µA standby, 200mA active, 90mA comms  
Operating Temp: 0°C to 60°C water temperature  
Material: PVC body  
Size: 290×70×25mm L×W×D  
Weight: 850g (2kg with 15m cable) 

 

In classical hydraulic friction studies, the friction factor is closely related to 

turbulence and roughness (Munsen, 1990).  The typical estimate of turbulence is the 

Reynolds number, computed using the following formula: 

Model Depth Resolution 

6526-21 0 to 2m 0-1m: 1mm  
1-2m: 2mm 

6526-51 0 to 5m 0-2.5m: 2.5mm 
2.5-5m: 5mm 
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e
VDR
υ

=  

where Re is Reynolds number (dimensionless), V is channel velocity (m/s), D is flow depth 

(m), and υ is kinematic viscosity, defined as 1.002e-06 m2/s. 

Temperature was not accounted for in determining viscosity.  Velocity was found to 

be closely related to Reynolds number, hydraulic gradient (S), and flow depth in the channel.  

The following analysis was performed in JMP using the time series of STARFLOW velocity 

measurements, hydraulic gradient, and flow depth at GCT2.    
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Figure A2.6: Bivariate Fit of Friction Factor f By Reynolds number 

Transformed Fit Log to Log 

Log(Friction Factor f) = 15.671147 - 1.4210877 Log(Re) 

Summary of Fit 

RSquare 0.893181
RSquare Adj 0.893176
Root Mean Square Error 0.443668
Mean of Response 0.384885
Observations (or Sum Wgts) 19439
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Analysis of Variance 

Source DF Sum of Squares Mean Square F Ratio
Model 1 31991.708 31991.7 162525.1
Error 19437 3826.010 0.196842 Prob > F
C. Total 19438 35817.718 0.0000

Parameter Estimates 

Term   Estimate Std Error t Ratio Prob>|t|
Intercept  15.671147 0.038051 411.85 0.0000
Log(Re)  -1.421088 0.003525 -403.1 0.0000

Fit Measured on Original Scale 

Sum of Squared Error 712031.88
Root Mean Square Error 6.0525043
RSquare 0.5228389
Sum of Residuals 8964.4942
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Figure A2.7:  Bivariate Fit of Friction Factor f By Slope 

Transformed Fit Log to Sqrt 

Log(Friction Factor f) = 4.8218507 - 139.2599 Sqrt(Slope) 
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Summary of Fit 

RSquare 0.045685
RSquare Adj 0.045636
Root Mean Square Error 1.326112
Mean of Response 0.384885
Observations (or Sum Wgts) 19439

Analysis of Variance 

Source DF Sum of Squares Mean Square F Ratio
Model 1 1636.325 1636.32 930.4842
Error 19437 34181.393 1.76 Prob > F
C. Total 19438 35817.718 <.0001

Parameter Estimates 

Term   Estimate Std Error t Ratio Prob>|t|
Intercept  4.8218507 0.145767 33.08 <.0001
Sqrt(Slope)  -139.2599 4.565324 -30.50 <.0001

Fit Measured on Original Scale 

Sum of Squared Error 1572139.2
Root Mean Square Error 8.9935444
RSquare -0.053554
Sum of Residuals 43143.336
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Figure A2.8: Bivariate Fit of Friction Factor f By Depth (m) 

Transformed Fit Log to Sqrt 

Log(Friction Factor f) = 6.8734641 - 10.991506 Sqrt(Depth (m)) 

Summary of Fit 

RSquare 0.250061
RSquare Adj 0.250022
Root Mean Square Error 1.175567
Mean of Response 0.384885
Observations (or Sum Wgts) 19439

Analysis of Variance 

Source DF Sum of Squares Mean Square F Ratio
Model 1 8956.616 8956.62 6481.110
Error 19437 26861.102 1.38 Prob > F
C. Total 19438 35817.718 0.0000

Parameter Estimates 

Term   Estimate Std Error t Ratio Prob>|t|
Intercept  6.8734641 0.081038 84.82 0.0000
Sqrt(Depth (m))  -10.99151 0.136531 -80.51 0.0000
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Fit Measured on Original Scale 

Sum of Squared Error 1494116.5
Root Mean Square Error 8.767537
RSquare -0.001267
Sum of Residuals 37867.265

 

The analysis revealed that Reynolds number, slope, and flow depth had statistically 

significant power in predicting the friction factor of the channel.  Reynolds number and slope 

are analogous to turbulence and energy dissipation in the channel.  The flow depth relates to 

relative roughness of the channel.  In order to apply the relationship to a continuous data set, 

a formula of the form: 

2
3*ln( ) * *1 *

eB R C S E D
A e

f

⎡ ⎤+ +⎢ ⎥⎣ ⎦=  

Where A, B, C, and E are fitted parameters with the values shown in the following 

table.  The formula is similar in form to the Colebrook-White formula.  The parameters were 

fitted by minimizing the sum of variance between actual and predicted values.  A Newton 

forward derivative optimization model was used to find the best fit.   

Table A2.1: Empirical parameters used in estimating friction factor 
Season Winter '06 Summer '06 Winter '07

A 0.00052 0.00045 0.00044
B 0.99448 0.99619 0.98577
C -42.59495 -31.08961 -31.36422
E -4.05454 -4.47098 -4.20180  

Seasonality was apparent in the data due to vegetative growth in the channel.  

Summer friction was much higher due to an abundance of vegetation, creating greater 

roughness in the channel.  Winter months had less roughness as the vegetation died off.  The 

fluctuation is reflected in the E parameter, related to relative roughness or channel depth.  

The model fit the data very well, with coefficients of determination greater than 0.99.  The 
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following chart shows actual indirectly measured friction factors versus predicted friction 

factor values given slope, depth, and Reynolds number. 
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Figure A2.9:  Clockwise from top left: Winter ’06; Summer ’06; and Winter ’07 friction 
factor plots showing actual versus predicted values; and an example of actual and predicted 
friction factors versus Reynolds number. 

The empirical formula was used to compute friction factor in a continuous time 

series.  The Reynolds number from the previous time step was used in calculations to avoid 

circular errors.  The series was seeded with an appropriate initial value.  The continuous 

series of friction factors made it possible to compute velocity and discharge for the channel 

with accuracy at both low and peak stages.  The following graph shows results of discharge 

estimations from the 2006 monitoring year. 
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Figure A2.10: Discharge modeled from continuous stage records and the slope-area method 
for 2006. 

Discharge in the channel was fairly consistent throughout the year, until major storms 

came through in September (TS Ernesto) and November.  The stream and floodplain were 

completely under water during these events for an extended period.  The computed discharge 

was compared to the discharge monitored at the double v-notch weir at GCD7A.  The weir is 

approximately 160 m downstream of the restored site, and is monitored using a continuous 

stage recorder at 20-minute intervals.  The following graph shows the modeled discharge in 

the stream to discharge measured at the weir. 
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Figure A2.11: Modeled discharge versus measured discharge at the downstream double v-
notch weir 

A perfect correlation between the modeled discharge and measured discharge was not 

expected.  The downstream weir receives additional runoff volume from a 6inch pipe running 

from a lateral field ditch.  The ditch connecting the restored reach to the weir is also 

surrounded by agricultural ditches, so much of the discharge could be either removed through 

evapotranspiration and groundwater recharge.  Some seepage input from the fields could also 

increase discharge.  Generally, the graph shows expected relationship, that during high flows, 

which occur during the summer months dominated by surface runoff, the modeled discharge 

underpredicts discharge at the weir.  This is due to additional runoff contributed from the 6-

inch pipe.  During smaller discharge rates dominated by groundwater flow, the modeled 

discharge overestimates discharge at the weir, attributable to some losses to the groundwater.  

Since the agricultural fields are drained, the local water table is most likely lower than in the 

restored site. 

To obtain a continuous record of stage for each of the 35 permanent cross sections, 

the discharge and stage records at GCT1, GCT2, and GCT3 were used to model the 2-

dimensional water surface profile for a range of discharge values using HEC-RAS.  Total 

station surveys of the restoration site were used to input 35 cross sections and floodplain 

areas into the HEC-RAS geometry profile.  The modeled discharge and known water surface 
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elevations were used to create steady flow profiles for a range of discharge values under 

different stage and slope conditions.  HEC-RAS uses a backwater computational algorithm to 

calculate the water surface profile.  Thus, the channel roughness parameter was varied until 

the modeled upstream stage matched the measured upstream stage.  Steady flow 

computations were used as opposed to unsteady flow due to the short time frame allowed in 

HEC-RAS and computational constraints.  48, 64, and 55 different events were modeled for 

the downstream, midstream, and upstream reach of the restoration site respectively.  Results 

of the modeling are shown in the following graphs.  
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Figure A2.12: Comparison of HEC-RAS modeled upstream stage to measured upstream 
stage for each of the three reach models 

HEC-RAS uses the Manning equation to model velocity.  Manning’s roughness factor 

was varied in the channel and floodplain until the difference between modeled upstream 

stage and measured upstream stage was minimized.  The analysis of the output shows a close 

approximation between measured and predicted stages, with all reaches close to a 1:1 

relationship.  Coefficients of determination were all greater than 0.87.   
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The output from HEC-RAS was used to formulate a relationship between discharge, 

upper stream stage, and lower stream stage to calculate the stage at each permanent cross 

section.  A simple power equation and best fit parameters were used to model stage at each 

cross section.  The model took the form of the following equation: 

( )* A B C
x down upWS D Q WS WS= + +  

Where: 

WSx = water surface elevation at cross section X, m 

Q = discharge, m3/s 

WSdown, WSup = water surface at the downstream and upstream monitoring location, m 

A, B, C, D = empirical coefficients 

The coefficients were found by minimizing the absolute difference between HEC-

RAS modeled and calculated stage for each cross section.  The values for each parameter and 

coefficient of determination for each model are shown in the following table. 
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Table A2.2: Coefficients and R2 values for each cross section stage model 
XS A B C D R-Squared
1 0.01753 0.94699 1.15162 0.9993
2 0.01731 0.94659 1.15312 0.9993
3 0.01748 0.94623 1.15451 0.9993
4 0.01765 0.94617 1.15480 0.9993
5 0.01712 0.94622 1.15461 0.9994
6 0.00733 30.03518 0.9291
7 0.01681 1.09050 0.70042 0.56984 0.9996
8 0.05203 0.73314 1.04749 0.61909 0.9866
9 0.03426 0.96851 0.84802 0.65407 0.9966
10 0.02464 0.97784 0.68636 0.76684 0.9955
11 0.02259 0.95947 0.69311 0.79638 0.9946
12 0.00210 1.04266 0.72773 0.63132 0.9917
13 0.04020 0.87091 0.71936 0.94229 0.9958
14 0.00214 1.00736 0.70948 0.70016 0.9878
15 0.00368 0.98003 0.71585 0.74332 0.9885
16 0.00803 0.98905 0.99743 0.9466
17 0.03914 0.81363 0.52555 1.31165 0.9946
18 0.04262 0.79698 0.74999 1.03924 0.9906
19 0.03186 0.50455 0.86645 1.16819 0.976
20 0.03256 0.48756 0.85030 1.23288 0.9833
21 0.02823 0.82731 0.89668 0.77241 0.9963
22 0.02544 0.83053 0.89346 0.77358 0.9971
23 0.02793 0.83064 0.89598 0.77015 0.9972
24 0.03075 0.85225 0.90989 0.72748 0.9985
25 0.02064 0.82556 0.93461 0.72123 0.997
26 0.00062 1.02051 0.92106 0.53524 0.9914
27 0.03104 0.82884 0.93527 0.71782 0.9946
28 0.02734 0.81938 0.93164 0.73220 0.9961
29 0.03135 0.81755 0.93140 0.73468 0.9964
30 0.02825 0.86488 0.93385 0.68445 0.9956
31 0.02060 0.89032 0.96009 0.62857 0.9915
32 0.02764 0.86840 0.95828 0.65128 0.991
33 -0.05600 1.15675 0.57808 0.9348
34 0.02668 0.44801 0.88668 1.15734 0.9934
35 -0.00199 0.93217 0.91124 0.64033 0.9848  

The coefficients of determination show that the equations are able to model the 

variability with accuracy.  The best fit lines between predicted and observed values were all 

very close to 1:1.  This series of equations allowed for continuous estimates of stage at each 

of the surveyed cross sections given discharge and an upstream and downstream stage.  

Missing data in the time series was also filled in using these prediction equations at cross 
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sections 6, 16, and 33.  Cross sections 1-5 do not have a downstream stage recorder and these 

equations do not have a ‘C’ value.  The R2 values are still quite high for these equations. 

The cross section models were applied to the continuous stage and discharge time 

series data in order to calculate the percent inundation of the banks.  Bank inundation was 

believed partially responsible for bank slumping due to wetting and drying.  Inundation 

increases water content and decreases soil cohesive strength.  Subsequent removal of buoyant 

forces during the falling limb of hydrographs creates conditions for bank deformation.  The 

following chart shows a time series of percent bank inundation for each cross section during 

the monitoring periods in between surveys.  inundation percentage was calculated by the 

following formula: 

100*% ⎥
⎦

⎤
⎢
⎣

⎡
=

BankHeight
FlowDepthBI  

The function was set equal to 100% if the flow depth exceeded the bank height. 
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Figure A2.13: Bank inundation as a percent of the total bank height for the midstream reach.  
Values are for the right bank on cross sections 7 (downstream), 16 (midstream), and 33 
(upstream). 

The magnitude of bank inundation depended on location in the reach, and differences 

were apparent between cross sections. 
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APPENDIX 3: Summary of hydraulic gradient, shear stress, discharge, and bank inundation 

results 

Hydraulic gradient, shear stress, and bank inundation were all measured during the 

monitoring study.  To compare processes to the observed bank forms, a median value of 

parameters were used to represent the time series of data in between surveys.  The complete 

survey results listing the cross sections, their features, presence of structure, and side slope 

are in the following table. 

