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APPENDIX A STATE OF THE ART REVIEW 

A.1 Hydraulic and Geomorphic Background 

A wide variety of low-flow in-stream structures have been used to promote channel stability and 

prevent bank erosion that could threaten transportation infrastructure.  Many of these structures 

are designed to reduce lateral river migration, especially in highly sinuous bends, and therefore 

reduce risks to infrastructure located on the floodplain.  Other structures attempt to provide grade 

control within a stream at equilibrium.  Note, however, that any of these structures will 

eventually fail in an actively degrading system, which is therefore not considered further here.  

In general these structures are not effective at reducing scour associated with in-stream 

transportation infrastructure, including bridge piers and abutments, since they have minimal 

effect on flow during flood events and therefore limited impact on scour prevention during these 

events.  In fact, these structures may actually induce unintended scouring, especially when 

construction has not been completed properly (Dahle, 2008). 

Scour is, however, a major threat to the long-term stability of low-flow in-stream structures.  The 

term scour denotes the removal of bed material caused by high shear stresses at the bed created 

by induced pressure gradients, energetic coherent vortices, and turbulence fluctuations.  The 

scour directly attributed to an obstruction within the flow is defined as local scour (Melville and 

Coleman, 2000; Lagasse et al., 2001a; TAC, 2004).  Scour around bridge piers, abutments, and 

exposed foundations has been studied extensively in the literature (Richardson and Davis, 2001). 

Even though bridge-foundation scour is not the focus of the current work, the information gained 

from these studies is highly relevant, as it can assist us in understanding the stability of in-stream 

structures.  Lateral migration is also a consideration when evaluating the total scour at a flow 

obstruction, including an in-stream structure.  Lateral migration can affect the total scour by 

changing the flow angle of attack (Richardson and Davis, 2001).    

Three specific flow features lead to local scour around a flow obstruction.  A pressure gradient 

on the upstream face of the obstruction causes downflow which impinges upon bed material at 

the base.  A highly dynamic large-scale vortical structure is created by this action which 

transports dislodged particles away from the obstruction; this eddy is referred to as a horseshoe 

vortex (Lagasse et al., 2001a). Additionally, wake vortices caused by separation as flow passes 

the obstruction entrain sediments through suction (Melville and Coleman, 2000; Richardson and 

Davis, 2001; TAC, 2004).  Figure A-1 shows vortices and scour holes created by a vertical 

cylinder within the flow obtained from recent numerical simulations using SAFL’s VSL. 

Obstructions such as in-stream structures that reduce the available river width have the effect of 

constricting the flow at these points.  Even the presence of a single rock or concrete obstruction 

will inevitably constrict the flow.  This constriction creates an area of higher velocity and in turn, 

higher shear stress which leads to contraction scour.  In periods of high flow, the effect is even 

more pronounced and the severity of scour increases accordingly.  Contraction scour and local 

scour can ultimately compromise the stability of the structure itself (Richardson and Davis, 2001; 

TAC, 2004).  For example, Figure A-2 shows a bridge that has undergone dangerous scour levels 

as a result of the local and contraction scour induced by the foundation.   
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Figure A-1. Turbulent flow patterns in the vicinity of a vertical cylinder obtained from high-

resolution numerical simulations.  Left:  Instantaneous vortical structures showing the 

complexity of the turbulent horseshoe vortex; Right: Scour hole and bed forms induced by the 

vortices colored with instantaneous bed shear stress (Escauriaza 2008; Escauriaza and 

Sotiropoulos 2008). 

 

 

Figure A-2. Photograph of bridge at low flow revealing severe flood-induced scour.  Color 

changes on the bridge pier indicate original bed elevation (Baldwin, 1997). 

 

The magnitude of scour depends on geomorphic factors such as climate and topography, 

sediment size, flooding frequency, and in-stream infrastructure geometry.    The magnitude will 

also be influenced by the presence of scour countermeasures and their effectiveness (Lagasse et 

al., 2001b).  Final scour depth is achieved when equilibrium between erosive capability and bed 

resistance to motion is reached (Melville and Coleman, 2000).   
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Erosion is the displacement of soil particles due to wind or water action (Lagasse et al., 2001a).  

Erosion, like scour, is the result of fluid forces acting on sediment and causing it to be dislodged 

and transported.  Flow patterns, especially those located within stream meanders, are often 

highly erosive.  If banks are allowed to erode, infrastructure such as bridge abutments can 

become undermined and fail.  Accelerated erosion, sometimes referred to as mass wasting, is 

normally the result of high flows (Lagasse et al., 2001a).  Erosive forces during high flows can 

be 100 times greater than during normal or low-flow periods.  Additionally, 90% of all changes 

to a river occur during these infrequent periods of high flow (Richardson et al., 2001).  

Groundwater levels, bank material, stratification, and freeze-thaw cycles all play a role in 

determining the erosion potential of a channel (Simons, 1995). 

In addition, erosion can threaten the long-term stability of in-stream flow control structures.  For 

example, Figure A-3 shows that severe bank erosion can undermine and expose bank-mounted 

infrastructure, here a bridge abutment.  In addition, flow control structures will often alter bank 

erosion adjacent to and downstream from the structure. 

 

 

Figure A-3. Abutment scour caused by April 1979 flood, Leake County, MS (Colson, 1979). 

 

Bank erosion has been observed to be especially pronounced at the apex of meander bends due to 

pressure-driven secondary currents.  These are helicoidal flow patterns, directed from the outer 

to the inner bank along the channel bed, that result from the local imbalance between the 

curvature-induced transverse pressure gradient and the centrifugal force along the bed.  

Secondary currents result in the increase of the water surface elevation on the outside bank, 

which is known as super-elevation, and redistribute streamwise momentum within the channel 

cross-section.  Pressure-driven secondary circulation can persist downstream leading to 

undesired scour or depositions (ACOE, 1991).  In both meandering and straight reaches, 

unchecked scour at the toe of banks will eventually lead to their failure (Odgaard, 1988).  

Channel stability can be determined by the use of geomorphic, hydraulic, and analytical stability 
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assessments.  Field reconnaissance must be completed to determine basic information about the 

channel and watershed it flows through (Rosgen, 2006).  A theoretical model can then be used to 

asses channel stability.  An appropriate software model that combines several field indicators of 

the reach stability with the desired final hydraulic geometry can be utilized to create a stable 

channel design (Copeland et al., 2001).  

A.2 Submerged Vanes 

Introduction 

This section summarizes available information on submerged vanes.  Submerged vanes, 

sometimes called Iowa vanes, are thin foils angled into the upstream flow and submerged even 

during low flow periods.   They are stream training structures designed to mitigate stream bank 

erosion and rebuild bed elevation by inducing secondary circulation.  This action stabilizes the 

stream and prevents it from moving laterally.  Submerged vanes are normally used in arrays 

which counter erosive secondary circulations triggered by channel meanders and are generally 

not in contact with the bank (Odgaard and Wang, 1991a). An examination of the underlying 

theory as well as laboratory work and case studies is presented here.  This thorough review of 

literature suggests that submerged vanes are a promising stream stabilizing technique and should 

be studied in further detail.   

The cost of submerged vane projects has been found to be less, in most cases, than comparable 

bank armoring techniques (i.e. riprap; Keown et al., 1981) and no reported cases of extensive 

maintenance have been published.  Submerged vanes are useful in a variety of applications 

ranging from the aforementioned prevention of bank erosion and lateral migration to the 

protection of bridge piers, abutments, and intake structures.  Submerged vanes can also have the 

added benefit of being an aesthetically pleasing solution; when designed correctly, sediment and 

vegetation tend to bury the vanes leaving the stream in a more natural looking state.   

There are currently, however, only a handful of cases where submerged vane use has been 

documented in the field.  As a result, their effectiveness in many settings is unknown as are their 

ecological impacts.       

Theory 

Submerged vanes were developed to prevent bank erosion and failure in curved channel sections.  

It is believed that the first study of vane applications in flow training was developed by Russian 

engineers Potapov and Pyshkin (1947).   The first theoretical design works are credited to 

Odgaard and Kennedy (1983).  They concluded that vanes are to be arranged in such a manner as 

to induce a secondary current which counteracts motion triggered by stream sinuosity and 

topography.   

The fluid motion caused by stream sinuosity is the end result of centrifugal forces which are 

present in a channel bend.  Centrifugal force leads to the phenomenon of super-elevation, in 

which the water surface in a curved reach is higher on the outer bank.  Super-elevation results in 

a secondary circulation, or vortex, that forces the high-velocity near-surface water outwards 

toward the outer bank and lower velocity near-bed current toward the inside bank.  As the 

vortices are carried downstream, this secondary flow is responsible for changes in shear stress 
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and bed topography.  The major consequences of these changes are bank erosion and deposition 

of sediment at undesirable locations.  

When properly used, vanes are placed in such a way as to counteract this secondary circulation 

within the channel bend.  As flow reaches the vane, a counter-circulation develops as a result of 

the pressure gradients across the vane.  The pressure decreases from bottom to top on the 

upstream (high pressure) face; while on the downstream (low pressure) face, pressure increases 

from bottom to top.  As fluid flows over the vane, these pressure regimes trigger the formation of 

vertical vortices that counteract the naturally occurring secondary circulation (Odgaard and 

Wang, 1991a).  Figure A-4 shows the orientation and location of high and low pressure zones 

within a curved channel reach. α is the vane angle of attack with respect to the bend flow, b is 

the bank-full channel width, ri and ro the inner and outer radii respectively, and L the length of 

the vane.  

 

    
   

  

Figure A-4. Typical submerged vane orientation and location of high and low pressure zones 

(Voisin and Townsend, 2002). 

 

Figure A-5 shows how the counter-current vortices emerge and are carried downstream as flow 

passes over the vane.   
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Figure A-5. Submerged-vane-induced circulation (Odgaard and Wang, 1991a). 

 

The goal of submerged vane use is to rebuild bed material near the bank as well as relocate the 

channel thalweg toward the center of the channel.  Figure A-6 shows an idealized situation in 

which, starting from an originally flat bed, a single submerged vane has caused a change in the 

lateral bed material profile.  There is a clear increase in material between the vane and the outer 

bank as well as an area of scour toward the center of the channel. 

 

 

 

Figure A-6. Submerged-vane-induced change in bed profile  (Odgaard and Wang, 1991a). 

 

Since a single vane can rarely produce the desired results, two or more vanes are typically used 

together to impact a much wider region of the channel.  Figure A-7 and Figure A-8 below show 

the changes in circulation and bed profile resulting from a three vane array. 
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Figure A-7. Circulation induced by array of three submerged vanes (Odgaard and Wang, 1991a). 

 

Figure A-8. Change in bed profile induced by array of three submerged vanes (Odgaard and 

Wang, 1991a). 

 

Wang (1989) concludes that the total circulation induced by an array can be approximated by 

adding the circulation of the individual vanes, provided they are the same dimensions and at the 

same angle to the flow.  Additionally, an interaction coefficient, which accounts for vane spacing 

and dimensions, is needed to accurately approximate the circulation induced by an array.  Vanes 

need to be spaced less than two to three times their height; any larger distance will produce 

results more reflective of a group of individuals which could cause multiple points of scour 

laterally instead of the desired single thalweg.  Severe erosion problems generally require 

multiple vane arrays in the stream-wise direction (Wang, 1989).   

Figure A-9 represents the expected curved channel cross-section at (a) the time of installation, 

(b) bank-full, and (c) low-flow periods after vane structure installation.  b and n  are the 

distance between the bank and the nearest vane and the stream-wise vane spacing, respectively.  
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oH is the vane height and T the vane submergence, or height of water above the top of the vane.  

Maximum scour depth without the array is represented by md .  id and od  are the installation and 

bank-full flow depths, respectively. vd is the expected depth of the near-bank bed with vanes 

present.  The use of a vane array will create a buildup in bed material near the array resulting in a 

smaller vd  value compared with the predicted scour depth in the absence of vanes, md .      

In order to determine the conditions for maximum vane-induced increase in bed level, a series of 

trials were completed by Odgaard and Wang (1991a) which vary by number of vanes in array, 

Froude number, resistance parameter, and width-depth ratio.  This allows for vane performance 

to be determined for a variety of structure configurations.  Plots of these trials are found below in 

Figure A-10 and Figure A-11.  Variables are defined in Figure A-9.  

 

Figure A-9. Primary design variables and flow sections for submerged vanes at (a) installation; 

(b) subsequent bank-full (design) flow; and (c) subsequent low flow (Odgaard and Wang, 

1991a). 
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Figure A-10. Computed submerged-vane-induced maximum increase in along-bank bed level 

with (a) three vanes per array and (b) two vanes per array (Odgaard and Wang, 1991a). 
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Figure A-11. Computed submerged-vane-induced maximum increase in along-bank bed level 

with one vane per array (Odgaard and Wang, 1991a). 

 

Odgaard and Wang (1991a) make the following conclusions based on results found in the above 

plots: 

 Three vanes minimum are needed to increase bed level to the top of the vane. 

 Induced bed elevation increase is independent of the channel depth/width ratio when 

it is less than 0.05. 

 For large channel width to array width ratios, distance to far bank has no effect on 

bed level changes within the vane field. 

 

Description/Guidelines 

Vanes have been constructed with wood planks, concrete, fiberglass, high-density polyethylene 

(HDPE), and sheet metal.  The vanes used in experiments by Odgaard and Wang (1991b) were 

made from sheet piling and fiberglass; however, there are records of other successful trials that 

utilize supported planks, round wooden poles, and reinforced concrete.  The major consideration 

appears to be the prevention of flow separation, which leads to slightly angled and twisted 

designs (Odgaard and Wang, 1991b).  All recent lab work studies have used sheet metal, and one 

field case reported using HDPE (Fitzpatrick et al., 2005).  Sheet metal appears to be the preferred 
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material since it is very rigid even at small thicknesses.  The vanes are usually anchored with 

rebar or piles.   

Odgaard and Wang (1991b) discuss general vane sizing criteria which are widely cited and 

accepted.  These criteria are based primarily on studies completed by Odgaard and Kennedy 

(1983), Odgaard and Spoljaric (1986), and Odgaard and Mosconi (1987).   

 Angle of attack is 15–25 degrees to flow 

 Height is 20–40% of the bank-full flow depth 

Wang (1991) conducted studies on flat, fixed beds as well as movable beds.  His experiments 

furthered guidelines on array size and spacing.  Wang (1991) suggests vane-induced velocities 

are small beyond two vane heights laterally (i.e., for y > 2Ho), and therefore spacing within an 

array should be less than 2 or 3 vane heights. 

Marelius and Sinha (1998) provide more extensive coverage of the flow surrounding a vane and 

focus on determining the vane configuration that produces the strongest secondary circulation.  

Their results suggest that an angle of attack of 40 degrees will produce the strongest secondary 

circulation. 

 Tan et al. (2005) note that limited experimentation has been done concerning vane length and 

the implications of using small-scale model studies, which may not properly represent how 

sediment is transported around the vane and in some cases over top of it.  This research also 

looks at the effect that bedform dimensions play on sediment diversion.  Experimental results 

and conclusions from Tan et al. (2005) on vane dimensions are found in the Laboratory Work 

section below. 

A table of vane and channel properties for all laboratory experiments and field work summarized 

here is included at the end of this review.  This table provides a summary of all the design 

elements for each study and provides the researchers’ results and conclusions.   

Laboratory Studies 

Lab experiments were performed by Odgaard and Wang (1991b) in both a straight and curved 

channel with a median sediment size of 0.41 mm (0.016 inch) and a geometric standard deviation 

of 1.45 mm (0.057 inch).  The purpose of these experiments was to confirm the previously 

discussed theoretical predictions of altered bed topography through implementation of vanes. 

The curved channel experiment had the following properties: 

 Flume width is 1.94 m (6.4 ft) 

 Flow depth is 0.6 m (2 ft) 

 13.1 m (43 ft) radius bend following a 20 m (66 ft) straight approach 

 Double-curved, fiberglass foils with a 10 degree twist 

 7.4 cm (2.9 inch) tall and 15.2 cm (6.0 inch) long vanes 

 2 to 3 vanes in a singe array at a 15 degree angle toward flow 
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The straight channel experiment had the following properties: 

 Flume width is 2.44 m (8 ft) 

 Flow depth is 0.6 m (2 ft) 

 Vanes constructed from 0.8 mm (0.03 inch) thick sheet metal 

 7.4 cm (2.9 inch)  tall and 15.2 cm (6.0 inch) long vanes 

 4 vanes in a single array at a 20 degree angle toward flow 

Figure A-12 shows results from Odgaard and Wang (1991b) comparing the effect of vanes on 

channel depth distribution and average velocity.   

 

Figure A-12. Comparison of measured and predicted velocity and depth distributions with and 

without submerged vanes in a (a) curved channel and (b) straight channel (Odgaard and Wang, 

1991b). 

 

In both the straight and curved channel situations the measured results agreed with numerical 

predictions.  Without the use of vanes, the channel bed elevation in the curved flume decreased 

on the outer bank while increasing on the inner bank as shown in Figure A-12(a).  When vanes 

were implemented, they clearly caused the bed elevation to be raised in the vicinity of the array 

while causing the scour hole to occur along the channel centerline.  In both instances, Figure 
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A-12 shows the bed elevation near the array has increased due to sediment diversion.  A decrease 

in average velocity was also observed at this location. 

Figure A-13 shows the before and after images of the experimental channel from which the 

altered bed topography is clearly evident.  The channel thalweg which was initially present along 

the outer bank has migrated toward the channel center and sediment has built up at the 

previously scoured location.    

 

 

Figure A-13. Upstream view of laboratory channel bend following flood event (a) without 

submerged vanes and (b) with vanes (Wang, 1991). 

 

Odgaard and Wang (1991b) observed little change in channel cross sectional area and 

longitudinal slope, which suggests that overall sediment transport characteristics of the stream 

were unaltered.  Also, vane-induced redistribution of sediment was observed for multiple stream 

discharges (Odgaard and Wang, 1991b).     

Typically, submerged vanes are placed at a 15 to 25 degree angle (Odgaard and Wang, 1991b).  