Table A3.1: Survey results of cross sectional side slope, width, and maximum depth for left 
=1 and right = 2 stream banks used in statistical analysis.  Features, inner bank = 1, outer 

bank = 2, pool = 3, riffle/run = 4.  Structures, Log sill = 1, none = 2, rootwad = 3. 

XS 
Side 
Slope Width 

Max 
Depth Area 

Date 
Number 

Bank 
Number 

Feature 
Number 

Structure 
Number 

1 2.14 4.88 0.76 2.00 1 2 4 2 
1 3.65 4.88 0.76 2.00 1 1 4 2 
2 2.56 5.18 0.76 1.58 1 1 3 1 
2 2.86 5.18 0.76 1.58 1 2 3 1 
3 3.03 6.10 0.64 2.15 1 1 4 2 
3 4.17 6.10 0.64 2.15 1 2 4 2 
4 2.78 4.57 0.74 1.99 1 2 3 1 
4 3.23 4.57 0.74 1.99 1 1 3 1 
5 2.63 5.18 0.75 2.05 1 1 3 1 
5 3.33 5.18 0.75 2.05 1 2 3 1 
6 2.95 5.79 0.64 2.21 1 2 4 3 
6 3.33 5.79 0.64 2.21 1 1 4 2 
7 2.82 5.18 0.58 1.96 1 1 1 2 
7 3.03 5.18 0.58 1.96 1 2 2 2 
8 2.63 6.10 0.58 2.13 1 2 4 3 
8 3.26 6.10 0.58 2.13 1 1 4 2 
1 2.11 4.57 0.71 1.83 2 2 4 2 
1 2.98 4.57 0.71 1.83 2 1 4 2 
2 2.49 5.18 0.83 1.84 2 1 3 1 
2 2.86 5.18 0.83 1.84 2 2 3 1 
3 3.14 5.79 0.65 2.11 2 1 4 2 
3 3.27 5.79 0.65 2.11 2 2 4 2 
4 2.89 4.27 0.81 1.91 2 2 3 1 
4 3.37 4.27 0.81 1.91 2 1 3 1 
5 3.00 5.18 0.66 1.82 2 1 3 1 
5 4.57 5.18 0.66 1.82 2 2 3 1 
6 3.22 5.79 0.58 2.12 2 2 4 3 
6 3.57 5.79 0.58 2.12 2 1 4 2 
7 2.84 5.49 0.57 1.84 2 1 1 2 
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7 3.01 5.49 0.57 1.84 2 2 2 2 
9 2.85 5.79 0.59 1.94 2 2 1 2 
9 5.86 5.79 0.56 1.94 2 1 2 3 
10 4.02 5.49 0.52 1.72 2 1 4 2 
10 5.01 5.49 0.52 1.72 2 2 4 2 
11 4.46 5.49 0.62 1.78 2 2 2 3 
11 4.63 5.49 0.60 1.78 2 1 1 2 
12 1.26 4.27 0.92 1.74 2 1 3 1 
12 2.56 4.27 0.92 1.74 2 2 3 1 
13 2.50 5.18 0.59 1.65 2 2 1 2 
13 3.47 5.18 0.66 1.65 2 1 2 2 
14 2.38 4.57 0.58 1.69 2 2 4 2 
14 4.60 4.57 0.58 1.69 2 1 4 2 
15 2.62 4.27 0.59 1.47 2 2 4 2 
15 4.30 4.27 0.59 1.47 2 1 4 2 
16 1.70 4.27 0.67 1.63 2 2 2 3 
16 3.37 4.27 0.69 1.63 2 1 1 2 
18 4.02 3.66 0.74 1.96 2 1 3 1 
18 4.30 3.66 0.74 1.96 2 2 3 1 
20 2.92 4.88 0.49 1.48 2 2 3 1 
20 6.52 4.88 0.49 1.48 2 1 3 1 
21 2.87 4.27 0.60 1.32 2 1 1 2 
21 3.10 4.27 0.59 1.32 2 2 2 3 
22 2.32 3.66 0.64 1.58 2 2 3 1 
22 2.37 3.66 0.64 1.58 2 1 3 1 
23 1.86 3.96 0.67 1.72 2 1 4 3 
23 2.93 3.96 0.67 1.72 2 2 4 2 
24 2.51 4.57 0.61 1.52 2 1 1 2 
24 3.35 4.57 0.61 1.52 2 2 2 2 
25 4.17 4.27 0.42 1.35 2 2 4 2 
25 4.22 4.27 0.42 1.35 2 1 4 2 
26 3.62 4.57 0.45 1.26 2 2 1 2 
26 10.36 4.57 0.47 1.26 2 1 2 2 
27 3.07 3.96 0.57 1.65 2 1 3 1 
27 4.72 3.96 0.57 1.65 2 2 3 1 
28 2.91 4.57 0.75 2.11 2 2 4 2 
28 3.45 4.57 0.75 2.11 2 1 4 2 
29 1.90 3.66 0.73 1.96 2 2 2 3 
29 2.49 3.66 0.74 1.96 2 1 1 2 
30 2.64 4.27 0.64 1.66 2 2 4 2 
30 3.15 4.27 0.64 1.66 2 1 4 2 
31 2.93 5.49 0.68 1.88 2 2 1 2 
31 3.14 5.49 0.65 1.88 2 1 2 2 
32 1.59 4.27 1.03 3.04 2 1 4 3 
32 2.01 4.27 1.03 3.04 2 2 4 2 
33 2.05 4.27 0.88 2.33 2 1 1 2 
33 2.70 4.27 0.87 2.33 2 2 2 3 
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34 2.44 3.96 0.77 1.85 2 2 3 1 
34 2.65 3.96 0.77 1.85 2 1 3 1 
35 2.34 4.27 1.10 3.08 2 2 4 2 
35 2.76 4.27 1.10 3.08 2 1 4 2 
1 2.11 4.88 0.72 1.94 3 2 4 2 
1 3.45 4.88 0.72 1.94 3 1 4 2 
2 2.35 5.18 0.77 1.86 3 1 3 1 
2 4.08 5.18 0.77 1.86 3 2 3 1 
3 3.00 5.79 0.65 2.18 3 1 4 2 
3 3.33 5.79 0.65 2.18 3 2 4 2 
4 2.52 4.88 0.86 2.12 3 2 3 1 
4 3.27 4.88 0.86 2.12 3 1 3 1 
5 3.22 4.88 0.77 2.07 3 1 3 1 
5 3.37 4.88 0.77 2.07 3 2 3 1 
6 2.94 5.79 0.63 2.14 3 2 4 3 
6 4.72 5.79 0.63 2.14 3 1 4 2 
7 2.86 5.49 0.58 1.84 3 2 2 2 
7 2.98 5.49 0.58 1.84 3 1 1 2 
8 2.36 5.79 0.58 2.01 3 1 4 2 
8 2.85 5.79 0.56 2.01 3 2 4 3 
9 4.09 5.79 0.64 1.93 3 2 1 2 
9 4.90 5.79 0.62 1.93 3 1 2 3 
10 3.99 5.18 0.50 1.51 3 1 4 2 
10 4.31 5.18 0.50 1.51 3 2 4 2 
11 3.53 5.49 0.60 1.99 3 2 2 3 
11 3.95 5.49 0.59 1.99 3 1 1 2 
12 1.88 4.27 0.91 1.77 3 2 3 1 
12 2.09 4.27 0.91 1.77 3 1 3 1 
13 3.15 5.18 0.63 1.51 3 2 1 2 
13 3.70 5.18 0.57 1.51 3 1 2 2 
14 2.87 4.57 0.46 1.51 3 2 4 2 
14 4.54 4.57 0.46 1.51 3 1 4 2 
15 2.96 4.27 0.56 1.42 3 2 4 2 
15 4.54 4.27 0.56 1.42 3 1 4 2 
16 1.24 4.27 0.66 1.63 3 2 2 3 
16 3.34 4.27 0.65 1.63 3 1 1 2 
18 2.91 3.66 0.73 2.08 3 1 3 1 
18 4.28 3.66 0.73 2.08 3 2 3 1 
19 9.54 4.88 0.41 1.49 3 1 2 2 
19 9.56 4.88 0.48 1.49 3 2 1 2 
20 3.00 4.57 0.53 1.48 3 2 3 1 
20 7.50 4.57 0.53 1.48 3 1 3 1 
21 2.72 4.27 0.64 1.22 3 2 2 3 
21 2.92 4.27 0.59 1.22 3 1 1 2 
22 2.30 3.66 0.65 1.61 3 1 3 1 
22 2.32 3.66 0.65 1.61 3 2 3 1 
23 1.93 3.96 0.67 1.71 3 1 4 3 
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23 2.79 3.96 0.67 1.71 3 2 4 2 
24 2.42 4.57 0.58 1.45 3 1 1 2 
24 3.90 4.57 0.61 1.45 3 2 2 2 
25 3.15 4.27 0.43 1.42 3 1 4 2 
25 4.34 4.27 0.43 1.42 3 2 4 2 
26 3.72 4.57 0.58 1.41 3 2 1 2 
26 14.11 4.57 0.47 1.41 3 1 2 2 
27 2.09 3.66 0.58 1.49 3 1 3 1 
27 3.39 3.66 0.58 1.49 3 2 3 1 
28 2.86 4.57 0.70 1.96 3 2 4 2 
28 3.88 4.57 0.70 1.96 3 1 4 2 
29 2.06 3.66 0.89 1.96 3 2 2 3 
29 2.81 3.66 0.74 1.96 3 1 1 2 
30 3.13 4.27 0.62 1.72 3 2 4 2 
30 3.16 4.27 0.62 1.72 3 1 4 2 
31 2.85 5.79 0.63 1.99 3 2 1 2 
31 3.34 5.79 0.68 1.99 3 1 2 2 
32 1.80 4.27 1.00 3.21 3 1 4 3 
32 1.98 4.27 1.00 3.21 3 2 4 2 
33 1.82 4.27 0.96 2.38 3 2 2 3 
33 1.90 4.27 0.87 2.38 3 1 1 2 
34 2.29 3.96 0.79 1.89 3 2 3 1 
34 2.50 3.96 0.79 1.89 3 1 3 1 
35 2.46 4.57 1.13 3.24 3 1 4 2 
35 2.60 4.57 1.13 3.24 3 2 4 2 
1 2.10 4.57 0.73 1.96 4 2 4 2 
1 3.81 4.57 0.73 1.96 4 1 4 2 
2 2.14 5.18 1.02 2.03 4 1 3 1 
2 2.59 5.18 1.02 2.03 4 2 3 1 
3 3.23 6.40 0.65 2.21 4 2 4 2 
3 3.25 6.40 0.65 2.21 4 1 4 2 
4 2.87 4.57 0.87 2.18 4 2 3 1 
4 3.62 4.57 0.87 2.18 4 1 3 1 
5 2.71 4.57 0.76 2.06 4 1 3 1 
5 2.97 4.57 0.76 2.06 4 2 3 1 
6 2.88 5.79 0.65 2.17 4 2 4 3 
6 4.99 5.79 0.65 2.17 4 1 4 2 
7 2.79 5.49 0.59 1.83 4 1 1 2 
7 3.20 5.49 0.59 1.83 4 2 2 2 
8 2.57 5.79 0.61 1.99 4 2 4 3 
8 2.73 5.79 0.59 1.99 4 1 4 2 
9 3.47 5.79 0.66 1.99 4 2 1 2 
9 5.06 5.79 0.65 1.99 4 1 2 3 
10 3.98 5.18 0.50 1.55 4 1 4 2 
10 5.77 5.18 0.50 1.55 4 2 4 2 
11 3.92 5.49 0.59 1.83 4 2 2 3 
11 4.59 5.49 0.62 1.83 4 1 1 2 
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12 1.68 4.27 0.95 1.86 4 2 3 1 
12 1.85 4.27 0.95 1.86 4 1 3 1 
13 2.94 5.18 0.64 1.45 4 2 1 2 
13 3.56 5.18 0.63 1.45 4 1 2 2 
14 2.35 4.57 0.42 1.44 4 2 4 2 
14 4.54 4.57 0.42 1.44 4 1 4 2 
15 2.81 4.27 0.51 1.29 4 2 4 2 
15 5.17 4.27 0.51 1.29 4 1 4 2 
16 1.68 4.27 0.63 1.62 4 2 2 3 
16 3.13 4.27 0.62 1.62 4 1 1 2 
17 6.22 6.10 0.67 2.02 4 2 1 2 
17 9.54 6.10 0.54 2.02 4 1 2 2 
18 2.65 3.96 0.79 2.10 4 1 3 1 
18 3.65 3.96 0.79 2.10 4 2 3 1 
19 7.75 4.88 0.62 1.53 4 1 2 2 
19 9.09 4.88 0.76 1.53 4 2 1 2 
20 3.61 4.57 0.53 1.46 4 2 3 1 
20 6.12 4.57 0.53 1.46 4 1 3 1 
21 2.54 4.27 0.68 1.14 4 1 1 2 
21 3.09 4.27 0.54 1.14 4 2 2 3 
22 2.42 3.66 0.61 1.46 4 1 3 1 
22 2.55 3.66 0.61 1.46 4 2 3 1 
23 2.11 3.96 0.67 1.77 4 1 4 3 
23 2.83 3.96 0.67 1.77 4 2 4 2 
24 2.77 4.57 0.61 1.43 4 1 1 2 
24 3.54 4.57 0.56 1.43 4 2 2 2 
25 2.88 4.27 0.43 1.30 4 1 4 2 
25 3.99 4.27 0.43 1.30 4 2 4 2 
26 3.86 4.57 0.57 1.31 4 2 1 2 
26 4.59 4.57 0.58 1.31 4 1 2 2 
27 3.37 3.66 0.60 1.55 4 2 3 1 
27 3.74 3.66 0.60 1.55 4 1 3 1 
28 2.86 4.57 0.65 1.84 4 2 4 2 
28 3.75 4.57 0.65 1.84 4 1 4 2 
29 2.56 4.27 0.76 1.75 4 2 2 3 
29 2.58 4.27 0.85 1.75 4 1 1 2 
30 3.16 4.27 0.63 1.77 4 2 4 2 
30 3.24 4.27 0.63 1.77 4 1 4 2 
31 2.95 5.49 0.75 1.94 4 1 2 2 
31 3.69 5.49 0.63 1.94 4 2 1 2 
32 2.02 4.27 0.96 2.90 4 1 4 3 
32 2.12 4.27 0.96 2.90 4 2 4 2 
33 1.84 4.27 0.92 2.36 4 2 2 3 
33 1.95 4.27 0.91 2.36 4 1 1 2 
34 2.42 3.96 0.80 1.88 4 2 3 1 
34 2.53 3.96 0.80 1.88 4 1 3 1 
35 2.27 4.57 1.09 3.08 4 2 4 2 
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35 2.57 4.57 1.09 3.08 4 1 4 2 
1 2.30 4.88 0.72 1.87 5 2 4 2 
1 3.75 4.88 0.72 1.87 5 1 4 2 
2 2.80 5.18 0.91 2.15 5 1 3 1 
2 3.69 5.18 0.91 2.15 5 2 3 1 
3 3.23 6.40 0.64 2.08 5 2 4 2 
3 3.48 6.40 0.64 2.08 5 1 4 2 
4 2.51 5.18 0.92 2.29 5 2 3 1 
4 3.07 5.18 0.92 2.29 5 1 3 1 
5 3.26 4.88 0.84 2.20 5 2 3 1 
5 3.56 4.88 0.84 2.20 5 1 3 1 
6 2.91 5.79 0.66 2.24 5 2 4 3 
6 3.95 5.79 0.66 2.24 5 1 4 2 
7 2.80 5.49 0.56 1.76 5 1 1 2 
7 3.14 5.49 0.56 1.76 5 2 2 2 
8 2.27 5.79 0.58 2.05 5 2 4 3 
8 2.72 5.79 0.61 2.05 5 1 4 2 
9 3.33 5.79 0.56 2.09 5 2 1 2 
9 4.79 5.79 0.58 2.09 5 1 2 3 
10 3.86 5.18 0.50 1.43 5 1 4 2 
10 6.12 5.18 0.50 1.43 5 2 4 2 
11 3.59 5.49 0.60 1.90 5 2 2 3 
11 4.39 5.49 0.60 1.90 5 1 1 2 
12 1.97 4.27 0.82 1.89 5 1 3 1 
12 3.32 4.27 0.82 1.89 5 2 3 1 
13 3.03 4.88 0.66 1.70 5 2 1 2 
13 3.40 4.88 0.61 1.70 5 1 2 2 
14 2.73 4.27 0.50 1.79 5 2 4 2 
14 4.54 4.27 0.50 1.79 5 1 4 2 
15 2.46 5.18 0.58 1.41 5 2 4 2 
15 5.06 5.18 0.58 1.41 5 1 4 2 
16 1.94 4.27 0.69 1.67 5 2 2 3 
16 3.49 4.27 0.65 1.67 5 1 1 2 
17 2.28 4.88 0.73 1.93 5 1 2 3 
17 2.84 4.88 0.72 1.93 5 2 1 2 
18 3.01 4.27 0.82 1.94 5 1 3 1 
18 3.19 4.27 0.82 1.94 5 2 3 1 
19 4.34 4.27 0.76 1.73 5 1 2 3 
19 5.31 4.27 0.70 1.73 5 2 1 2 
20 2.97 3.96 0.57 1.70 5 1 3 1 
20 4.23 3.96 0.57 1.70 5 2 3 1 
21 2.60 4.27 0.60 1.36 5 2 2 3 
21 3.20 4.27 0.61 1.36 5 1 1 2 
22 2.54 3.66 0.60 1.45 5 2 3 1 
22 2.63 3.66 0.60 1.45 5 1 3 1 
23 2.50 3.96 0.65 1.75 5 1 4 3 
23 2.83 3.96 0.65 1.75 5 2 4 2 
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24 2.66 4.57 0.58 1.58 5 1 1 2 
24 3.37 4.57 0.61 1.58 5 2 2 2 
25 2.34 4.27 0.44 1.42 5 1 4 2 
25 2.63 4.27 0.44 1.42 5 2 4 2 
26 2.84 4.27 0.47 1.60 5 2 1 2 
26 3.92 4.27 0.56 1.60 5 1 2 2 
27 2.30 4.27 0.73 1.56 5 1 3 1 
27 4.28 4.27 0.73 1.56 5 2 3 1 
28 3.08 4.57 0.64 1.71 5 2 4 2 
28 3.48 4.57 0.64 1.71 5 1 4 2 
29 1.73 4.27 0.74 1.96 5 2 2 3 
29 3.18 4.27 0.91 1.96 5 1 1 2 
30 2.58 4.27 0.69 1.67 5 2 4 2 
30 3.14 4.27 0.69 1.67 5 1 4 2 
31 2.88 6.10 0.70 1.88 5 1 2 2 
31 6.70 6.10 0.65 1.88 5 2 1 2 
32 1.73 4.57 0.95 2.82 5 2 4 2 
32 2.14 4.57 0.95 2.82 5 1 4 3 
33 1.82 4.27 0.88 2.43 5 2 2 3 
33 1.93 4.27 0.99 2.43 5 1 1 2 
34 2.86 4.27 0.75 1.84 5 1 3 1 
34 2.97 4.27 0.75 1.84 5 2 3 1 
35 2.69 4.88 1.01 2.92 5 1 4 2 
35 2.83 4.88 1.01 2.92 5 2 4 2 
1 2.88 4.88 0.75 2.04 6 2 4 2 
1 3.60 4.88 0.75 2.04 6 1 4 2 
2 1.95 5.18 1.03 2.18 6 1 3 1 
2 2.38 5.18 1.03 2.18 6 2 3 1 
3 3.76 6.10 0.66 1.92 6 1 4 2 
3 3.84 6.10 0.66 1.92 6 2 4 2 
4 2.80 5.49 0.94 2.55 6 1 3 1 
4 3.34 5.49 0.94 2.55 6 2 3 1 
5 2.26 4.88 0.90 2.31 6 1 3 1 
5 3.16 4.88 0.90 2.31 6 2 3 1 
6 3.06 5.79 0.74 2.19 6 2 4 3 
6 4.54 5.79 0.74 2.19 6 1 4 2 
7 2.53 5.49 0.65 1.85 6 2 2 2 
7 2.84 5.49 0.65 1.85 6 1 1 2 
8 2.38 6.10 0.58 2.09 6 2 4 3 
8 4.48 6.10 0.58 2.09 6 1 4 2 
9 2.75 5.79 0.62 2.19 6 2 1 2 
9 4.52 5.79 0.59 2.19 6 1 2 3 
10 4.00 5.79 0.52 1.57 6 1 4 2 
10 5.45 5.79 0.52 1.57 6 2 4 2 
11 3.52 5.49 0.59 1.97 6 2 2 3 
11 4.16 5.49 0.62 1.97 6 1 1 2 
12 2.21 4.27 0.82 1.84 6 1 3 1 
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12 2.89 4.27 0.82 1.84 6 2 3 1 
13 3.03 5.18 0.57 1.54 6 2 1 2 
13 3.76 5.18 0.59 1.54 6 1 2 2 
14 2.50 4.57 0.64 1.81 6 2 4 2 
14 3.99 4.57 0.64 1.81 6 1 4 2 
15 2.79 5.18 0.57 1.29 6 2 4 2 
15 5.29 5.18 0.57 1.29 6 1 4 2 
16 1.46 4.27 0.65 1.55 6 2 2 3 
16 3.24 4.27 0.67 1.55 6 1 1 2 
17 2.82 4.88 0.71 2.17 6 1 2 3 
17 2.85 4.88 0.54 2.17 6 2 1 2 
18 2.29 4.27 0.95 2.33 6 1 3 1 
18 3.01 4.27 0.95 2.33 6 2 3 1 
19 5.63 3.96 0.41 1.99 6 1 2 3 
19 10.75 3.96 0.48 1.99 6 2 1 2 
20 3.04 3.96 0.58 1.61 6 1 3 1 
20 3.75 3.96 0.58 1.61 6 2 3 1 
21 2.50 3.96 0.59 1.51 6 2 2 3 
21 4.41 3.96 0.59 1.51 6 1 1 2 
22 2.24 3.35 0.65 1.46 6 2 3 1 
22 2.39 3.35 0.65 1.46 6 1 3 1 
23 1.98 3.96 0.70 1.73 6 1 4 3 
23 2.58 3.96 0.70 1.73 6 2 4 2 
24 2.84 4.57 0.61 1.56 6 1 1 2 
24 2.91 4.57 0.58 1.56 6 2 2 2 
25 2.72 4.57 0.44 1.48 6 1 4 2 
25 3.56 4.57 0.44 1.48 6 2 4 2 
26 3.39 4.88 0.45 1.61 6 1 2 2 
26 4.31 4.88 0.47 1.61 6 2 1 2 
27 2.79 4.27 0.85 1.91 6 1 3 1 
27 3.92 4.27 0.85 1.91 6 2 3 1 
28 3.00 4.57 0.66 1.75 6 2 4 2 
28 4.36 4.57 0.66 1.75 6 1 4 2 
29 1.87 4.27 0.74 2.08 6 2 2 3 
29 2.53 4.27 0.73 2.08 6 1 1 2 
30 2.71 4.88 0.71 1.83 6 2 4 2 
30 3.06 4.88 0.71 1.83 6 1 4 2 
31 2.95 5.79 0.68 2.27 6 1 2 2 
31 3.22 5.79 0.68 2.27 6 2 1 2 
32 1.84 4.27 0.87 2.45 6 2 4 2 
32 2.01 4.27 0.87 2.45 6 1 4 3 
33 1.69 4.27 0.87 2.33 6 2 2 3 
33 1.90 4.27 0.87 2.33 6 1 1 2 
34 2.65 4.27 0.78 1.90 6 1 3 1 
34 3.54 4.27 0.78 1.90 6 2 3 1 
35 2.44 4.88 1.10 2.92 6 2 4 2 
35 2.62 4.88 1.10 2.92 6 1 4 2 
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1 2.50 4.88 0.70 1.81 7 2 4 2 
1 3.70 4.88 0.70 1.81 7 1 4 2 
2 2.42 5.49 0.90 2.27 7 1 3 1 
2 3.93 5.49 0.90 2.27 7 2 3 1 
3 3.27 6.10 0.66 1.91 7 2 4 2 
3 4.08 6.10 0.66 1.91 7 1 4 2 
4 2.06 4.57 0.86 2.02 7 2 3 1 
4 3.16 4.57 0.86 2.02 7 1 3 1 
5 3.01 4.88 0.93 2.44 7 1 3 1 
5 3.26 4.88 0.93 2.44 7 2 3 1 
6 3.03 5.79 0.74 2.25 7 2 4 3 
6 4.18 5.79 0.74 2.25 7 1 4 2 
7 2.83 5.49 0.68 2.03 7 2 2 2 
7 3.20 5.49 0.68 2.03 7 1 1 2 
8 2.18 5.79 0.59 2.17 7 2 4 3 
8 3.78 5.79 0.56 2.17 7 1 4 2 
9 2.88 5.79 0.65 2.20 7 2 1 2 
9 3.88 5.79 0.64 2.20 7 1 2 3 
10 4.94 5.79 0.43 1.41 7 1 4 2 
10 6.52 5.79 0.43 1.41 7 2 4 2 
11 3.67 5.49 0.62 1.88 7 2 2 3 
11 3.86 5.49 0.60 1.88 7 1 1 2 
12 2.53 4.27 0.80 1.87 7 2 3 1 
12 2.65 4.27 0.80 1.87 7 1 3 1 
13 2.94 5.49 0.63 1.69 7 2 1 2 
13 3.69 5.49 0.63 1.69 7 1 2 2 
14 4.48 4.57 0.62 1.80 7 2 4 2 
14 4.54 4.57 0.62 1.80 7 1 4 2 
15 2.81 5.18 0.58 1.41 7 2 4 2 
15 5.13 5.18 0.58 1.41 7 1 4 2 
16 1.51 4.27 0.62 1.53 7 2 2 3 
16 3.74 4.27 0.66 1.53 7 1 1 2 
17 2.79 5.18 0.67 2.02 7 1 2 3 
17 3.31 5.18 0.73 2.02 7 2 1 2 
18 2.32 3.96 0.82 2.23 7 1 3 1 
18 2.75 3.96 0.82 2.23 7 2 3 1 
19 3.95 4.27 0.62 1.99 7 1 2 3 
19 5.75 4.27 0.76 1.99 7 2 1 2 
20 3.34 4.27 0.53 1.54 7 1 3 1 
20 3.60 4.27 0.53 1.54 7 2 3 1 
21 2.66 3.96 0.68 1.22 7 2 2 3 
21 4.50 3.96 0.64 1.22 7 1 1 2 
22 2.26 3.35 0.63 1.52 7 2 3 1 
22 2.54 3.35 0.63 1.52 7 1 3 1 
23 2.00 3.96 0.65 1.62 7 1 4 3 
23 2.72 3.96 0.65 1.62 7 2 4 2 
24 2.79 4.88 0.61 1.45 7 1 1 2 
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24 4.62 4.88 0.61 1.45 7 2 2 2 
25 2.88 4.88 0.48 1.48 7 1 4 2 
25 3.69 4.88 0.48 1.48 7 2 4 2 
26 3.46 4.57 0.58 1.48 7 2 1 2 
26 4.37 4.57 0.58 1.48 7 1 2 2 
27 1.93 3.66 0.84 1.75 7 1 3 1 
27 3.41 3.66 0.84 1.75 7 2 3 1 
28 2.87 4.27 0.66 1.83 7 1 4 2 
28 4.25 4.27 0.66 1.83 7 2 4 2 
29 2.33 4.27 0.85 1.90 7 2 2 3 
29 2.82 4.27 0.89 1.90 7 1 1 2 
30 2.57 4.27 0.63 1.48 7 2 4 2 
30 3.98 4.27 0.63 1.48 7 1 4 2 
31 2.46 5.49 0.63 1.88 7 1 2 2 
31 3.34 5.49 0.75 1.88 7 2 1 2 
32 1.68 4.27 0.99 2.92 7 1 4 3 
32 1.69 4.27 0.99 2.92 7 2 4 2 
33 1.44 3.96 0.91 2.29 7 2 2 3 
33 2.24 3.96 0.96 2.29 7 1 1 2 
34 2.68 4.27 0.78 1.90 7 1 3 1 
34 4.10 4.27 0.78 1.90 7 2 3 1 
35 2.11 4.88 1.07 2.79 7 2 4 2 
35 2.34 4.88 1.07 2.79 7 1 4 2 
1 2.68 4.88 0.71 1.81 8 2 4 2 
1 3.44 4.88 0.71 1.81 8 1 4 2 
2 2.06 5.49 0.99 2.19 8 2 3 1 
2 2.35 5.49 0.99 2.19 8 1 3 1 
3 3.58 6.10 0.70 2.02 8 2 4 2 
3 4.42 6.10 0.70 2.02 8 1 4 2 
4 1.86 4.57 0.87 2.11 8 2 3 1 
4 2.80 4.57 0.87 2.11 8 1 3 1 
5 2.41 4.57 0.84 2.34 8 1 3 1 
5 2.79 4.57 0.84 2.34 8 2 3 1 
6 2.78 6.10 0.69 2.14 8 2 4 3 
6 3.86 6.10 0.69 2.14 8 1 4 2 
7 2.39 5.49 0.67 2.03 8 2 2 2 
7 3.11 5.49 0.67 2.03 8 1 1 2 
8 2.38 6.10 0.61 2.18 8 2 4 3 
8 3.51 6.10 0.61 2.18 8 1 4 2 
9 2.72 5.79 0.58 1.86 8 2 1 2 
9 5.45 5.79 0.66 1.86 8 1 2 3 
10 4.56 5.79 0.46 1.44 8 2 4 2 
10 6.85 5.79 0.46 1.44 8 1 4 2 
11 3.27 5.49 0.60 1.94 8 2 2 3 
11 4.34 5.49 0.59 1.94 8 1 1 2 
12 2.38 4.27 0.77 1.79 8 1 3 1 
12 2.89 4.27 0.77 1.79 8 2 3 1 
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13 2.90 5.49 0.61 1.50 8 2 1 2 
13 3.71 5.49 0.64 1.50 8 1 2 2 
14 3.43 4.57 0.55 1.64 8 2 4 2 
14 5.87 4.57 0.55 1.64 8 1 4 2 
15 2.82 5.18 0.56 1.33 8 2 4 2 
15 4.23 5.18 0.56 1.33 8 1 4 2 
16 2.01 4.27 0.65 1.62 8 2 2 3 
16 3.16 4.27 0.63 1.62 8 1 1 2 
17 2.81 4.88 0.72 1.89 8 1 2 3 
17 3.99 4.88 0.71 1.89 8 2 1 2 
18 3.20 3.96 0.88 2.22 8 2 3 1 
18 3.32 3.96 0.88 2.22 8 1 3 1 
19 3.24 4.27 0.76 1.86 8 1 2 3 
19 6.15 4.27 0.70 1.86 8 2 1 2 
20 3.13 4.27 0.57 1.63 8 1 3 1 
20 4.37 4.27 0.57 1.63 8 2 3 1 
21 4.25 3.96 0.61 1.46 8 2 2 3 
21 4.60 3.96 0.54 1.46 8 1 1 2 
22 2.27 3.66 0.65 1.55 8 2 3 1 
22 2.39 3.66 0.65 1.55 8 1 3 1 
23 1.82 4.27 0.66 1.76 8 1 4 3 
23 3.39 4.27 0.66 1.76 8 2 4 2 
24 2.73 4.57 0.56 1.44 8 1 1 2 
24 3.81 4.57 0.58 1.44 8 2 2 2 
25 2.77 4.57 0.42 1.31 8 2 4 2 
25 2.88 4.57 0.42 1.31 8 1 4 2 
26 3.63 4.57 0.56 1.56 8 2 1 2 
26 4.75 4.57 0.57 1.56 8 1 2 2 
27 2.74 3.96 0.79 1.86 8 1 3 1 
27 4.06 3.96 0.79 1.86 8 2 3 1 
28 3.09 4.27 0.60 1.76 8 1 4 2 
28 3.51 4.27 0.60 1.76 8 2 4 2 
29 2.31 4.27 0.91 2.23 8 2 2 3 
29 2.66 4.27 0.76 2.23 8 1 1 2 
30 2.33 4.27 0.66 1.66 8 2 4 2 
30 3.21 4.27 0.66 1.66 8 1 4 2 
31 2.28 4.88 0.63 1.93 8 1 2 2 
31 3.04 4.88 0.70 1.93 8 2 1 2 
32 1.90 4.57 1.04 3.29 8 1 4 3 
32 2.05 4.57 1.04 3.29 8 2 4 2 
33 1.55 4.57 0.99 2.44 8 2 2 3 
33 2.20 4.57 0.92 2.44 8 1 1 2 
34 2.51 4.27 0.82 1.93 8 1 3 1 
34 3.33 4.27 0.82 1.93 8 2 3 1 
35 2.50 4.88 1.07 2.81 8 2 4 2 
35 2.60 4.88 1.07 2.81 8 1 4 2 
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For each period between surveys, the median discharge, stream power, shear stress, 