Odgaard and Spoljaric (1986) and Spoljaric (1988) report that low angles of attack are more 

desirable since larger angles can produce unacceptable local scour around the vane structure and 

potentially undermine it.  Hossain et al. (2006) studied the possibility of problems associated 

with scour holes forming at the base of submerged vanes and determined there was no 

appreciable deterioration of river training ability.    

Marelius and Sinha (1998) performed experiments that specifically focused on the angle of 

attack and its role in producing the maximum secondary circulation.  The ideal angle of attack 

for this experiment was defined as the one producing the maximum moment of momentum, 

which is proportional to the force exerted by the induced vortex on the river boundary. For this 

study, it was determined that the optimal angle of attack is 40 degrees (Marelius and Sinha, 

1998).  Figure A-14 shows the results for trials at various angles. 
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Figure A-14. Laboratory measurements of moment of momentum 0.48 m (1.6 ft) past vane axis 

(Marelius and Sinha, 1998). 

 

At an angle of attack of 40 degrees, a horseshoe vortex developed on the upstream side of the 

vane as well as two vortices on the downstream side.  The development of multiple vortices 

affects circulation at high angles of attack.  Marelius and Sinha (1998) suggest that the larger 

scour hole produced at this angle causes vortex stretching, which increases the effective width of 

each vane and so reduces the number of vanes necessary.  However, vanes would have to be 

constructed in a way in which undermining of the vane itself would not be a concern. More 

research on vortex stretching is necessary before any standard design can be undertaken 

(Marelius and Sinha, 1998). 

Voisin and Townsend (2002) performed studies that compared different vane configurations 

within physical scale models of strongly curved (i.e., radius of curvature to channel width ratio 

less than 3) and hydraulically narrow (i.e., width-depth ratio < 10) channels.  The optimum 

values were found to be: 

 Length / channel width = 0.33 

 Height / bank-full flow depth = 0.35 

 Angle of attack = 2 degrees 

 Spacing from outer bank to vane centerline / channel width = 0.24 

 Streamwise spacing / channel width = 0.70 

Tan et al. (2005) use the following experimental parameters to analyze sediment transport in the 

vicinity of submerged vanes: 

 6 m (19.7 ft) wide, straight flume 

 0.6 m (2.0 ft) flow depth 

 Uniform sediment with a diameter of 2.8–3.1 mm (0.11–0.12 inch) 

 Vanes are 10 mm (0.39 inch) thick sheet metal 
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 Vane heights of 5, 8, 10, and 15 cm (2, 3, 4, and 6 inch) 

 Vane length ranges from 1–4 m (3–13 ft) 

 Vane angles are 15, 30, 45, 60, and 90 degrees 

After establishing fully-developed flow, vane heights of 5, 8, 10, and 15 cm  (2, 3, 4, and 6 inch) 

above the average mobile bed surface were subjected to a constant release of sediments until 

equilibrium transport rate was achieved: typically in about two days.  The flow structure was 

divided into different zones as shown in Figure A-15.   

 

Figure A-15. Flow structures around submerged vanes (Tan et al., 2005). 

 

Figure A-16 illustrates how bedform dimensions can affect sediment diversion around a 

submerged vane.  The dunes shown in Figure A-15 and Figure A-16 are the result of weir-like 

flow patterns overtopping the vane.  While the upper region of this flow dove down and blocked 

propagation of helical cells, the lower region rolled backwards toward the toe of the vane digging 

a trench.  It is at this trench where bedforms can arise and possibly reach the crest of the vane, 

allowing sediment particles to escape (Tan et al., 2005).  

 This phenomenon was likely not present in Odgaard’s work since the vane must be of sufficient 

length for large bedforms to appear.  In this experiment, however, where vanes were at least 

three times as long as the bedforms, the effect of vane height was clearly recognizable.  As flow 

passes the vane, the bed profile is altered.  Figure A-17 presents graphical results of the sediment 

diversion induced by three different relative vane heights.   Sediment containers were used to 

compare changes in sediment distribution by weight laterally across the channel and compared to 

the weight measured in container No. 1 which was located at the farthest lateral distance from 

the right sidewall.  
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Figure A-16. Flow structures and sediment particle motion around submerged vane (Tan et al., 

2005). 

 

   

 

Figure A-17. Lateral distribution of relative rate of sediment transport  (Tan et al., 2005). 
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Further testing led the writers to suggest the most favorable vane height is one-fifth of the 

approach flow depth and optimally two to three times the bedform height so as to prevent 

sediment escape.  A 30 degree angle is also suggested to achieve maximum sediment diversion 

(Tan et al., 2005). 

Field Work 

Odgaard and Wang (1991b) describe a field vane installation at a highway crossing of the West 

Fork Cedar River in Butler County, Iowa.  During bridge construction, a portion of the channel 

was straightened, resulting in the creation of a large sandbar which became vegetated and forced 

flow toward the right bridge abutment, undermining the pier.  Annual dredging was necessary 

until 4 arrays of 3 vanes each were installed in 1984.  The goal of the arrays was to deflect the 

main flow away from the right bank to a more central location on the channel.  Figure A-18 

shows a schematic of the river reach before and after vane installation.  The vane and channel 

properties for this project are given below: 

 Mean sediment diameter is 0.5 mm (0.02 inch) 

 Channel width is 35 m (115 ft) 

 Bank-full depth is 2 m (6.6 ft) 

 Vanes measure 3.7 m (12 ft) long × 0.6 m (2 ft) above channel bed 

 Vanes are sheet metal, anchored with vertical piles 

 Vanes are aligned at 30 degrees to main channel, 20 degrees to 1984 flow 

 Vanes are up to 30 m (98 ft) from eroding bank  

 Arrays are spaced stream-wise between 25–35 m (82–115 ft) 

As of 1991, no maintenance had been necessary.  With an initial cost of $5000, the vanes were a 

cost-effective solution that induced a stable bed profile, eliminating the need for annual 

maintenance.   

Fitzpatrick et al. (2005) monitored an installation of flow-deflecting vanes along two meander 

bends with eroding bluffs in the upper main stem of North Fish Creek, a tributary to Lake 

Superior in Wisconsin. At each of the two sites, approximately 45 vanes were installed in 15 

arrays, with vanes stretching from bank to bank within each array and the various arrays 

separated by 3.7–6.1 m (12–20 ft) in the streamwise direction.  Each array consisted of 0.9-m-

long (3-ft-long) vanes protruding from the streambed at 30% of the bankfull depth and spaced 

0.9 m (3 ft) apart in the cross-stream direction.  Each vane was placed at an angle of 15–20 

degrees to the estimated bankfull flow pattern.  Vanes were installed between 2000 and 2003 and 

were constructed from 0.95-cm (0.375-inch)-thick HDPE held in place by steel reinforcing bars 

that were  0.9 m (3 ft) long and 1.9 cm (0.75 inch) in  diameter .  Two large floods in spring 2001 

(recurrence interval of approximately 100 years) and spring 2002 (recurrence intervals of 

approximately 50 years) resulted in changes in channel morphology and led to some 

maintenance and replacement of vanes.  At both monitored sites, the vanes resulted in the 

thalweg moving away from the bluff toe, especially upstream of the bend apex, resulting in 

deposition at the bluff toe at one of the sites.   

 



  

A-18 

 

 

 

Figure A-18. Plan of West Fork Cedar River bridge crossing (a) prior to vane installation in 

1984 and (b)  in 1989 five years after vane installation (Odgaard and Wang, 1991b). 

 

Other Practical Applications 

There is a wide range of practical applications for submerged vanes as they can be useful for a 

variety of protective or ameliorative schemes.  One common use of submerged vanes is for the 

prevention of shoaling and lateral sediment diversions at intake infrastructure.  Excessive 

sediment intake leads to pumping problems and failure to meet flow rate quotas.  Nakato et al. 

(1990), Barkdoll (1997), and Barkdoll et al. (1999) performed experiments in this area and 

concluded that submerged vanes are an effective intake protection method.  Barkdoll (1997) 

found that placing a vane at 10–20 degrees to the local flow direction led to less sediment 

entrainment at a flow diversion.  Nakato et al. (1990) focused on creating an exact scale model 

vane for an intake on the Missouri River.  The prototype was installed as designed and the results 

were deemed excellent.  No dredging was required and no pump maintenance was needed for at 

least 3.5 years after installation (Nakato et al., 1990).  Other applications of vanes such as 

channel constriction/expansion, river confluences, and sand bar formation issues are 

demonstrated graphically in Figure A-19. 
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Figure A-19. Typical vane layouts for stream-bank protection and/or shoaling control (a) in a 

curved channel; (b) in a widened bridge waterway; (c) in a navigation channel; (d) in a channel 

with alternate bars or meanders; (e) at a water intake; and (f) at a river confluence (Odgaard and 

Wang, 1991b). 
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Discussion 

Submerged vanes are a viable method for addressing channel and infrastructure instability by 

altering flow patterns.  By attacking the patterns responsible for scour and erosion, submerged 

vanes are able to counteract erosive forces at stream banks and move the line of maximum 

velocity toward the center of the channel.  The vane-induced counter-current has been shown to 

mitigate bank erosion and rebuild near-bank bed elevation.  The most successful cases of 

submerged vane use alleviate danger to the bank and any adjacent infrastructure, while at the 

same time sediment is mounting over the vanes rendering them out of sight.   