hydraulic gradient, and bank inundation were recorded.  The following table summarizes the 

parameters recorded between each survey.  Recordings of shear stress were not possible for 

the two initial survey periods.   

Table A3.2:  Median stream power, inundation, hydraulic gradient, shear stress, and 
discharge according to cross section and date. 

XS 
Date 

Number 
Median 
Power 

Median 
Inundation

Median 
Floodplain 

HG 

Median 
Bank 
HG 

Median 
Shear 

Median 
Q 

1 3 1.544 0.474 . . 1.841 0.0110 
1 3 1.544 0.467 . . 1.841 0.0110 
2 3 1.544 0.640 . . 1.841 0.0110 
2 3 1.544 0.653 . . 1.841 0.0110 
3 3 1.544 0.512 . . 1.841 0.0110 
3 3 1.544 0.512 . . 1.841 0.0110 
4 3 1.544 0.590 . . 1.841 0.0110 
4 3 1.544 0.611 . . 1.841 0.0110 
5 3 1.544 0.445 . . 1.841 0.0110 
5 3 1.544 0.433 . . 1.841 0.0110 
6 3 1.544 0.505 . . 1.841 0.0110 
6 3 1.544 0.477 . . 1.841 0.0110 
7 3 1.544 0.347 . . 1.841 0.0110 
7 3 1.544 0.287 . . 1.841 0.0110 
8 3 1.544 0.262 . . 1.841 0.0110 
8 3 1.544 0.267 . . 1.841 0.0110 
9 3 1.544 0.271 . . 1.841 0.0110 
9 3 1.544 0.267 . . 1.841 0.0110 
10 3 1.544 0.246 . . 1.841 0.0110 
10 3 1.544 0.288 . . 1.841 0.0110 
11 3 1.544 0.412 . . 1.841 0.0110 
11 3 1.544 0.406 . . 1.841 0.0110 
12 3 1.544 0.483 . . 1.841 0.0110 
12 3 1.544 0.439 . . 1.841 0.0110 
13 3 0.988 0.248 . . 0.677 0.0110 
13 3 0.988 0.253 . . 0.677 0.0110 
14 3 0.988 0.264 . . 0.677 0.0110 
14 3 0.988 0.241 . . 0.677 0.0110 
15 3 0.988 0.383 . . 0.677 0.0110 
15 3 0.988 0.408 . . 0.677 0.0110 
16 3 0.988 0.387 . . 0.677 0.0110 
16 3 0.988 0.375 . . 0.677 0.0110 
18 3 0.988 0.295 . . 0.677 0.0110 
18 3 0.988 0.354 . . 0.677 0.0110 
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19 3 0.988 0.437 . . 0.677 0.0110 
19 3 0.988 0.483 . . 0.677 0.0110 
20 3 0.988 0.313 . . 0.677 0.0110 
20 3 0.988 0.300 . . 0.677 0.0110 
21 3 0.988 0.357 . . 0.677 0.0110 
21 3 0.988 0.337 . . 0.677 0.0110 
22 3 0.988 0.268 . . 0.677 0.0110 
22 3 0.988 0.292 . . 0.677 0.0110 
23 3 1.065 0.377 . . 1.841 0.0110 
23 3 1.065 0.377 . . 1.841 0.0110 
24 3 1.065 0.357 . . 1.841 0.0110 
24 3 1.065 0.391 . . 1.841 0.0110 
25 3 1.065 0.353 . . 1.841 0.0110 
25 3 1.065 0.338 . . 1.841 0.0110 
26 3 1.065 0.288 . . 1.841 0.0110 
26 3 1.065 0.220 . . 1.841 0.0110 
27 3 1.065 0.357 . . 1.841 0.0110 
27 3 1.065 0.375 . . 1.841 0.0110 
28 3 1.065 0.669 . . 1.841 0.0110 
28 3 1.065 0.608 . . 1.841 0.0110 
29 3 1.065 0.323 . . 1.841 0.0110 
29 3 1.065 0.297 . . 1.841 0.0110 
30 3 1.065 0.460 . . 1.841 0.0110 
30 3 1.065 0.460 . . 1.841 0.0110 
31 3 1.065 0.267 . . 1.841 0.0110 
31 3 1.065 0.236 . . 1.841 0.0110 
32 3 1.065 0.230 . . 1.841 0.0110 
32 3 1.065 0.288 . . 1.841 0.0110 
33 3 1.065 0.317 . . 1.841 0.0110 
33 3 1.065 0.291 . . 1.841 0.0110 
34 3 1.065 0.282 . . 1.841 0.0110 
34 3 1.065 0.294 . . 1.841 0.0110 
35 3 1.065 0.251 . . 1.841 0.0110 
35 3 1.065 0.237 . . 1.841 0.0110 
1 4 1.699 0.402 -0.0022 0.0243 1.254 0.0083 
1 4 1.699 0.396 0.0014 0.0261 1.254 0.0083 
2 4 1.699 0.593 0.0014 0.0261 1.254 0.0083 
2 4 1.699 0.605 -0.0022 0.0243 1.254 0.0083 
3 4 1.699 0.440 -0.0022 0.0243 1.254 0.0083 
3 4 1.699 0.440 0.0014 0.0261 1.254 0.0083 
4 4 1.699 0.534 -0.0022 0.0243 1.254 0.0083 
4 4 1.699 0.553 0.0014 0.0261 1.254 0.0083 
5 4 1.699 0.377 0.0014 0.0261 1.254 0.0083 
5 4 1.699 0.366 -0.0022 0.0243 1.254 0.0083 
6 4 1.699 0.435 -0.0022 0.0243 1.254 0.0083 
6 4 1.699 0.411 0.0014 0.0261 1.254 0.0083 
7 4 1.699 0.208 0.0014 0.0261 1.254 0.0083 
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7 4 1.699 0.252 -0.0022 0.0243 1.254 0.0083 
8 4 1.699 0.170 -0.0022 0.0243 1.254 0.0083 
8 4 1.699 0.167 0.0014 0.0261 1.254 0.0083 
9 4 1.699 0.187 -0.0022 0.0243 1.254 0.0083 
9 4 1.699 0.184 0.0014 0.0261 1.254 0.0083 
10 4 1.699 0.160 0.0014 0.0261 1.254 0.0083 
10 4 1.699 0.187 -0.0022 0.0243 1.254 0.0083 
11 4 1.699 0.337 -0.0022 0.0243 1.254 0.0083 
11 4 1.699 0.332 0.0014 0.0261 1.254 0.0083 
12 4 1.699 0.404 -0.0022 0.0243 1.254 0.0083 
12 4 1.699 0.367 0.0014 0.0261 1.254 0.0083 
13 4 0.876 0.157 0.0071 0.0244 0.299 0.0083 
13 4 0.876 0.160 0.0065 0.0116 0.299 0.0083 
14 4 0.876 0.156 0.0071 0.0244 0.299 0.0083 
14 4 0.876 0.143 0.0065 0.0116 0.299 0.0083 
15 4 0.876 0.293 0.0071 0.0244 0.299 0.0083 
15 4 0.876 0.312 0.0065 0.0116 0.299 0.0083 
16 4 0.876 0.326 0.0071 0.0244 0.299 0.0083 
16 4 0.876 0.316 0.0065 0.0116 0.299 0.0083 
17 4 0.876 0.070 0.0071 0.0244 0.299 0.0083 
17 4 0.876 0.070 0.0065 0.0116 0.299 0.0083 
18 4 0.876 0.230 0.0065 0.0116 0.299 0.0083 
18 4 0.876 0.276 0.0071 0.0244 0.299 0.0083 
19 4 0.876 0.377 0.0065 0.0116 0.299 0.0083 
19 4 0.876 0.417 0.0071 0.0244 0.299 0.0083 
20 4 0.876 0.233 0.0071 0.0244 0.299 0.0083 
20 4 0.876 0.223 0.0065 0.0116 0.299 0.0083 
21 4 0.876 0.262 0.0065 0.0116 0.299 0.0083 
21 4 0.876 0.277 0.0071 0.0244 0.299 0.0083 
22 4 0.876 0.179 0.0065 0.0116 0.299 0.0083 
22 4 0.876 0.195 0.0071 0.0244 0.299 0.0083 
23 4 0.873 0.295 0.0023 0.0213 1.311 0.0083 
23 4 0.873 0.295 . 0.0213 1.311 0.0083 
24 4 0.873 0.282 0.0023 0.0213 1.311 0.0083 
24 4 0.873 0.308 . 0.0213 1.311 0.0083 
25 4 0.873 0.253 0.0023 0.0213 1.311 0.0083 
25 4 0.873 0.242 . 0.0213 1.311 0.0083 
26 4 0.873 0.134 . 0.0213 1.311 0.0083 
26 4 0.873 0.102 0.0023 0.0213 1.311 0.0083 
27 4 0.873 0.264 . 0.0213 1.311 0.0083 
27 4 0.873 0.252 0.0023 0.0213 1.311 0.0083 
28 4 0.873 0.604 . 0.0213 1.311 0.0083 
28 4 0.873 0.549 0.0023 0.0213 1.311 0.0083 
29 4 0.873 0.226 . 0.0213 1.311 0.0083 
29 4 0.873 0.208 0.0023 0.0213 1.311 0.0083 
30 4 0.873 0.391 . 0.0213 1.311 0.0083 
30 4 0.873 0.391 0.0023 0.0213 1.311 0.0083 
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31 4 0.873 0.147 0.0023 0.0213 1.311 0.0083 
31 4 0.873 0.166 . 0.0213 1.311 0.0083 
32 4 0.873 0.132 0.0023 0.0213 1.311 0.0083 
32 4 0.873 0.165 . 0.0213 1.311 0.0083 
33 4 0.873 0.237 . 0.0213 1.311 0.0083 
33 4 0.873 0.218 0.0023 0.0213 1.311 0.0083 
34 4 0.873 0.206 . 0.0213 1.311 0.0083 
34 4 0.873 0.214 0.0023 0.0213 1.311 0.0083 
35 4 0.873 0.182 . 0.0213 1.311 0.0083 
35 4 0.873 0.193 0.0023 0.0213 1.311 0.0083 
1 5 1.232 0.434 0.0001 0.0223 1.314 0.0099 
1 5 1.232 0.428 0.0033 0.0266 1.314 0.0099 
2 5 1.232 0.614 0.0033 0.0266 1.314 0.0099 
2 5 1.232 0.626 0.0001 0.0223 1.314 0.0099 
3 5 1.232 0.472 0.0001 0.0223 1.314 0.0099 
3 5 1.232 0.472 0.0033 0.0266 1.314 0.0099 
4 5 1.232 0.559 0.0001 0.0223 1.314 0.0099 
4 5 1.232 0.579 0.0033 0.0266 1.314 0.0099 
5 5 1.232 0.396 0.0001 0.0223 1.314 0.0099 
5 5 1.232 0.407 0.0033 0.0266 1.314 0.0099 
6 5 1.232 0.464 0.0001 0.0223 1.314 0.0099 
6 5 1.232 0.438 0.0033 0.0266 1.314 0.0099 
7 5 1.232 0.238 0.0033 0.0266 1.314 0.0099 
7 5 1.232 0.288 0.0001 0.0223 1.314 0.0099 
8 5 1.232 0.188 0.0001 0.0223 1.314 0.0099 
8 5 1.232 0.185 0.0033 0.0266 1.314 0.0099 
9 5 1.232 0.214 0.0001 0.0223 1.314 0.0099 
9 5 1.232 0.210 0.0033 0.0266 1.314 0.0099 
10 5 1.232 0.192 0.0033 0.0266 1.314 0.0099 
10 5 1.232 0.225 0.0001 0.0223 1.314 0.0099 
11 5 1.232 0.364 0.0001 0.0223 1.314 0.0099 
11 5 1.232 0.358 0.0033 0.0266 1.314 0.0099 
12 5 1.232 0.392 0.0033 0.0266 1.314 0.0099 
12 5 1.232 0.432 0.0001 0.0223 1.314 0.0099 
13 5 0.612 0.189 0.0026 0.0183 0.168 0.0099 
13 5 0.612 0.192 0.0028 0.0173 0.168 0.0099 
14 5 0.612 0.193 0.0026 0.0183 0.168 0.0099 
14 5 0.612 0.176 0.0028 0.0173 0.168 0.0099 
15 5 0.612 0.323 0.0026 0.0183 0.168 0.0099 
15 5 0.612 0.344 0.0028 0.0173 0.168 0.0099 
16 5 0.612 0.308 0.0026 0.0183 0.168 0.0099 
16 5 0.612 0.298 0.0028 0.0173 0.168 0.0099 
17 5 0.612 -0.035 0.0028 0.0173 0.168 0.0099 
17 5 0.612 -0.035 0.0026 0.0183 0.168 0.0099 
18 5 0.612 0.217 0.0028 0.0173 0.168 0.0099 
18 5 0.612 0.260 0.0026 0.0183 0.168 0.0099 
19 5 0.612 0.363 0.0028 0.0173 0.168 0.0099 
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19 5 0.612 0.402 0.0026 0.0183 0.168 0.0099 
20 5 0.612 0.190 0.0028 0.0173 0.168 0.0099 
20 5 0.612 0.198 0.0026 0.0183 0.168 0.0099 
21 5 0.612 0.215 0.0026 0.0183 0.168 0.0099 
21 5 0.612 0.203 0.0028 0.0173 0.168 0.0099 
22 5 0.612 0.104 0.0026 0.0183 0.168 0.0099 
22 5 0.612 0.095 0.0028 0.0173 0.168 0.0099 
23 5 0.591 0.221 0.0023 0.0169 0.624 0.0099 
23 5 0.591 0.221 . 0.0161 0.624 0.0099 
24 5 0.591 0.212 0.0023 0.0169 0.624 0.0099 
24 5 0.591 0.232 . 0.0161 0.624 0.0099 
25 5 0.591 0.160 0.0023 0.0169 0.624 0.0099 
25 5 0.591 0.153 . 0.0161 0.624 0.0099 
26 5 0.591 -0.001 . 0.0161 0.624 0.0099 
26 5 0.591 -0.001 0.0023 0.0169 0.624 0.0099 
27 5 0.591 0.158 0.0023 0.0169 0.624 0.0099 
27 5 0.591 0.165 . 0.0161 0.624 0.0099 
28 5 0.591 0.546 . 0.0161 0.624 0.0099 
28 5 0.591 0.497 0.0023 0.0169 0.624 0.0099 
29 5 0.591 0.140 . 0.0161 0.624 0.0099 
29 5 0.591 0.129 0.0023 0.0169 0.624 0.0099 
30 5 0.591 0.329 . 0.0161 0.624 0.0099 
30 5 0.591 0.329 0.0023 0.0169 0.624 0.0099 
31 5 0.591 0.067 0.0023 0.0169 0.624 0.0099 
31 5 0.591 0.075 . 0.0161 0.624 0.0099 
32 5 0.591 0.047 . 0.0161 0.624 0.0099 
32 5 0.591 0.038 0.0023 0.0169 0.624 0.0099 
33 5 0.591 0.159 . 0.0161 0.624 0.0099 
33 5 0.591 0.146 0.0023 0.0169 0.624 0.0099 
34 5 0.591 0.144 0.0023 0.0169 0.624 0.0099 
34 5 0.591 0.138 . 0.0161 0.624 0.0099 
35 5 0.591 0.144 0.0023 0.0169 0.624 0.0099 
35 5 0.591 0.136 . 0.0161 0.624 0.0099 
1 6 2.614 0.537 -0.0015 0.0359 2.788 0.0413 
1 6 2.614 0.529 0.0035 0.0295 2.788 0.0413 
2 6 2.614 0.682 0.0035 0.0295 2.788 0.0413 
2 6 2.614 0.696 -0.0015 0.0359 2.788 0.0413 
3 6 2.614 0.576 0.0035 0.0295 2.788 0.0413 
3 6 2.614 0.576 -0.0015 0.0359 2.788 0.0413 
4 6 2.614 0.663 0.0035 0.0295 2.788 0.0413 
4 6 2.614 0.640 -0.0015 0.0359 2.788 0.0413 
5 6 2.614 0.505 0.0035 0.0295 2.788 0.0413 
5 6 2.614 0.491 -0.0015 0.0359 2.788 0.0413 
6 6 2.614 0.533 -0.0015 0.0359 2.788 0.0413 
6 6 2.614 0.504 0.0035 0.0295 2.788 0.0413 
7 6 2.614 0.420 -0.0015 0.0359 2.788 0.0413 
7 6 2.614 0.348 0.0035 0.0295 2.788 0.0413 
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8 6 2.614 0.437 -0.0015 0.0359 2.788 0.0413 
8 6 2.614 0.430 0.0035 0.0295 2.788 0.0413 
9 6 2.614 0.380 -0.0015 0.0359 2.788 0.0413 
9 6 2.614 0.373 0.0035 0.0295 2.788 0.0413 
10 6 2.614 0.338 0.0035 0.0295 2.788 0.0413 
10 6 2.614 0.395 -0.0015 0.0359 2.788 0.0413 
11 6 2.614 0.493 -0.0015 0.0359 2.788 0.0413 
11 6 2.614 0.485 0.0035 0.0295 2.788 0.0413 
12 6 2.614 0.485 0.0035 0.0295 2.788 0.0413 
12 6 2.614 0.534 -0.0015 0.0359 2.788 0.0413 
13 6 1.098 0.383 -0.0047 0.0224 1.379 0.0413 
13 6 1.098 0.390 0.0076 0.0163 1.379 0.0413 
14 6 1.098 0.335 -0.0047 0.0224 1.379 0.0413 
14 6 1.098 0.306 0.0076 0.0163 1.379 0.0413 
15 6 1.098 0.449 -0.0047 0.0224 1.379 0.0413 
15 6 1.098 0.478 0.0076 0.0163 1.379 0.0413 
16 6 1.098 0.513 -0.0047 0.0224 1.379 0.0413 
16 6 1.098 0.497 0.0076 0.0163 1.379 0.0413 
17 6 1.098 0.151 0.0076 0.0163 1.379 0.0413 
17 6 1.098 0.151 -0.0047 0.0224 1.379 0.0413 
18 6 1.098 0.409 0.0076 0.0163 1.379 0.0413 
18 6 1.098 0.491 -0.0047 0.0224 1.379 0.0413 
19 6 1.098 0.550 0.0076 0.0163 1.379 0.0413 
19 6 1.098 0.608 -0.0047 0.0224 1.379 0.0413 
20 6 1.098 0.452 0.0076 0.0163 1.379 0.0413 
20 6 1.098 0.470 -0.0047 0.0224 1.379 0.0413 
21 6 1.098 0.458 -0.0047 0.0224 1.379 0.0413 
21 6 1.098 0.434 0.0076 0.0163 1.379 0.0413 
22 6 1.098 0.390 -0.0047 0.0224 1.379 0.0413 
22 6 1.098 0.358 0.0076 0.0163 1.379 0.0413 
23 6 0.615 0.447 0.0067 0.0288 1.201 0.0413 
23 6 0.615 0.447 . 0.0377 1.201 0.0413 
24 6 0.615 0.428 0.0067 0.0288 1.201 0.0413 
24 6 0.615 0.468 . 0.0377 1.201 0.0413 
25 6 0.615 0.438 0.0067 0.0288 1.201 0.0413 
25 6 0.615 0.420 . 0.0377 1.201 0.0413 
26 6 0.615 0.292 0.0067 0.0288 1.201 0.0413 
26 6 0.615 0.383 . 0.0377 1.201 0.0413 
27 6 0.615 0.408 0.0067 0.0288 1.201 0.0413 
27 6 0.615 0.428 . 0.0377 1.201 0.0413 
28 6 0.615 0.710 . 0.0377 1.201 0.0413 
28 6 0.615 0.645 0.0067 0.0288 1.201 0.0413 
29 6 0.615 0.380 . 0.0377 1.201 0.0413 
29 6 0.615 0.350 0.0067 0.0288 1.201 0.0413 
30 6 0.615 0.504 . 0.0377 1.201 0.0413 
30 6 0.615 0.504 0.0067 0.0288 1.201 0.0413 
31 6 0.615 0.289 0.0067 0.0288 1.201 0.0413 
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31 6 0.615 0.327 . 0.0377 1.201 0.0413 
32 6 0.615 0.291 . 0.0377 1.201 0.0413 
32 6 0.615 0.231 0.0067 0.0288 1.201 0.0413 
33 6 0.615 0.321 . 0.0377 1.201 0.0413 
33 6 0.615 0.295 0.0067 0.0288 1.201 0.0413 
34 6 0.615 0.273 0.0067 0.0288 1.201 0.0413 
34 6 0.615 0.261 . 0.0377 1.201 0.0413 
35 6 0.615 0.240 . 0.0377 1.201 0.0413 
35 6 0.615 0.254 0.0067 0.0288 1.201 0.0413 
1 7 1.567 0.493 -0.0020 0.0277 1.830 0.0342 
1 7 1.567 0.486 -0.0038 0.0340 1.830 0.0342 
2 7 1.567 0.653 -0.0038 0.0340 1.830 0.0342 
2 7 1.567 0.666 -0.0020 0.0277 1.830 0.0342 
3 7 1.567 0.532 -0.0020 0.0277 1.830 0.0342 
3 7 1.567 0.532 -0.0038 0.0340 1.830 0.0342 
4 7 1.567 0.606 -0.0020 0.0277 1.830 0.0342 
4 7 1.567 0.627 -0.0038 0.0340 1.830 0.0342 
5 7 1.567 0.463 -0.0038 0.0340 1.830 0.0342 
5 7 1.567 0.451 -0.0020 0.0277 1.830 0.0342 
6 7 1.567 0.493 -0.0020 0.0277 1.830 0.0342 
6 7 1.567 0.466 -0.0038 0.0340 1.830 0.0342 
7 7 1.567 0.372 -0.0020 0.0277 1.830 0.0342 
7 7 1.567 0.308 -0.0038 0.0340 1.830 0.0342 
8 7 1.567 0.351 -0.0020 0.0277 1.830 0.0342 
8 7 1.567 0.345 -0.0038 0.0340 1.830 0.0342 
9 7 1.567 0.330 -0.0020 0.0277 1.830 0.0342 
9 7 1.567 0.325 -0.0038 0.0340 1.830 0.0342 
10 7 1.567 0.296 -0.0038 0.0340 1.830 0.0342 
10 7 1.567 0.346 -0.0020 0.0277 1.830 0.0342 
11 7 1.567 0.457 -0.0020 0.0277 1.830 0.0342 
11 7 1.567 0.449 -0.0038 0.0340 1.830 0.0342 
12 7 1.567 0.495 -0.0020 0.0277 1.830 0.0342 
12 7 1.567 0.449 -0.0038 0.0340 1.830 0.0342 
13 7 0.997 0.330 0.0027 0.0171 0.730 0.0342 
13 7 0.997 0.336 0.0088 -0.0023 0.730 0.0342 
14 7 0.997 0.283 0.0027 0.0171 0.730 0.0342 
14 7 0.997 0.259 0.0088 -0.0023 0.730 0.0342 
15 7 0.997 0.406 0.0027 0.0171 0.730 0.0342 
15 7 0.997 0.432 0.0088 -0.0023 0.730 0.0342 
16 7 0.997 0.429 0.0027 0.0171 0.730 0.0342 
16 7 0.997 0.416 0.0088 -0.0023 0.730 0.0342 
17 7 0.997 0.229 0.0088 -0.0023 0.730 0.0342 
17 7 0.997 0.229 0.0027 0.0171 0.730 0.0342 
18 7 0.997 0.366 0.0088 -0.0023 0.730 0.0342 
18 7 0.997 0.439 0.0027 0.0171 0.730 0.0342 
19 7 0.997 0.500 0.0088 -0.0023 0.730 0.0342 
19 7 0.997 0.554 0.0027 0.0171 0.730 0.0342 
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20 7 0.997 0.378 0.0088 -0.0023 0.730 0.0342 
20 7 0.997 0.393 0.0027 0.0171 0.730 0.0342 
21 7 0.997 0.431 0.0027 0.0171 0.730 0.0342 
21 7 0.997 0.408 0.0088 -0.0023 0.730 0.0342 
22 7 0.997 0.389 0.0027 0.0171 0.730 0.0342 
22 7 0.997 0.357 0.0088 -0.0023 0.730 0.0342 
23 7 1.132 0.448 0.0007 0.0105 2.083 0.0342 
23 7 1.132 0.448 . 0.0110 2.083 0.0342 
24 7 1.132 0.427 0.0007 0.0105 2.083 0.0342 
24 7 1.132 0.467 . 0.0110 2.083 0.0342 
25 7 1.132 0.444 0.0007 0.0105 2.083 0.0342 
25 7 1.132 0.425 . 0.0110 2.083 0.0342 
26 7 1.132 0.405 . 0.0110 2.083 0.0342 
26 7 1.132 0.309 0.0007 0.0105 2.083 0.0342 
27 7 1.132 0.434 0.0007 0.0105 2.083 0.0342 
27 7 1.132 0.455 . 0.0110 2.083 0.0342 
28 7 1.132 0.658 0.0007 0.0105 2.083 0.0342 
28 7 1.132 0.723 . 0.0110 2.083 0.0342 
29 7 1.132 0.399 . 0.0110 2.083 0.0342 
29 7 1.132 0.368 0.0007 0.0105 2.083 0.0342 
30 7 1.132 0.517 . 0.0110 2.083 0.0342 
30 7 1.132 0.517 0.0007 0.0105 2.083 0.0342 
31 7 1.132 0.309 0.0007 0.0105 2.083 0.0342 
31 7 1.132 0.349 . 0.0110 2.083 0.0342 
32 7 1.132 0.294 0.0007 0.0105 2.083 0.0342 
32 7 1.132 0.370 . 0.0110 2.083 0.0342 
33 7 1.132 0.375 . 0.0110 2.083 0.0342 
33 7 1.132 0.344 0.0007 0.0105 2.083 0.0342 
34 7 1.132 0.327 0.0007 0.0105 2.083 0.0342 
34 7 1.132 0.313 . 0.0110 2.083 0.0342 
35 7 1.132 0.260 . 0.0110 2.083 0.0342 
35 7 1.132 0.276 0.0007 0.0105 2.083 0.0342 
1 8 2.794 0.714 -0.0034 0.0333 4.471 0.1397 
1 8 2.794 0.703 0.0038 0.0211 4.471 0.1397 
2 8 2.794 0.816 -0.0034 0.0333 4.471 0.1397 
2 8 2.794 0.800 0.0038 0.0211 4.471 0.1397 
3 8 2.794 0.756 -0.0034 0.0333 4.471 0.1397 
3 8 2.794 0.756 0.0038 0.0211 4.471 0.1397 
4 8 2.794 0.778 -0.0034 0.0333 4.471 0.1397 
4 8 2.794 0.806 0.0038 0.0211 4.471 0.1397 
5 8 2.794 0.674 0.0038 0.0211 4.471 0.1397 
5 8 2.794 0.655 -0.0034 0.0333 4.471 0.1397 
6 8 2.794 0.688 -0.0034 0.0333 4.471 0.1397 
6 8 2.794 0.650 0.0038 0.0211 4.471 0.1397 
7 8 2.794 0.648 -0.0034 0.0333 4.471 0.1397 
7 8 2.794 0.537 0.0038 0.0211 4.471 0.1397 
8 8 2.794 0.701 -0.0034 0.0333 4.471 0.1397 
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8 8 2.794 0.689 0.0038 0.0211 4.471 0.1397 
9 8 2.794 0.597 -0.0034 0.0333 4.471 0.1397 
9 8 2.794 0.587 0.0038 0.0211 4.471 0.1397 
10 8 2.794 0.650 -0.0034 0.0333 4.471 0.1397 
10 8 2.794 0.555 0.0038 0.0211 4.471 0.1397 
11 8 2.794 0.682 -0.0034 0.0333 4.471 0.1397 
11 8 2.794 0.671 0.0038 0.0211 4.471 0.1397 
12 8 2.794 0.650 0.0038 0.0211 4.471 0.1397 
12 8 2.794 0.716 -0.0034 0.0333 4.471 0.1397 
13 8 1.795 0.627 0.0066 0.0066 3.278 0.1397 
13 8 1.795 0.639 0.0062 0.0119 3.278 0.1397 
14 8 1.795 0.581 0.0066 0.0066 3.278 0.1397 
14 8 1.795 0.531 0.0062 0.0119 3.278 0.1397 
15 8 1.795 0.658 0.0066 0.0066 3.278 0.1397 
15 8 1.795 0.701 0.0062 0.0119 3.278 0.1397 
16 8 1.795 0.719 0.0066 0.0066 3.278 0.1397 
16 8 1.795 0.697 0.0062 0.0119 3.278 0.1397 
17 8 1.795 0.496 0.0062 0.0119 3.278 0.1397 
17 8 1.795 0.496 0.0066 0.0066 3.278 0.1397 
18 8 1.795 0.748 0.0066 0.0066 3.278 0.1397 
18 8 1.795 0.623 0.0062 0.0119 3.278 0.1397 
19 8 1.795 0.752 0.0062 0.0119 3.278 0.1397 
19 8 1.795 0.832 0.0066 0.0066 3.278 0.1397 
20 8 1.795 0.737 0.0062 0.0119 3.278 0.1397 
20 8 1.795 0.768 0.0066 0.0066 3.278 0.1397 
21 8 1.795 0.777 0.0066 0.0066 3.278 0.1397 
21 8 1.795 0.736 0.0062 0.0119 3.278 0.1397 
22 8 1.795 0.792 0.0066 0.0066 3.278 0.1397 
22 8 1.795 0.727 0.0062 0.0119 3.278 0.1397 
23 8 1.644 0.771 -0.0008 0.0332 4.105 0.1397 
23 8 1.644 0.771 . 0.0184 4.105 0.1397 
24 8 1.644 0.733 -0.0008 0.0332 4.105 0.1397 
24 8 1.644 0.802 . 0.0184 4.105 0.1397 
25 8 1.644 0.803 . 0.0184 4.105 0.1397 
25 8 1.644 0.839 -0.0008 0.0332 4.105 0.1397 
26 8 1.644 0.971 . 0.0184 4.105 0.1397 
26 8 1.644 0.741 -0.0008 0.0332 4.105 0.1397 
27 8 1.644 0.802 -0.0008 0.0332 4.105 0.1397 
27 8 1.644 0.841 . 0.0184 4.105 0.1397 
28 8 1.644 0.872 -0.0008 0.0332 4.105 0.1397 
28 8 1.644 0.959 . 0.0184 4.105 0.1397 
29 8 1.644 0.749 . 0.0184 4.105 0.1397 
29 8 1.644 0.690 -0.0008 0.0332 4.105 0.1397 
30 8 1.644 0.772 . 0.0184 4.105 0.1397 
30 8 1.644 0.772 -0.0008 0.0332 4.105 0.1397 
31 8 1.644 0.631 -0.0008 0.0332 4.105 0.1397 
31 8 1.644 0.714 . 0.0184 4.105 0.1397 
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32 8 1.644 0.584 -0.0008 0.0332 4.105 0.1397 
32 8 1.644 0.734 . 0.0184 4.105 0.1397 
33 8 1.644 0.614 . 0.0184 4.105 0.1397 
33 8 1.644 0.563 -0.0008 0.0332 4.105 0.1397 
34 8 1.644 0.533 -0.0008 0.0332 4.105 0.1397 
34 8 1.644 0.512 . 0.0184 4.105 0.1397 
35 8 1.644 0.424 . 0.0184 4.105 0.1397 
35 8 1.644 0.449 -0.0008 0.0332 4.105 0.1397 
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APPENDIX 4: Process Parameter Statistical Analysis 