Aside from any riparian vegetation which may develop on aggraded material, there is little 

documentation of ecological impact to plants or wildlife.  However, submerged vanes may 

indirectly aid the local environment by supplanting the need for riprap and other common forms 

of bank armor, which are known to make poor habitat (Fischenich, 2003).  It would be 

advantageous to obtain additional documentation of existing and potential environmental 

impacts. 

A design issue that requires further clarification and research deals with the angle of vane 

installation.  It is important to discern the angle of attack to local flow versus the angle with 

respect to the bank or main channel flow.  Since the majority of lab research to date has utilized 

straight flumes, these terms have been used interchangeably in most studies.  However, there can 

be substantial differences between the two types of angles in a curved channel, where bank 

erosion is often most problematic.         

Finally, there is a lack of long-term monitoring and evaluation of vane installations.  Engineers 

and planners must know what types of vane-induced behavior to expect over the long term or 

they may find a new solution is needed years later.  Physically speaking, as bed material is 

deposited, flow direction will be altered and the original submerged vane angle of attack may 

change over time.  It is difficult to say if there will be any positive or negative effects without 

long term monitoring.  In addition, public agencies need reliable information regarding the 

frequency and magnitude of maintenance so they may make informed decisions about when vane 

installation is appropriate and also maintain the structure properly over the long term.      

The information provided is this review focuses on the major conceptual and practical studies 

documented in literature. All relevant information from these and other studies can be obtained 

in the summary table located at the end of the review.  The best way to design and construct 

submerged vanes remains unknown.  With limited case studies, it is difficult to predict the 

performance of submerged vanes in field situations.   
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A.3 Rock Vanes (with Variations) 

Introduction 

Rock vanes are single-arm rock structures placed to extend out from a stream bank into the flow.  

Rock vanes gradually slope from the bank into the bed at the free end, such that at low flow the 

tip is submerged but other sections are exposed.  The structures are angled into oncoming flow to 

mitigate erosive flow patterns by diverting high-velocity flow away from the bank and creating 

quiescent conditions near the bank (Maryland Department of the Environment, 2000; Harman et 

al., 2001).  Rock vanes also aid aquatic habitat by creating flow diversity through the formation 

of scour pools.  An examination of the underlying theory as well as laboratory work and field 

case studies will be presented here.   

This section also discusses other structures that are slightly modified rock vanes, including J-

hook vanes, deflectors, cross vanes, and W-weirs.  A J-hook vane consists of a rock vane with 

additional boulders placed at the tip of the vane in a hooking pattern with gaps between them.  

This layout creates scour by forcing the flow in the center of the channel to converge between 

the gaps.  While this modification is primarily to create habitat, it also provides energy 

dissipation (Harman et al., 2001; Rosgen, 2001).  The hook portion of the structure provides a 

longer, deeper, and wider scour pool than that created by a rock vane only (Rosgen, 2001).  

Deflectors are rocks, logs or gabions that extend from the bank into the stream. They stabilize 

streambanks by directing current away from the banks, which creates slack water adjacent to the 

banks and dissipates the stream's energy; also called hard points or wing deflectors.  Cross vanes 

are dual-arm rock structures made by connecting the tips of two rock vanes from opposite banks 

with rocks arranged perpendicular to the flow.  Cross vanes primarily function as a grade control 

structure while still providing a reduction in near-bank shear stress (Doll et al., 2003).  A W-weir 

consists of dual rock vanes extending from both banks joined by two rows of rock in the shape of 

a “V” pointing downstream; this arrangement creates dual thalwegs and therefore more flow 

diversity (Rosgen, 2001).  Cross vanes and W-weirs are more appropriate for grade control 

aspects of stream stability.  These structures are also found to provide good habitat as well as 

produce recreational boating features.   

Rock vanes have been found to prevent bank and bed erosion in many different studies.  Multiple 

design handbooks provide detailed descriptions and guidelines for these structures, yet there 

remains relatively little research and field study information available to guide the practicing 

engineer on the optimum installation and maintenance of rock vanes.   

Theory 

Rock vanes direct the faster portion of the flow toward the center of the channel and create 

quiescent flow conditions near the bank (Johnson et al., 2002a).  A series of vanes in the stream-

wise direction are required to create a secondary flow cell, or secondary circulation, which 

creates scour at the middle of the channel while simultaneously backfilling the bank, effectively 

relocating erosive flow patterns induced by channel curvature (Johnson et al., 2001).    Rock 

vanes can reduce or eliminate the need for armor as high flows are redirected away from banks; 

additionally they compound the effectiveness of vegetative restoration techniques (McCullah and 

Gray, 2005)  Vanes have previously been studied and utilized in other forms such as submerged 

(Iowa) vanes and bendway weirs.  Odgaard and Kennedy (1983), Odgaard and Spoljaric (1986), 
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Odgaard and Mosconi (1987), and Odgaard and Wang (1991b) provide many examples of lab 

work and some case studies associated with submerged vanes.  Odgaard and Kennedy (1983) 

and Odgaard and Wang (1991b) suggest that similar hydraulic principles are present in rock 

vanes as in submerged vanes and that for a large river with deeper pools they would be an 

attractive solution.  However, Odgaard and Wang (1991b) stress that their design guidelines are 

not valid for rock vanes. 

Description/Guidelines 

General design criteria for rock vanes are consistent throughout the literature mentioned in this 

review.  There are some discrepancies about material size and dimensions however.  Common 

criteria are listed below (Maryland Department of the Environment, 2000; Rosgen, 2001):  

 Vane angle should be 20 to 30 degrees upstream from bank 

 Bank end of the vane should be at bank-full elevation with the vane tip partially 

embedded in the stream bed 

 Vane slopes at 2% to 7% toward the channel 

 Tightly formed configuration is required and rocks will be shingled upstream; no 

gaps present 

 Vanes should be anchored with 2–3 rocks in the bank 

 Long, flat rocks are preferred 

 Riprap must withstand expected flows 

Figure A-20 shows the plan view of a typical rock vane design.  In this case, Maryland’s 

Waterway Construction Guidelines suggest that rock vanes extend into the channel a maximum 

of one-third the stream width (Maryland Department of the Environment, 2000).  It can be seen 

here that as flow passes over the vane, it plunges into the downstream bed below, creating the 

associated scour pool.  Doll et al. (2003) recommend that geotextile fabric always be used for 

any rock vane or modified rock vane structure and gives instruction on how to properly install 

the fabric.    
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Figure A-20. Typical guidelines for rock vane design (Maryland Department of the 

Environment, 2000). 

 

A minimum rock diameter of 0.7 m (2.5 ft) or a minimum weight of 90 kg (200 lb) is 

recommended by Maryland Department of the Environment (2000) for streams with a width-

depth ratio greater than 12 while Harman et al. (2001) suggests that rock size depends on the 

stream power but is generally heavier than 3.6 tonnes (4 tons).  Harman et al. (2001) also suggest 

that vanes may extend outwards two-thirds of the stream width while Doll et al. (2003) 

recommend a maximum of one-half.  Rock vanes should be located just downstream of where 

flow intercepts the bank at acute angles (Doll et al., 2003).  Johnson et al. (2002b) presents 

collective field experience from a diverse range of practitioners and concludes rock vanes are 

best suited for armoring and protecting the bank toe, redirecting flow, and creating flow 

diversity; the enhancement of mass stability is considered a common secondary benefit.  Vanes 

are also well suited for reaches subjected to high velocity, limited backwater effects, high 

bedload transport, lateral channel migrations, steep banks, erodible banks, and rigid banks 

(Johnson et al., 2002b).     

One of the more common modifications to the traditional rock vane is the J-hook vane.  The J-

hook vane is constructed exactly like a rock vane except there are additional boulders placed at 

the tip of the vane in a hooking pattern with gaps between them.  This layout creates scour by 

forcing the flow in the center of the channel to converge between the gaps.  While this 

modification is primarily to create habitat, it also provides energy dissipation (Harman et al., 

2001; Rosgen, 2001; McCullah and Gray, 2005).  The hook portion of the structure provides a 

longer, deeper, and wider scour pool than that created by the rock vane only (Rosgen, 2001).  
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Figure A-21 shows the plan view of a typical J-hook rock vane.  With this modification, it can be 

seen that the structure will span approximately 60% of the bank-full width, therefore 

approximately one-third the length of the structure is rock vane while another one-third is the 

additional J-hook section. 

 

 

Figure A-21. Typical guidelines for J-hook rock vane installation (Maryland Department of the 

Environment, 2000). 

 

Sediment transport capacity is unchanged by the addition of the structure since there is an 

increase in shear-stress and stream power at the center of the channel.  The flow separation zones 

in the center of the channel where upwelling and downwelling currents are found provide 

excellent habitat for trout (Rosgen, 2001).  The chutes that lie in the hook section can also create 

recreational boating (i.e., canoe and kayak) features in larger channels (Rosgen, 2001). 