The statistical program JMP was used to analyze the data for significant physical 

parameters affecting bank stability and changes in side slope observed in the field.  Side 

slopes were also grouped by the presence of structures, and illustrated significant differences 

based on structure.  The following box plot and one way ANOVA summarize the differences 

observed between the structures. 
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Figure: A4.1: Side Slope population by structure.  1=Log Sill, 2=None, 3=Rootwad 

Level   Mean
2 A   3.5495470
1   B 2.9784091
3   B 2.7434177

Levels not connected by same letter are significantly different. 

 The survey results indicated significant differences between cross sections with 

structures and non-structured cross sections based on side slope.  The cross sections with no 

structure had a significantly more gradual mean side slope. 

Channel width was also grouped by structure and analyzed for significant variances.  

Cross sections downstream of log sills were significantly narrower than cross sections with 

rootwads or no structure.  This was due to rootwads armoring both banks downstream of log 
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sills, whereas in meander bends or straighter sections, only one bank typically would be 

constructed with a root wad. 
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Figure A4.2: Width populations by structure.  1= log sill, 2=none, 3=rootwad 

Level   Mean
2 A   4.9191638
3 A   4.8045570
1   B 4.3740909

Levels not connected by same letter are significantly different. 

 

Side slope was found to be significantly influenced by structures.  Root wads are 

‘hard’ structures that physically hold up the bank soil.  The root wads were typically back 

filled with top soil.  Banks in the absence of structures represent free soil medium that 

changed according to fluvial and geotechnical processes. The cross sections with structures 

were removed from the data set for process parameter analysis so fluvial and geotechnical 

processes could be isolated from structural effects.   

Cross section downstream of log sills formed a unique dataset that was removed from 

further data analysis.  Cross sections with root wads were also removed for analysis of side 
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slope.  The side slopes for each cross section were summarized by feature.  The following 

box plot  shows populations in the recorded stable side slopes by feature.   
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Figure A4.3: Side slope population by feature.  1=inner bank, 2=outer bank, 3=scour pool, 
4=riffle/run 

Level   Mean
2 A   3.5332584
1 A   3.5211236
4 A B 3.2319681
3   B 2.9784091

Levels not connected by same letter are significantly different. 
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Scour pool side slopes were significantly more steep than meander bend cross 

sections.  The riffle/run sections were also slightly steeper, but not significantly. 

 The width of cross sections was also tested for statistical variability based on feature.  

The results are shown in Figure A4.4. 
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Figure A4.4: Width populations by feature. 1=Inner bank, 2=Outer bank, 3=Scour pool, 
4=Riffle/Run 

Level   Mean
4 A   4.9292553
1 A   4.8576404
2 A   4.8576404
3   B 4.3740909

Levels not connected by same letter are significantly different. 

Side slope and width were not statistically different in the riffle/run, inner, and outer 

bank features.  However, based on literature of hydraulic effects in meander bends and 

secondary morphologic feature development, each feature was analyzed separately.   
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APPENDIX 5: Sediment Transport Results 

Suspended and bedload samples were collected from the restored stream during 

periods of high discharge.  Bedload traps were also installed to capture long term bed load 

transport, since point measurements using the Helley-Smith sampler indicated low levels of 

bedload movement.  The statistical program JMP was used to analyze the results for 

significant variability according to time and location. 

The suspended sediment samples were analyzed using simple bivariate analysis for 

explanatory trends in the data according to time.   

Suspended sediment samples were also analyzed according to date for bivariate 

trends in the data.  The results indicate a downward trend in the data over time.  The sources 

or sediment carrying capacity of the stream were decreasing during the study. 

Figure A5.1: Bivariate Fit of FSS (mg/L) By Date 
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Linear Fit  

Linear Fit 

FSS (mg/L) = 6108.5049 - 1.8666e-6*Date 
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Summary of Fit 

RSquare 0.109265
RSquare Adj 0.099687
Root Mean Square Error 85.75146
Mean of Response 72.24211
Observations (or Sum Wgts) 95

Analysis of Variance 

Source DF Sum of 
Squares

Mean Square F Ratio

Model 1 83887.36 83887.4 11.4081
Error 93 683858.07 7353.3 Prob > F
C. Total 94 767745.43 0.0011

Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t|
Intercept 6108.5049 1787.173 3.42 0.0009
Date -1.867e-6 5.526e-7 -3.38 0.0011

Oneway ANOVA tests were performed using JMP to test for variance between 

location and position of the suspended sediment samplers.  The distribution and results of the 

ANOVA test are included in the following sets of graphs and tables.  Location corresponds to 

upstream (3), midstream (2), and downstream (1) monitoring equipment.  The data indicated 

an increasing concentration of FSS moving downstream.  The stream acted as a source for 

suspended sediment during the study.  The midstream and downstream mean suspended 

sediment concentrations were significantly higher than the upstream mean concentration.  