Cross vanes are another variation of the rock vane but have a primary function as grade control 

structures while still providing a reduction in near-bank shear stress.  The structure raises or 

maintains the bed elevation, so it is normally installed within a section of little or no turbulence 

for larger streams or at the head of a riffle for smaller streams (Doll et al., 2003).  Additionally, 

the structure will create a stable width-depth ratio while maintaining channel and sediment 

transport capacity (Rosgen, 2001).  Cross vanes are constructed by connecting the tips of two 

rock vanes from opposite banks with rocks arranged perpendicular to the flow.  Figure A-22 

shows the typical layout of a cross vane and the location of the associated scour pool. 
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Figure A-22. Typical guidelines for cross vane installation (Maryland Department of the 

Environment, 2000). 

 

The cross vane creates a variety of habitat in the channel by increasing flow diversity and 

substrate complexity (McCullah and Gray, 2005).  The vane sections raise the water level in the 

near-bank area providing more cover, the scour pool allows a holding area in high and low flow 

periods, flow separation zones become feeding lines, and the downstream end of the scour pool 

is ideal for spawning beds. As with the J-hook, the cross vane also creates recreational boating 

features (Rosgen, 2001).  Cross vanes should not be used in channels with well-developed pool-

riffle sequences or channels with bedrock beds or unstable bed substrates (Maryland Department 

of the Environment, 2000). 

Like cross vanes, the W-weir is primarily a grade control structure that facilitates excellent 

habitat.  The W-weir is normally only used in larger rivers since they are relatively large 

structures themselves.  The layout of this structure is a “W” shape looking downstream.  This 

arrangement creates dual thalwegs and therefore can lead to more flow diversity (Rosgen, 2001).  

Figure A-23 shows typical guidelines for a W-weir.  A variation on the W-weir is a rock V-weir, 

which redirects flow direction locally (Natural Resources Conservation Service, 2007b). 
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W-weirs provide stream bank protection, improve recreational boating, facilitate irrigation 

diversions, and reduce bridge scour at the center pier.  For larger rivers, double W-weirs can be 

used for protection of multiple piers (Rosgen, 2001).  W-weirs functional applications are to 

armor and protect the bank toe, redirect flow, create flow diversity, and stabilize the bed.  

Secondary benefits include enhanced mass stability and instream habitat (Johnson et al., 2002b).  

W-weirs are also well-suited to reaches with high velocity, flashy flows, high bedload transport, 

lateral channel migration, and steep, highly erodible banks (Johnson et al., 2002b).   

 

 

 

Figure A-23. Typical guidelines for W-weir installation (Maryland Department of the 

Environment, 2000). 

 

Laboratory Studies 

Johnson et al. (2001) performed lab experiments to determine if rock vanes were viable 

countermeasures to protect vertical abutments from scour.  Analysis was also completed to 

determine the optimal design of the vane.  Tests were completed in a straight flume under the 

following conditions: 

 Flume measures 1.5 m (4.9 ft) wide by 15 m (49 ft) long 

 Flow depth varies between 9 and 28 cm (3.5 to 11 inch) 

 Slope set at 0.002 

 Uniform sand size of 1 mm (0.04 inch) 
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 Flows ran at incipient sediment motion 

 Vanes constructed of marine plywood with upstream tip set at bed level 

 Vane effective length is 1/3 channel width 

 Vertical abutment located in floodplain 

Johnson et al. (2001) performed six runs without vanes in place in order to assess scour 

conditions caused by the abutment alone.   

Figure A-24 shows the experimental setup used by Johnson et al. (2001). 

 

Figure A-24. Experimental fume setup used in laboratory study of vane effectiveness by 

Johnson et al. (2001). 

 

In each run, the scour hole developed immediately adjacent to the abutment.  Thirty-one runs 

were performed with the vanes in place in a variety of configurations; all resulted in the 

reduction of near-bank velocity and the relocation of the scour hole to downstream of the vane 

near the channel center.  Figure A-25 shows the channel profiles for one run with and without 

vanes.  It can be seen in this comparison that the vane has forced the thalweg to migrate 
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approximately 10% of the channel width, about 15 cm (0.4 inch), farther from the bank than 

when no vane is present.       

 

 

Figure A-25. Location of abutment scour with and without vane in laboratory study (Johnson et 

al., 2001). 

 

Results from all trials suggest that rock vanes have the following optimum design values 

(Johnson et al., 2001): 

 Angle to the bank of 25 – 30 degrees 

 At least two vanes should be used in succession 

 Vane closest to the abutment should be located upstream twice the width of the 

channel 

 Vane height should be bank-full at the bank, and slope down to channel invert 

elevation; slightly submerged 

Johnson et al. (2001) suggest that field procedures such as the use of geotextile fabric or well-

graded material be used to mitigate structural porosity.  Doll et al. (2003) recommend that 

geotextile fabric always be used for any rock vane or modified rock vane structure. 

Johnson et al. (2002a) studied the use of rock vanes, cross vanes, and W-weirs for reducing scour 

at piers or abutments.  Flume studies were conducted with flow depths up to 28 cm, 

corresponding to 100-year events and scour was measured with and without the structures in 

place.  Results yielded the following design criteria (Johnson et al., 2002a):  
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 Rock vanes oriented at 30 degrees result in scour reduction of 64–90% 

 Rock vane height should be bank-full at the bank, and slope down to channel 

invert elevation 

 Series of two or more vanes results in 15% greater scour reduction than that of a 

single vane 

 Rock vane should be located 1.5 to 2 times channel width upstream of the pier 

or abutment  

 Cross vanes use the same parameters as rock vanes, section perpendicular to 

flow should be built at channel invert elevation 

 W-weir central apex angle should be set to 40 degrees 

 W-weir central apex elevation should be set at ½ to ¾ bankfull elevation 

Bhuiyan et al. (2007) performed laboratory experiments on a W-weir in a meandering channel to 

determine its potential for river restoration applications and sediment transport.  Detailed 

measurements were obtained of flow patterns, turbulence, scour deposition, and bedload 

transport adjacent to the W-weir.  Tests were run at bankfull (97 L/s) and overbank (164 L/s) 

flows.  Study parameters were as follows: 

 Flume measures 50 m (165 ft) long × 1.6 m (5.2 ft) bankfull width; 10 m (33 ft) 

wide floodplain 

 Sinuosity is 1.38; wavelength is 15 m (4.6 m) 

 W-weir angled 30 degrees upstream to the banks 

 Mean sediment is 1.5 mm (0.06 inch) 

 Downstream of W-weir was unarmored and allowed to scour 

The W-weir was installed midway between the crossover and bend apex in Section H of Figure 

A-26.  This is the location of the run between the riffle and pool. 

 

 

Figure A-26. Plan view of laboratory channel used for W-weir study.  Measurements were 

concentrated in the shaded area adjacent to the W-weir (Bhuiyan et al., 2007). 
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Bhuiyan et al. (2007) recorded bed profiles at six cross sections upstream and downstream of the 

W-weir at bankfull and over-bankfull flow rates.  Additionally, bed profiles were measured 

without the W-weir in place as a control.  The lateral distance from the left bank is indicated by 

y, and b represents the channel width.  The profiles are given in Figure A-27. 

 

 

Figure A-27. Bed profiles in laboratory study of effectiveness of W-weirs for bankfull with weir 

(WBF), over bankfull with weir (WOB), bankfull without weir (BF), and over bankfull without 

weir (OBF; Bhuiyan et al., 2007). Cross-sections are shown in Figure A-26. 

 

In the sections located immediately downstream of the W-weir, the bed profile changed 

noticeably relative to the runs without the W-weir in place.  Upstream reaches remained 

relatively unchanged from natural channel conditions.  Final bed level contours from prolonged 

bankfull and over bankfull flows are found in Figure A-28.  As expected, two deep scour holes 

were formed downstream immediately adjacent to the W-weir.  Over bankfull flow resulted in 

maximum scour occurring near the inner bank while bankfull flow produced maximum scour on 

the outer bank.  The highest average velocities occurred toward the inner bank with lower 

velocities near the outer bank.  Note that in the non-weir case, bankfull flow caused greater scour 

at the inner bank than the overbank flow scenario (Bhuiyan et al., 2007).   
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Figure A-28. Bed profile contours from laboratory measurements of W-weirs for (a) bankfull 

flow and (b) over-bankfull flow (Bhuiyan et al., 2007).  Contour lines are in mm. 

 

Bhuiyan et al. (2007) conclude that there is significant interaction between the structure and any 

floodplain flows that can potentially affect the W-weir stability.  The most critical criterion for a 

successful project is the structure location within a channel meander.  The downstream end of the 

riffle zone or the glides leading into the riffles are the most desirable locations since those areas 

will offer minimal interference with sediment transport capability (Bhuiyan et al., 2007). 

Dahle (2008) performed field and numerical studies of cross vanes and J-hooks in order to 

determine their viability as scour countermeasures at bridges; specifically during high flow 

events.  The study is considered valid for streams with baseflow depth less than 1 foot.  Results 

from the analysis suggest that these structures have minimal effect on flow during flood events 

and therefore have no significant impact on scour prevention during these events.  Dahle (2008) 

also suggests that these structures may actually induce unintended scouring, especially when 

construction has not been completed properly. 
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Field Work 

Johnson et al. (2002a) summarized findings for a flow improvement project at a small bridge on 

Bear Creek in Pennsylvania.  Rock vanes and cross vanes were installed to help improve flow 

through the bridge opening where erosion was threatening the left bridge abutment.  The rock 

vanes redirected erosive flow away from the endangered bank immediately after installation.  