The stream and floodplain was a source of suspended sediment or the sediment carrying 

capacity of the channel was increased downstream. 
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Figure A5.2: Oneway Analysis of FSS (mg/L) By Location 
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Student's t
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Quantiles 

Level Minimum 10% 25% Median 75% 90% Maximum
1 8 14.6 28 74 138.5 240 415
2 6 18 25 39 100 245 565
3 7 11 14 18 28 71 129

Means Comparisons 

Comparisons for each pair using Student's t 

t Alpha 
1.98609 0.05 

Abs(Dif)-LSD 1 2 3
1 -39.801 -30.047 26.677
2 -30.047 -44.957 11.767
3 26.677 11.767 -44.957

Positive values show pairs of means that are significantly different. 

Level   Mean 
1 A   97.135135 
2 A   84.724138 
3   B 28.000000 

Levels not connected by same letter are significantly different. 

ANOVA test was conducted on the FSS samples according to position (height).  

Position corresponded approximately to 23 cm (1), 46 cm (2), and 69 cm (3) heights above 
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the bed of the channel.  Sampler numbers 4 and 5 were positioned on the bank of the channel, 

and corresponded to 35 cm and 58 cm heights respectively.  The data indicated no significant 

difference in the FSS concentrations according to position.  The data indicated sampling 

depth did not significantly affect the suspended sediment concentration.   

Figure A5.3: Oneway Analysis of FSS (mg/L) By Position 
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Quantiles 

Level Minimum 10% 25% Median 75% 90% Maximum
1 12 12 14.25 21.5 53 113 113
2 12 15.5 19.5 44 84.75 151.5 197
3 6 13.4 19 42 133 280.2 565
4 11 11.7 14.5 29.5 47.25 152.9 169
5 7 10 19.75 38.5 95 192 248

Means Comparisons 

Comparisons for each pair using Student's t 

t Alpha 
1.98667 0.05 

Abs(Dif)-LSD 3 5 2 4 1
3 -43.75 -13.32 -14.66 -0.28 -14.14
5 -13.32 -51.30 -52.23 -37.85 -50.73
2 -14.66 -52.23 -62.83 -48.45 -59.82
4 -0.28 -37.85 -48.45 -62.83 -74.19
1 -14.14 -50.73 -59.82 -74.19 -102.59

Positive values show pairs of means that are significantly different. 
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Level  Mean 
3 A 100.72727 
5 A 66.37500 
2 A 61.25000 
4 A 46.87500 
1 A 36.00000 

Levels not connected by same letter are significantly different. 

The transport of bedload was monitored using both Helley Smith manual samplers 

and bedload traps.  The bedload traps were permanently installed in the stream bed to 

monitor long term bedload transport.  Helley-smith samplers measure a point bed load.  Each 

are represented as a mass of sediment per unit time, and each are in units of kg/d/m for 

comparison.  These units are actually unit bedload transport, and represent the mass of 

sediment transported per unit width.   

The results of the Helley smith bedload sampling were analyzed for significant trends 

using s simple bivariate, linear fit test.  The effect of time, duration, number of sampling 

points, and location were tested.  The results indicate no significant trends in the data.  The 

bedload was notably greater during the first year of monitoring, and ripple bed forms were 

observed.  However, the data does not indicate a significant decline over time.  The sampling 

duration and number of points sampled over the cross section transect did not influence the 

results.  Upstream, midstream, and downstream bedload transport were not significantly 

varied.  
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Figure A5.4: Bivariate Fit of Unit Bedload as measured with Helly-Smith sampler by date, 
duration, points, and location 
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Linear Fit  

Linear Fit 

Unit Bedload = 2180.3115 - 0.0557595*Date 

Summary of Fit 

RSquare 0.285247
RSquare Adj 0.213771
Root Mean Square Error 20.00594
Mean of Response 11.79098
Observations (or Sum Wgts) 12

Analysis of Variance 

Source DF Sum of 
Squares

Mean Square F Ratio

Model 1 1597.2847 1597.28 3.9908
Error 10 4002.3775 400.24 Prob > F
C. Total 11 5599.6622 0.0737

Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t|
Intercept 2180.3115 1085.519 2.01 0.0724
Date -0.05576 0.027912 -2.00 0.0737
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Figure A5.5: Bivariate Fit of Unit Bedload as measured with Helly-Smith sampler by 
duration 
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Linear Fit  

Linear Fit 

Unit Bedload = 42.980995 - 1.3709898*Duration 

Summary of Fit 

RSquare 0.217595
RSquare Adj 0.139355
Root Mean Square Error 20.93132
Mean of Response 11.79098
Observations (or Sum Wgts) 12

Analysis of Variance 

Source DF Sum of 
Squares

Mean Square F Ratio

Model 1 1218.4592 1218.46 2.7811
Error 10 4381.2030 438.12 Prob > F
C. Total 11 5599.6622 0.1263

Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t|
Intercept 42.980995 19.65465 2.19 0.0536
Duration -1.37099 0.822101 -1.67 0.1263



 220 

 

Figure A5.6: Bivariate Fit of Unit Bedload as measured with Helly-Smith sampler by 
number of sampling points across transect 
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Linear Fit  

Linear Fit 

Unit Bedload = 23.749997 - 3.3374011*Points 

Summary of Fit 

RSquare 0.041605
RSquare Adj -0.05423
Root Mean Square Error 23.16611
Mean of Response 11.79098
Observations (or Sum Wgts) 12

Analysis of Variance 

Source DF Sum of 
Squares

Mean Square F Ratio

Model 1 232.9750 232.975 0.4341
Error 10 5366.6872 536.669 Prob > F
C. Total 11 5599.6622 0.5249

Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t|
Intercept 23.749997 19.34351 1.23 0.2476
Points -3.337401 5.06532 -0.66 0.5249
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Figure A5.7: Oneway Analysis of Unit Bedload as measured with Helly-Smith sampler by 
location 
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Quantiles 

Level Minimum 10% 25% Median 75% 90% Maximum 
downstream 1.70 1.70 2.142 4.284 6.032 7.276 7.276 
midstream 0.13 0.126 0.126 0.252 38.931 38.931 38.931 
upstream 0.54 0.54 0.594 3.024 57.546 74.964 74.964 

Means Comparisons 

Comparisons for each pair using Student's t 

t Alpha 
2.26216 0.05 

Abs(Dif)-LSD upstream midstream downstream
upstream -37.722 -33.459 -19.524
midstream -33.459 -43.558 -29.982
downstream -19.524 -29.982 -33.740

Positive values show pairs of means that are significantly different. 

Level  Mean 
upstream A 20.387947 
midstream A 13.103002 
downstream A 4.126186 

Levels not connected by same letter are significantly different. 
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The bedload traps were installed 05/16/06 to sample long term bed load transport.  

The mass of bed load was noted to drop significantly during the first year of monitoring, 

warrenting a new methodology for bedload monitoring.  The long term bedload data made it 

possible to accurately measure sediment transport and particle size of sediment moved by the 

channel.  The following results are from a simple linear, bivariate analysis of the bedload trap 

data.  The data was tested for trends over time, according to the period of deployment, and 

position in the stream.  Bedload was not shown to vary significantly over time.  Long term 

bedload transport was uniformly distributed during the study. 

Figure A5.8: Bivariate Fit of Unit Bed Load as measured with bedload trap samplers by date 
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Linear Fit  

Linear Fit 

Unit Bed Load = 0.2161273 - 5.1478e-6*Date 

Summary of Fit 

RSquare 0.001341
RSquare Adj -0.02363
Root Mean Square Error 0.01373
Mean of Response 0.015397
Observations (or Sum Wgts) 42
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Analysis of Variance 

Source DF Sum of 
Squares

Mean Square F Ratio

Model 1 0.00001012 0.000010 0.0537
Error 40 0.00754026 0.000189 Prob > F
C. Total 41 0.00755039 0.8179

Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t|
Intercept 0.2161273 0.866136 0.25 0.8042
Date -5.148e-6 2.221e-5 -0.23 0.8179

The length of time the samples were deployed in the field was tested for significance 

in the bedload data.  No trends were significant in the bivariate test, indicating that length of 

deployment did not scew the results.  Also, the lack of trend showed that bedload was 

uniformly distributed over time. 

Figure A5.9: Bivariate Fit of Unit Bed Load as measured with bedload trap samplers by 
deployment duration in days 
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Linear Fit  

Linear Fit 

Unit Bed Load = 0.0147071 + 2.8476e-5*Period 
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Summary of Fit 

RSquare 0.000949
RSquare Adj -0.02403
Root Mean Square Error 0.013732
Mean of Response 0.015397
Observations (or Sum Wgts) 42

Analysis of Variance 

Source DF Sum of 
Squares

Mean Square F Ratio

Model 1 0.00000717 7.168e-6 0.0380
Error 40 0.00754322 0.000189 Prob > F
C. Total 41 0.00755039 0.8464

Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t|
Intercept 0.0147071 0.004123 3.57 0.0010
Period 2.8476e-5 0.000146 0.19 0.8464

Position of the bedload sampler was denoted by left channel (1), center channel (2), 

and right channel (3).  No significant trends were shown in the data when a bivariate linear fit 

test was performed.  Results are shown in Figure. 

Figure A5.10: Bivariate Fit of Unit Bed Load as measured with bedload trap samplers by 
trap position 
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Linear Fit 

Unit Bed Load = 0.0228455 - 0.0037244*Bag 

Summary of Fit 

RSquare 0.051441
RSquare Adj 0.027727
Root Mean Square Error 0.013381
Mean of Response 0.015397
Observations (or Sum Wgts) 42

Analysis of Variance 

Source DF Sum of 
Squares

Mean Square F Ratio

Model 1 0.00038840 0.000388 2.1692
Error 40 0.00716199 0.000179 Prob > F
C. Total 41 0.00755039 0.1486

Parameter Estimates 

Term Estimate Std Error t Ratio Prob>|t|
Intercept 0.0228455 0.005463 4.18 0.0002
Bag -0.003724 0.002529 -1.47 0.1486
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APPENDIX 6:  Stage, cross section, and sediment transport results for the reference reach 

The reference reach used for the restoration design was Beaver Dam Branch, a small 

headwater tributary to the Trent River in Jones County, approximately 20 km south of the 

restoration site.  The stream was instrumented with permanent cross sections, stream stage 

recorders, and sediment sampling equipment.  Stage recorders consisted of four Infinity 

pressure transducers in series.  The units were labeled in order from downstream to upstream 

BDB1, BDB2, BDB3, and BDB4.  Stage was calibrated against a permanent manual stage 

gage monumented in the stream. 
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Figure A6.1: Beaver dam branch stage records (BDB1).  Bankfull elevation was 98.2 ft, and 
was recorded 9 times during the study period of 724 days. 
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Figure A6.2: Beaver dam branch stage records (BDB2).  Bankfull elevation was 98.9 ft, and 
was recorded 7 times during the study period of 722 days. 
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Figure A6.3: Beaver dam branch stage records (BDB3).  Bankfull elevation was 99.4 ft, and 
was recorded 10 times during the study period of 722 days. 
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Figure A6.4: Beaver dam branch stage records (BDB4).  Bankfull elevation was 100.1 ft, 
and was recorded 10 times during the study period of 723 days. 

Suspended sediment and bedload was sampled intermittently by single stage sediment 

samplers, Helley Smith bedload samplers, and remote bedload trap samplers.  The results of 

the suspended sediment samples from the single stage samplers are shown in the following 

graphs. 
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Figure A6.5: Suspended sediment sample analysis 
Fit Y by X Group 
Oneway Analysis of BDB FSS By Location 
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Quantiles 
Level Minimum 10% 25% Median 75% 90% Maximum
1 0 19.4 53 73 109 238.4 465
2 14 26.3 47.25 79.5 153.25 243.2 352
3 15 27 50.5 79 142.5 194.5 328
4 16 23 43.5 61.5 100.25 154.6 265
Means Comparisons 
Comparisons for each pair using Student's t 

t Alpha 
1.97260 0.05 

Abs(Dif)-LSD 2 1 3 4 
2 -30.431 -26.293 -22.597 -1.510 
1 -26.293 -30.131 -26.438 -5.351 
3 -22.597 -26.438 -31.726 -10.639 
4 -1.510 -5.351 -10.639 -31.726 
Positive values show pairs of means that are significantly different. 
Level  Mean 
2 A 107.38000 
1 A 103.39216 
3 A 98.89130 
4 A 77.80435 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of BDB FSS By Position 
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Quantiles 
Level Minimum 10% 25% Median 75% 90% Maximum
1 20 30.8 60.5 80 135.5 175.4 272
2 17 30.3 52.25 76 99.75 154 267
3 0 15.2 27 59 118 240.4 448
4 26 38 64.25 101.5 170.5 219 325
5 21 29.2 52 63 120 197.2 465
Means Comparisons 
Comparisons for each pair using Student's t 

t Alpha 
1.97266 0.05 

Abs(Dif)-LSD 4 5 1 3 2
4 -36.980 -13.292 -16.893 -4.464 -0.473
5 -13.292 -32.883 -36.769 -23.972 -20.100
1 -16.893 -36.769 -43.126 -31.209 -27.058
3 -4.464 -23.972 -31.209 -30.194 -26.404
2 -0.473 -20.100 -27.058 -26.404 -34.094
Positive values show pairs of means that are significantly different. 
Level  Mean 
4 A 120.11765 
5 A 98.41860 
1 A 96.84000 
3 A 90.82353 
2 A 85.02500 
Levels not connected by same letter are significantly different. 
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Bivariate Fit of BDB FSS By Date 
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Linear Fit  
Linear Fit 
BDB FSS = -3017.812 + 9.6269e-7*Date 
Summary of Fit 
RSquare 0.043601
RSquare Adj 0.038594
Root Mean Square Error 75.8532
Mean of Response 97.25389
Observations (or Sum Wgts) 193
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 50100.4 50100.4 8.7075 
Error 191 1098958.1 5753.7 Prob > F 
C. Total 192 1149058.6 0.0036 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept -3017.812 1055.665 -2.86 0.0047
Date 9.6269e-7 3.262e-7 2.95 0.0036

 

Results indicate no significant differences between sample location or position.  