The new flow patterns led to sediment deposition along the toe of the bank within three weeks 

and the cross vane which was installed immediately downstream of the bridge crossing to help 

pool the flow and assist in channeling flow to the center (Johnson et al., 2002a). 

The North Carolina Stream Restoration Institute (NCSRI) has researched or administered over 

200 in-stream structure projects designed and installed by consulting firms.  These projects 

include three to five year pre- and post-installation evaluation and monitoring schemes.  This 

work has allowed the NCSRI to identify common pitfalls associated with the design and 

installation of rock vanes. 

 Large, rectangular boulders work best since gaps should be avoided, especially 

near the banks, which is the area of desired deposition 

 Gaps among the bottom rocks allow winnowing and eventual undermining; this 

is the worst-case scenario 

 Rock vane arm slopes may be as steep as 8–10% in order to maintain lower 

width/depth ratios (Harman et al., 2001)  

Johnson et al. (2002b) observed vanes, cross vanes, and J-hooks installed in Piney Creek, 

Maryland and cross vanes installed in Minebank Run, Maryland.  Both sites were monitored with 

cross-sectional surveys for one year.  The structures located in Piney Creek experienced an 8-

year flow and did not fail.  These structures were designed according to the Maryland guidelines 

(Maryland Department of the Environment, 2000) and were implemented in the appropriate 

stream setting.  Cross vanes along Minebank Run failed due to improper pitch of structure arm 

and lateral channel migration (Johnson et al., 2002b). 

Johnson and Niezgoda (2004) proposed a method for selecting bridge scour countermeasures 

which includes assessment of various failure modes, ease of failure detection, and cost of 

preventative schemes.  By assigning a rating for each of these criteria, an overall risk value can 

be assigned to possible scour countermeasures.  The alternatives can now be compared using 

normalized values.  This allows the designer to pay special attention to specific components 

which are at a higher risk in some situations (Johnson and Niezgoda, 2004).    

The US Bureau of Reclamation published a study (Mooney et al., 2007) of failure methods for 

several different types of rock weir structures in the western US.  Of the 127 structures analyzed, 

28 were J-hook vanes and another 4 were W-weirs.  Furthermore, 21 of the J-hooks were 

determined to have at least partially failed while 3 of the W-weir completely failed.  It was 

determined that the growth of the scour pool was the primary failure mechanism in 52% of the J-

hook failures and 33% of the W-weir failures.  As the depth of the scour pool increased, footer 

rocks shifted, thus leading to the tilting of header rocks which often fell in the downstream pool.  

Secondary failure mechanisms were also identified at these sites with filling and burying being 

the most common contributor to failure.  Filling and burying results from extensive deposition 
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upstream and downstream of the scour pool resulting in an undefined scour pool (Mooney et al., 

2007).    

Several techniques are described which aim to mitigate failure of these structures (Mooney et al., 

2007).   

 Placing structures on bedrock or concrete footers to provide a more stable 

foundation 

 Grouting structures can better help them survive high flow events  

 Series of structures outperform a single in terms of project goals 

 Interlocking rock placement and rock size reduce failure possibilities 

 

Discussion 

Rock vanes and associated structures are a promising method for addressing channel and 

infrastructure instability by altering flow patterns.  Though specific mechanics have not yet been 

identified, it has been suggested that rock vanes alter the flow patterns responsible for scour and 

erosion in a way comparable to that of submerged vanes.  By forcing the scour hole toward the 

center of the channel away from the bank, rock vanes can protect infrastructure and bridge 

abutments.  The most successful cases of rock vane use alleviate danger to the bank and any 

adjacent infrastructure, while at the same time providing flow diversity for the ecosystem and 

boating features for outdoor enthusiasts. 

Rock vane structures create flow patterns and channel topography that may be beneficial to fish 

and other aquatic species.  The channel also maintains a somewhat natural appearance, especially 

if the rock material is from local sources.  Because the sediment transport rate is conserved, the 

rock vanes have limited effect on upstream and downstream river reaches.   

A table of rock vane and channel properties for all laboratory experiments and field work 

summarized here is included at the end of this review.  This table provides a summary of all the 

design elements for each study and provides the researchers’ results and conclusions.   

Multiple design handbooks provide guidelines and recommendations for the use of rock vanes 

(Maryland Department of the Environment, 2000; Rosgen, 2001; Doll et al., 2003).  However, 

these guidelines are based on only a limited number of lab and field studies.  More research is 

necessary to determine optimal installation and maintenance guidelines for a wide variety of 

stream types and configurations.   
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A.4 Stream Barbs and Bendway Weirs 

Introduction 

Both stream barbs and bendway weirs are rock structures placed along stream banks that extend 

from the bank into the channel flow.  Both stream barbs and bendways wiers are single-arm rock 

structures extending from the bank that are submerged in all but low flows.  Stream barbs 

gradually slope from the bank into the bed at the free end and mitigate erosive flow patterns 

through weir mechanics by forcing overtopping flow perpendicular to the weir alignment.  

Stream barbs are shorter and spaced closer together than bendway weirs and more effective in 

small radius bends (Wittler and Andrews, 1998).  Bendway weirs are flat or nearly flat across 

their length and mitigate erosive flow patterns through weir mechanics (Derrick, 1998; Evans 

and Kinney, 2000).   

Stream barbs and bendway weirs appear to be viable methods of preventing or limiting bank 

erosion.  Several state agencies have published technical notes and case studies for streams of 

varying properties.  Multiple journal articles summarizing laboratory and field studies are also 

available.  

Theory 

Stream barbs and bendway weirs modify and move the helicoidal flow patterns of secondary 

currents typically associated with channel meanders.  The presence of these in-stream structures 

relocates the erosive flow patterns from the vulnerable outer bank toward the center of the 

channel (Derrick, 1997).  Stream barbs specifically protect the bank by disrupting velocity 

gradients in near-bed regions, deflecting currents away from the bank by forcing flow 

perpendicularly over the weir (see Figure A-29), and shifting the channel thalweg to the 

streamwise end of the barbs (Matsuura and Townsend, 2004).   

An effective series of barbs will induce a subcritical zone of backwater which should reach the 

next upstream barb.  This upstream progression of subcritical reaches controls erosion and 

eventually leads to sediment deposition in the near-bank region (Welch and Wright, 2005).  

Bendway weirs are primarily used along meanders in larger rivers and tend to work best in high-

flow, high-energy conditions but have been observed to function effectively in low-flow events 

(Derrick, 1997; Abad et al., 2008). 
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Figure A-29. Sketch of bendway weirs directing flow away from an eroding streambank 

(Derrick, 1998). 

 

Description/Guidelines 

Design criteria and appropriate settings for stream barbs and bendway weirs have been published 

by numerous authors.  The Natural Resources Conservation Service (NRCS) has designed and 

documented the use of these structures in multiple states (Natural Resources Conservation 

Service, 2007).  Information regarding stream barbs and bendway weirs are often given 

interchangeably but, for this review, guidelines will be explicitly identified when possible.  The 

primary difference between the structures is that stream barbs are used in small streams while 

bendway weirs are utilized primarily along major river reaches at meanders; barbs are also 

oriented at sharper upstream angles (Natural Resources Conservation Service, 2007).  

Additionally, barbs are designed to extend farther up the bank than bendway weirs (Evans and 

Kinney, 2000).   

Figure A-30 shows a typical centerline side view profile for a stream barb.  Note the slope 

specifications and the sections of structure that are keyed into the bank and bed.  

Figure A-31 shows a typical centerline side view profile for a bendway weir.  Note the slope 

specifications and the sections of structure that are keyed into the bank and bed.  Also note the 

horizontal top of the bendway weir in Figure A-31, as opposed to the sloped stream barb shown 

in Figure A-30. 

Like many in-stream low flow control structures, bendway weirs are often installed in a field 

containing multiple structures in series.  Figure A-32 shows a series of installed bendway weirs.   
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Figure A-30. Typical stream barb centerline profile (Evans and Kinney, 2000). 

 

 

 

Figure A-31. Typical bendway weir centerline profile (Evans and Kinney, 2000). 
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Figure A-32. Series of bendway weirs exposed at low flow (Thornton et al., 2005). 

 

Design criteria given for stream barbs as provided in NRCS Engineering Technical Note-

Number 12 (Castro and Sampson, 2001) are summarized below.  

 Farthest upstream barb shall be located just upstream of area first impacted by 

erosion 

 Barbs should not be placed downstream of the ¾ turn length as shown in Figure 

A-33 

 Barb height is determined by channel forming flood event (~1.5 year return); 

typically one third to one half of the average channel forming flow depth 

 Difference in height between barbs should approximate the energy grade line 

 Barb will slope downwards from the bank no steeper than 1 vertical:5 horizontal 

 Vector analysis should be done to determine barb spacing 

 Upstream angles tangent to the bank between 20 and 45 degrees  

 Effective length should not exceed ¼ channel forming flow width 

 Barbs must be keyed into the bank and bed to prevent water from flowing 

around and underneath the structure 

 Barb width is generally one to three times 100d  

 Structures should be installed during low flow periods with rock placement 

beginning at the upstream end of the structure 

 Stream barb rock material should be twice the 50d  lining the channel 
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Figure A-33. Channel bend turn lengths (Castro and Sampson, 2001). 

 

The property which comprises the greatest differences across practice and research is the angle 

of installation tangent to the bank.  While some suggest optimum angles to be around 20–25 

degrees (Derrick, 1995; Welch and Wright, 2005), other researchers (Fox et al., 2005; Waterway 

Simulation Technology, Inc., 2002) contend that higher angles, such as 50 degrees, are most 

effective.  Perpendicular bendway weirs have also been studied and implemented in the field 

(Thornton et al., 2005). 

More recent research has determined additional constraints for the selection of stream barb angle 

based upon channel geometry (Saele and Fripp, 2005): 

 If the ratio of bend radius to channel width is < 3, use another treatment 

 If the ratio of bend radius to channel width is < 6, use   < 30 degrees 

 If the ratio of bend radius to channel width is > 6, use   between 30–45 degrees 

 If the ratio of bend radius to channel width is < 9, use   > 45 degrees 

Stream barbs are especially sensitive to changes in flow depth to a point in which the structural 

function is dependent upon it.  During low flow, the barb will act as a deflecting device and as 

flow increases, hydraulic redirecting will take over.  During high flow, the barbs become less 

significant, but still affect bottom currents.  The design height is very important since barbs 

perform most efficiently during bankfull and channel-forming events (Natural Resources 

Conservation Service, 2007). 

The Federal Highway Administration (FHWA) has published design guidelines for bendway 

weirs (Lagasse et al., 2001b).  This handbook suggests that bendway weirs and stream barbs are 

the same structure and the reason for the different names is due to the region where they are 

constructed.  Guidelines given for stone bendway weirs are given below: 
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 Height should be 30 to 50 percent the mean annual high water depth 

 Weir angle should be between 50 to 85 degrees tangent to the upstream bank 

 Centerline of weir should be flat or no steeper that 1 vertical:5 horizontal 

 Weir must be keyed into the bed to a depth approximately equal to 100d   

 Weir length should cross thalweg and not be greater than one third of the stream 

width 

 A shorter weir is recommended upstream of the meander 

 Weir spacing based on site conditions, but generally 4 to 5 times its length 

 Weir must be keyed into the bank approximately one fifth of its length 

 Width may be between 1 and 4 m (3 and 13 ft) depending on length 

 At least three weirs are normally needed  

 Rock material size determined from riprap sizing criteria 

 

Laboratory Studies 

Matsuura and Townsend (2004) studied stream barbs in narrow channel bends and compared 

different arrangements to a reference channel without barbs.  Two channel curves were used with 

angles of 90 and 135 degrees.  The experimental section of the flume measures 0.46 m (1.5 ft) 

wide by 0.41 m (1.3 ft) deep.  Tests were completed under the following experimental 

conditions: 

 Median sediment size is 0.78 mm (0.03 inch) with standard deviation of 1.3 mm 

(0.05 inch) 

 Barbs constructed of 2.7 mm (0.11 inch) wire mesh 

 Barbs tested at angles of 20, 30, and 40 degrees 

 Barb height set to 0.5 and 0.375 times bankfull depth 

The reference channel was run until equilibrium was attained and the scour patterns were 

recorded.  The thalweg was located near the outer bank and sediment deposition occurred along 

the inner bank as shown in Figure A-34. 
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Figure A-34. Laboratory measurements of bed contours prior to stream barb installation for (a) 

90 degree bend and (b) 135 degree bend (Matsuura and Townsend, 2004). 

 

Several stream barb patterns were tested and erosion patterns for two of the tests are found in 

Figure A-35.  It can be seen in these plots that the primary scour regions have been moved 

toward the end of the stream barbs, which is also where the channel thalweg has migrated.   
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Figure A-35. Laboratory measurements of bed contours after stream barbs installed for (a) 90 

degree bend and (b) 135 degree bend (Matsuura and Townsend, 2004). 

 

The Washington State Department of Transportation (WSDOT) unveiled design for a stream 

barb specifically tailored for the mild slope, gravel-bed streams of the Pacific Northwest.  Fox et 

al. (2005) performed a series of experiments to measure the fluid-sediment dynamics associated 

with WSDOT designed barbs.  A model was created using Froude similarity based on the North 

Fork of the Toutle River in Cowlitz County.  Three analyses were used to measure flow 

redistribution, scour, and stream bank protection.   

The following experimental parameters were used in the flow redistribution and scour studies:   

 Slope was 0.0045 

 Flume was 1.22 m (4 ft) wide by 10.4 m (34 ft)  long 

 Flow depth was 0.15 m (0.5 ft)  

 Median sediment size was 5.2 mm (0.2 inch) 
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Observations from the flow redistribution experiment showed a clear depiction of flow regimes 

associated with the barb (Fox et al., 2005).  A stagnant wake region was present immediately 

downstream of the barb along the bank; this pattern was attributed to the unsubmerged portion of 

the barb.  An accelerated flow region was found overtopping the weir adjacent to the stagnant 

region; in this area flow was pushed toward the channel center creating a hydraulic jump rather 

than a secondary circulation cell. 

Results from the scour experiment showed that the scour hole was formed just upstream of the 

nose of the barb.  The scour hole continued downstream in an elliptical pattern similar to what 

was found with unsubmerged flow control structures.  Figure A-36 shows the resulting bed 

topography and stream barb plan view.  The y-coordinate system refers to distance from the bank 

where the structure was installed (Fox et al., 2005).   

 

 

Figure A-36. Laboratory measurements of scour resulting from a stream barb (Fox et al., 2005).  

Numbers indicate contours of scour in cm relative to initial bed position. 

 

Fox et al. (2005) suggest that in order to avoid winnowing failure of the barb, the toe of the 

structure must be embedded to a depth equal to the designed maximum scour depth.  Winnowing 

failure results from small passageways forming through or under an instream structure causing 

local scour and eventually failure.  Further analysis using particle image velocimetry revealed 

that near-bank velocities were significantly reduced downstream of the barb.  Flows were 

reduced along the bank for a length several times the width of the structure, to some degree; this 

region constitutes the streambank protected region.  This protected length can be used to 
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determine streamwise spacing.  It was also found that the optimal ratio of distance between 

successive barbs to barb protrusion length was 13.  This result is valid for barb application in 

straight reaches of mild-sloped, gravel-bed streams typical of the Pacific Northwest (Fox et al., 

2005). 

Field Work 

In October 2002, the US Army Corps of Engineers (ACOE) published a study of 18 bendway 

weir installations along the Mississippi River in order to document navigational impacts.  

Surveys were given to river pilots to determine the positive and negative impacts of the 

structures as they pertained to commercial navigation.  While some projects successfully 

improved navigation and reduced the need for dredging, most of the projects were implemented 

without adequate model testing or navigation design (Waterway Simulation Technology, Inc., 

2002).   

Most bendway weir fields had installation angles of around 55–70 degrees to the upstream flow, 

though there were multiple exceptions.  No other design parameters were provided in the Corps 

publication.  The majority of pilots were found to have the following opinions about the effect of 

the weirs on navigation (Waterway Simulation Technology, Inc., 2002). 

 All pilots agreed weirs improved downstream navigation 

 Most projects caused difficulty immediately after construction because channel 

area was restricted 

 Most projects decreased tow speed upriver 

Due to the relative inconsistency across the projects, the Corps has begun research using large-

scale models including 150 and 275 m (500 and 900 ft) wide test channels.  Thorough testing 

will be used to determine the optimum layout of a bendway weir field for several planform 

geometries.  Analyses will be performed on the ability of vessels and their tow to successfully 

navigate the bendway weir fields in both the upstream and downstream direction (Waterway 

Simulation Technology, Inc., 2002). 

Derrick (1997) presented findings from two case studies using bendway weirs.  A bridge 

crossing the Blue River near Manhattan, Kansas, was subjected to intensive erosive forces during 

a flood, enough to cause one of the abutments to fail.  After structural improvements were made, 

eleven bendway weirs were built to stabilize the channel bend and align the flow as it enters the 

bridge opening.   Weirs were constructed in the following manner (Derrick, 1997):  

 Weirs are spaced 61 m (200 ft) apart at the bank end 

 Weirs are constructed of well-graded, 230 kg (500 lb) maximum weight stone 

 Bank end elevation is 0.3 m (1 ft) higher than stream end elevation 

 Weirs are 33–43 m (110–140 ft) in length with a 3.7 (12 ft) width at the crest 

 Weirs are angled from 2–16 degrees upstream 

Project monitoring determined the bendway weir field reduced bank erosion and successfully 

aligned the flow approaching the bridge crossing; additionally, fish spawning areas and trees 

used for bald eagle nesting were spared without adversely affecting the desired hydraulic 
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condition.  The project also saved an estimated $610,000 versus the use of traditional bank 

paving (Derrick, 1997). 