Suspended sediment was independent of stream location and position in the water column.  

The time series results indicated a significant linear, positive trend in suspended sediment 

over time.  Stream power or sources of suspended sediment were increasing in the watershed. 

The following series of figures illustrates the results of Helley-smith bedload 

sampling along the reference reach. 
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Figure A6.6: Helley-smith bedload sample analysis 
Fit Y by X Group 
Bivariate Fit of Bedload (kg/m-d) By Days after 1/1/1900 
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Linear Fit  

Linear Fit 
Bedload (kg/m-d) = 27396.616 - 0.697482*Days after 1/1/1900 
Summary of Fit 
RSquare 0.202854
RSquare Adj 0.043425
Root Mean Square Error 182.6277
Mean of Response 235.77
Observations (or Sum Wgts) 7
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 42437.42 42437.4 1.2724 
Error 5 166764.31 33352.9 Prob > F 
C. Total 6 209201.73 0.3105 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 27396.616 24078.93 1.14 0.3068 
Days after 1/1/1900 -0.697482 0.618337 -1.13 0.3105 
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Oneway Analysis of Bedload (kg/m-d) By location 
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Quantiles 
Level Minimum 10% 25% Median 75% 90% Maximum
trent 3 58.45955 58.45955 58.45955 103.1861 554.9877 554.9877 554.9877
trent 4 39.56099 39.56099 39.56099 245.1773 280.0767 280.0767 280.0767
Under log, 
b/w Trent 
2&3 

368.9419 368.9419 368.9419 368.9419 368.9419 368.9419 368.9419

Means Comparisons 
Comparisons for each pair using Student's t 

t Alpha 
2.77645 0.05 

Abs(Dif)-LSD Under log, b/w 
Trent 2&3 

trent 3 trent 4

Under log, b/w 
Trent 2&3 

-843.67 -558.79 -508.18

trent 3 -558.79 -487.09 -436.49
trent 4 -508.18 -436.49 -487.09
Positive values show pairs of means that are significantly different. 
Level  Mean
Under log, b/w Trent 2&3 A 368.94189
trent 3 A 238.87780
trent 4 A 188.27165
Levels not connected by same letter are significantly different. 
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Bivariate Fit of Bedload (kg/m-d) By points 
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Linear Fit  

Linear Fit 
Bedload (kg/m-d) = 388.82107 - 46.580751*points 
Summary of Fit 
RSquare 0.118533
RSquare Adj -0.05776
Root Mean Square Error 192.044
Mean of Response 235.77
Observations (or Sum Wgts) 7
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 24797.33 24797.3 0.6724 
Error 5 184404.40 36880.9 Prob > F 
C. Total 6 209201.73 0.4495 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept 388.82107 200.2697 1.94 0.1099
points -46.58075 56.80737 -0.82 0.4495

There were no significant trends in the Helley-smith bedload data based on transect 

points, duration, or over time.  The bedload data indicates stable bedload transport.  Sampling 

protocol was independent of stream location or number of points taken across the transect. 

 Remote bedload traps were also used to monitor bedload in the reference reach.  

Results of the study are included in the following graphs. 
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Figure A6.7: Bedload trap sample analysis 
Fit Y by X Group 
Bivariate Fit of Bedload (kg/m-d) By Days after 1/1/1900 
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Linear Fit  

Linear Fit 
Bedload (kg/m-d) = 10.762292 - 0.000271*Days after 1/1/1900 
Summary of Fit 
RSquare 0.022249
RSquare Adj -0.01849
Root Mean Square Error 0.199671
Mean of Response 0.170149
Observations (or Sum Wgts) 26
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 0.02177330 0.021773 0.5461 
Error 24 0.95684681 0.039869 Prob > F 
C. Total 25 0.97862011 0.4671 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 10.762292 14.33306 0.75 0.4600 
Days after 1/1/1900 -0.000271 0.000367 -0.74 0.4671 
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Bivariate Fit of Bedload (kg/m-d) By Duration (days) 
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Linear Fit  

Linear Fit 
Bedload (kg/m-d) = 0.198651 - 0.0009687*Duration (days) 
Summary of Fit 
RSquare 0.002998
RSquare Adj -0.03854
Root Mean Square Error 0.201627
Mean of Response 0.170149
Observations (or Sum Wgts) 26
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 0.00293371 0.002934 0.0722 
Error 24 0.97568640 0.040654 Prob > F 
C. Total 25 0.97862011 0.7905 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 0.198651 0.11323 1.75 0.0921 
Duration (days) -0.000969 0.003606 -0.27 0.7905 
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Oneway Analysis of Bedload (kg/m-d) By Location 
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Quantiles 
Level Minimum 10% 25% Median 75% 90% Maximum
A 0.002317 0.002874 0.011583 0.235013 0.543733 0.67111 0.686697
B 0.003833 0.003833 0.003833 0.160519 0.232796 0.232796 0.232796
C 0.003083 0.003083 0.003083 0.003083 0.003083 0.003083 0.003083
D 0.000921 0.001748 0.007039 0.096952 0.174354 0.352614 0.377714
Means Comparisons 
Comparisons for each pair using Student's t 

t Alpha 
2.07387 0.05 

Abs(Dif)-LSD A B D C 
A -0.17098 -0.13670 -0.02305 -0.16504 
B -0.13670 -0.32741 -0.23772 -0.33373 
D -0.02305 -0.23772 -0.17098 -0.31298 
C -0.16504 -0.33373 -0.31298 -0.56709 
Positive values show pairs of means that are significantly different. 
Level  Mean 
A A 0.25686112 
B A 0.13238272 
D A 0.10892409 
C A 0.00308333 
Levels not connected by same letter are significantly different. 

There were no significant trends in the bedload trap data.  The results indicated stable 

equilibrium bedload transport.  Sampling was independent on duration and location in the 

channel.  However, the bags are of a certain volume that would fill given long deployment 

duration.  The center channel samplers also had a tendency to wash out, yielding less samples 

for the center channel where bedload transport was hypothesized to be of the greatest 

magnitude. 
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Four permanent cross sections were monitored near each of the stage recorders for 

area, width, maximum depth, mean depth, and width-to-depth ratio.  Surveys were taken on 

08/16/05, 05/31/06, and 05/24/07.  Results from the surveys are analyzed in the following 

figures. 

Figure A6.8: Permanent cross section data analysis 
Fit Y by X Group 
Bivariate Fit of Area (sf) By Days after 1/1/1900 
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Linear Fit  

Linear Fit 
Area (sf) = -69.48867 + 0.0024307*Days after 1/1/1900 
Summary of Fit 
RSquare 0.052546
RSquare Adj -0.0422
Root Mean Square Error 2.987688
Mean of Response 25.04417
Observations (or Sum Wgts) 12
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 4.950525 4.95052 0.5546 
Error 10 89.262767 8.92628 Prob > F 
C. Total 11 94.213292 0.4736 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept -69.48867 126.9411 -0.55 0.5961 
Days after 1/1/1900 0.0024307 0.003264 0.74 0.4736 
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Bivariate Fit of Width (ft) By Days after 1/1/1900 
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Linear Fit  

Linear Fit 
Width (ft) = -30.68462 + 0.0011704*Days after 1/1/1900 
Summary of Fit 
RSquare 0.048497
RSquare Adj -0.04665
Root Mean Square Error 1.50063
Mean of Response 14.83333
Observations (or Sum Wgts) 12
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 1.147761 1.14776 0.5097 
Error 10 22.518906 2.25189 Prob > F 
C. Total 11 23.666667 0.4916 
Parameter Estimates 
Term \Estimate Std Error t Ratio Prob>|t| 
Intercept -30.68462 63.75889 -0.48 0.6407 
Days after 1/1/1900 0.0011704 0.001639 0.71 0.4916 
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Bivariate Fit of Max Depth (ft) By Days after 1/1/1900 

2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9

3
3.1
3.2

M
ax

 D
ep

th
 (f

t)

38500 38700 38900 39100 39300
Days after 1/1/1900

 
Linear Fit  

Linear Fit 
Max Depth (ft) = -5.2202 + 0.0002029*Days after 1/1/1900 
Summary of Fit 
RSquare 0.024926
RSquare Adj -0.07258
Root Mean Square Error 0.367262
Mean of Response 2.669167
Observations (or Sum Wgts) 12
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 0.0344802 0.034480 0.2556 
Error 10 1.3488114 0.134881 Prob > F 
C. Total 11 1.3832917 0.6241 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept -5.2202 15.60424 -0.33 0.7449 
Days after 1/1/1900 0.0002029 0.000401 0.51 0.6241 
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Bivariate Fit of Ave Depth (ft) By Days after 1/1/1900 
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Linear Fit  

Linear Fit 
Ave Depth (ft) = 1.0027851 + 1.7669e-5*Days after 1/1/1900 
Summary of Fit 
RSquare 0.001229
RSquare Adj -0.09865
Root Mean Square Error 0.145823
Mean of Response 1.689949
Observations (or Sum Wgts) 12
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 0.00026158 0.000262 0.0123 
Error 10 0.21264325 0.021264 Prob > F 
C. Total 11 0.21290483 0.9139 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept 1.0027851 6.195736 0.16 0.8746 
Days after 1/1/1900 1.7669e-5 0.000159 0.11 0.9139 
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Bivariate Fit of W/D By Days after 1/1/1900 

7

7.5
8

8.5
9

9.5
10

10.5
11

W
/D

38500 38700 38900 39100 39300
Days after 1/1/1900

 
Linear Fit  

Linear Fit 
W/D = -11.09113 + 0.0005124*Days after 1/1/1900 
Summary of Fit 
RSquare 0.013637
RSquare Adj -0.085
Root Mean Square Error 1.261532
Mean of Response 8.838527
Observations (or Sum Wgts) 12
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 0.220032 0.22003 0.1383 
Error 10 15.914627 1.59146 Prob > F 
C. Total 11 16.134659 0.7178 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept -11.09113 53.60007 -0.21 0.8402 
Days after 1/1/1900 0.0005124 0.001378 0.37 0.7178 
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Bivariate Fit of Area (sf) By XS 
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Linear Fit  

Linear Fit 
Area (sf) = 29.406667 - 1.745*XS 
Summary of Fit 
RSquare 0.484808
RSquare Adj 0.433289
Root Mean Square Error 2.203132
Mean of Response 25.04417
Observations (or Sum Wgts) 12
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 45.675375 45.6754 9.4102 
Error 10 48.537917 4.8538 Prob > F 
C. Total 11 94.213292 0.0119 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept 29.406667 1.55785 18.88 <.0001
XS -1.745 0.568846 -3.07 0.0119
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Bivariate Fit of Width (ft) By XS 
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Linear Fit  

Linear Fit 
Width (ft) = 17.666667 - 1.1333333*XS 
Summary of Fit 
RSquare 0.814085
RSquare Adj 0.795493
Root Mean Square Error 0.663325
Mean of Response 14.83333
Observations (or Sum Wgts) 12
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 19.266667 19.2667 43.7879 
Error 10 4.400000 0.4400 Prob > F 
C. Total 11 23.666667 <.0001 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept 17.666667 0.469042 37.67 <.0001
XS -1.133333 0.17127 -6.62 <.0001
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Bivariate Fit of Max Depth (ft) By XS 
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Linear Fit  

Linear Fit 
Max Depth (ft) = 2.7216667 - 0.021*XS 
Summary of Fit 
RSquare 0.004782
RSquare Adj -0.09474
Root Mean Square Error 0.371036
Mean of Response 2.669167
Observations (or Sum Wgts) 12
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 0.0066150 0.006615 0.0481 
Error 10 1.3766767 0.137668 Prob > F 
C. Total 11 1.3832917 0.8309 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept 2.7216667 0.262362 10.37 <.0001
XS -0.021 0.095801 -0.22 0.8309
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Bivariate Fit of Ave Depth (ft) By XS 
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Linear Fit  

Linear Fit 
Ave Depth (ft) = 1.6767542 + 0.0052778*XS 
Summary of Fit 
RSquare 0.001963
RSquare Adj -0.09784
Root Mean Square Error 0.145769
Mean of Response 1.689949
Observations (or Sum Wgts) 12
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 0.00041783 0.000418 0.0197 
Error 10 0.21248700 0.021249 Prob > F 
C. Total 11 0.21290483 0.8913 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept 1.6767542 0.103074 16.27 <.0001
XS 0.0052778 0.037637 0.14 0.8913
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Bivariate Fit of W/D By XS 
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Linear Fit  

Linear Fit 
W/D = 10.653624 - 0.7260392*XS 
Summary of Fit 
RSquare 0.490063
RSquare Adj 0.439069
Root Mean Square Error 0.907065
Mean of Response 8.838527
Observations (or Sum Wgts) 12
Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 
Model 1 7.906993 7.90699 9.6103 
Error 10 8.227666 0.82277 Prob > F 
C. Total 11 16.134659 0.0112 
Parameter Estimates 
Term Estimate Std Error t Ratio Prob>|t|
Intercept 10.653624 0.641392 16.61 <.0001
XS -0.726039 0.234203 -3.10 0.0112

There were no significant trends in the survey data with time.  The results indicate 

that the channel was in stable equilibrium during the study.  The area, width, and width-to-

depth ratio were all increasing downstream, as indicated by the bivariate analysis between 

cross sections.  The cross sections were labeled 1, 2, 3, and 4 increasing upstream.  The 

results indicate significantly correlated linear trends between area, width, and W/D 

dependent on stream location.  This finding indicated a trend in a natural stream to increase 

in area, width, and W/D ratio with increasing distance from the headwaters. 
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The four permanent cross section locations coincided with suspended sediment, 

bedload, and stream stage records.  BDB1, XS1, and BSS1 were all located in the same 

riffle/run section.  Photos of the four sampling locations are included in the following figure. 

  

  
Figure A6.9: Instrumentation locations in the Beaver Dam Branch reference stream.  
Clockwise from top left- BDB1 upstream, BDB2 upstream, BDB3 upstream, and BDB4 
downstream. 
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