A similar project in Alton, Illinois used five bendway weirs to reduce bank erosion and align 

flow for a bridge crossing.  Weirs were constructed in the following manner (Derrick, 1997):  

 Weirs are spaced 33 m (110 ft) apart at the bank end 

 Weirs are constructed of well-graded, 180 kg (400 lb) maximum weight stone 

 Bank end elevation is 0.3 m (1 ft) higher than stream end elevation 

 Weirs were 6–8.5 m (20–28 ft) in length with a 1.2 m (4 ft) width at the crest 

 Maximum weir angle set at 20 degrees upstream 

The flow was observed to behave as designed and in the spring of 1996, the weir field was 

subjected to approximately the 25-year flood event and performed exceptionally.  Minimal 

damage was noted to the structures themselves.  One year after project completion, several 2.4–

4.8 m (8–16) ft willow trees have taken root along the bank from the first weir to just upstream 

of the bridge abutment (Derrick, 1997). 

 Derrick (1998) monitored a bendway weir system for four years following installation.  Weirs 

were constructed based on guidance from the ACOE Waterways Experiment Station with some 

site-specific modifications.  Properties for Harland Creek and the bendway weir field are as 

follows: 

 Average stream width was 29 m (95 ft)  

 Weir keyed into bank 4.6 m (15 ft)  

 Maximum weir height was 1 m (3.2 ft) below top bank elevation 

 Weirs spaced at 23 or 30 m (75 or 100 ft)  

 Weir was 1.2 m (4 ft) above bed at bank end; 0.6 m (2 ft) above bed at structure 

tip 

 Stone construction material was 295 kg (650) pounds maximum 

 Weir length ranged from ¼ to ½ base flow width 

 Maximum weir angle was 20 degrees 

The four-year-long monitoring period gave rise to the following conclusions.  Over two thirds of 

the weirs were located and angled incorrectly yet overall were still successful in stabilizing the 

outer banks (Derrick, 1998).  Engineering judgment had been used to determine weir length; the 

length was determined by the anticipated relocation of the channel thalweg and reshaping of the 

point bar.  Within months, bank steepness was notably reduced and natural vegetation had begun 

to cover the entire bank.  After the four year period, many new willow trees were 6 to 9 m (20 to 

30 ft) tall.  Six overbank floods occurred during the study period with minimal detriment to the 

weir structures.  The reduced velocities near the outer bank led to the deposition of several 

inches of sediment in the area that was originally suffering from the highest levels of erosion 

(Derrick, 1998). 

The bendway weirs did not subside or lose any rock near the toe due to thalweg migration 

(Derrick, 1998).  Additionally, the United States Department of Agriculture (USDA) 

Agricultural Research Service (ARS) determined that the stable scour holes, pools between 
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weirs, and pool-riffle regions enhanced flow diversity and ecological habitat, resulting in a 

doubling in the fish population in the reach (Derrick, 1998).  Overall restoration costs were 

estimated to be approximately half of other projects in the area that had used riprap and other 

traditional scour countermeasures (Derrick, 1998) 

Abad et al. (2008) collected data from five bendway weirs installed in a meander bend on Sugar 

Creek in McLean County, Illinois.  Two weirs were also installed in the straight, approaching 

reach.  The bendway weirs were constructed of piles of large rock that allowed fluid to pass 

through but generally functioned as a barrier to flow.  Field data collected during low stage 

established that streamwise velocities along the outer bank were greatly reduced and the high 

velocity flow had been relocated along the tips of the weirs.  3-D flow modeling software was 

compared with the observed values and found to be a good approximation.  The model was then 

run at moderate and high stage and the overall effectiveness of the weirs diminished as high 

velocities were present along the outer bend.  However, at the time of this study, the channel had 

not been subjected to flows of this magnitude and therefore actual values could not be compared 

with the model (Abad et al., 2008).    

Discussion 

Bendway weirs and stream barbs are thus a viable method for addressing channel and 

infrastructure instability by altering flow patterns.  Though detailed mechanics have not been 

documented, it has been suggested that these structures alter the flow patterns responsible for 

scour and erosion by capturing flow and forcing it over the weir perpendicular to the weir itself.  

Weirs thus create quiescent conditions in the near-bank region and force the scour hole to be 

located toward the center of the channel.  Successful bendway weir and stream barb installations 

reduce bank erosion as well as provide flow diversity and reduce the need for dredging.  The 

structures also have the ability to induce sediment deposition and rebuild bed elevation near-

bank. 

Waterway Simulation Technology, Inc. (2002) has shown that while bendway weir fields can 

improve channel stability, in many cases navigational dangers are created by the use of bendway 

weir fields.  These dangerous situations could likely be predicted and prevented by computer and 

physical modeling which is often not performed.   

A table of bendway weir and channel properties for all laboratory experiments and field work 

summarized here is included at the end of this review.  This table provides a summary of all the 

design elements for each study and provides the researchers’ results and conclusions.   

The evidence presented in this review shows that stream barbs and bendway weirs can be useful 

for creating a stable channel environment, however more research is needed to determine the 

appropriate design parameters for specific situations.   
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A.5 Spurs 

Introduction 

Spurs are river training structures projecting from a streambank into the channel.  Also known as 

groins, jetties, or spurs, these structures can be made to be permeable or impermeable as a 

variety of construction materials can be used.  Spurs are used to prevent the meandering of 

streams and river and to aid in the development of well-defined channels.  Unstable channels can 

migrate and endanger infrastructure. 

The use of spurs has been studied and researched extensively.  Field studies, lab studies and 

literature review have led to the well received design guidelines published in Lagasse et al. 

(2001b).  Spurs have good potential as channel and bank stabilization structures.         

Theory 

Bendway weirs and spurs constructed of stone have very similar appearances but alter the flow 

in very different ways.  Bendway weirs use weir mechanics to alter flow while spurs work by 

retarding or deflecting the flow around or through the structure depending on the permeability 

(Lagasse et al., 2001b).  Combinations of retardation and deflection are also possible.  This flow 

modification leads to sediment deposition, reduced near-bank velocities, and a general 

controlling of the flow (Brown, 1985).   

The mitigation of large near-bank velocities removes the erosion mechanisms responsible for 

channel destabilization.  Additionally, the migration of the concentrated portion of the high-

velocity flow eliminates the sediment transport mechanism which is responsible for carrying 

away eroded material (Brown, 1985).   

The erosive flow trough is relocated along the streamward end of the spur effectively creating a 

more centrally located thalweg and enhanced channel development (Brown, 1985).         

Description/Guidelines 

Spurs are essentially linear structures of varying degrees of permeability which project from a 

streambank into the flow.  Different applications of fencing, timbers, cables, and piles can be 

used to create more permeable spurs however the majority of experiments reviewed use less 

permeable designs normally constructed of rock. 

General spur design guidelines are provided in Lagasse et al. (2001b) and are based on field, lab, 

and literature studies such as the extensive research published by Brown (1985).  The optimum 

angle for spur alignment has long been debated but most now agree that the structures be 

oriented normal to the flow in most scenarios (Copeland, 1983, Gisonni and Hager, 2008).    

Standard design for an impermeable spur is the straight, round-nosed spur found in Figure A-37. 
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Figure A-37. Typical straight round-nosed spur (Lagasse et al., 2001b). 

 

Design guidelines provided in Lagasse et al. (2001b) include the following: 

 Projected spur length should not exceed 20% of channel width 

 Spurs should be oriented approximately normal to the flow; however, the spur 

located furthest upstream should be angled downstream  

 Impermeable spurs are most appropriate on sharp bends subject to severe 

erosion 

 Impermeable spurs should not be higher than bank height 

 Centerline crest profile should slope downwards away from the bank 

 Top width should be at least 1 m  (3.3 ft) 

 Side slopes should not be steeper than 1 vertical:2 horizontal 

Lagasse et al. (2001b) also provides a design example for typical spur installation. 

Laboratory Studies 

Rajaratnam and Nwachukwu (1983) performed an experimental study of flow patterns in the 

vicinity of groin-like structures using thin, aluminum plates which projected into the flow.  The 

following experimental parameters are given: 

 Flume width is 0.9 m (3 ft) 

 Experiments conducted with smooth sides and bed, 0.56 mm (0.02 inch), and 

6.3 mm  (0.25 inch) roughness 

 Aluminum plates are 3 mm (0.1 inch) thick 

 Plates set normal to the flow direction 

 Plates set to projection lengths of 8 and 15 cm (0.25 and 0.5 ft) 

 Plate height set to above water surface 

 Flow depths range from 15 to 25 cm (0.5–0.84 ft) 

Results from the study show that the experimental groin was found to greatly alter the upstream 

and downstream flow.  Additionally, the maximum bed shear stress was located near the end and 
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the area immediately adjacent to the groin.  The maximum bed shear stress was three times the 

approach bed shear stress for the 8 cm (0.25 ft) plate and five times the approach bed shear stress 

for the 16 cm (0.5 ft) plate (Rajaratnam and Nwachukwu, 1983). 

A similar study by Zaghloul (1983) also found that local scour developed near the nose of the 

experimental spur. 

Copeland (1983) studied spurs in a meandering, sand bed flume to determine the optimum 

orientation and spacing.  Experimental parameters are provided below. 

 Flume is 2.4 m (8 ft) wide 

 Flow depth is 7 cm (0.24 ft) 

 Channel slope is 0.0012 

 Channel sinuosity is 1.6 

 Median sediment size is 0.45 mm (0.018 inch) 

 Spur length is set to 0.67 m (2.2 ft) 

 Spurs tested at angles of 60, 75, 90, 105, and 120 degrees 

Results of the experiment show that scour was more severe when spurs were oriented at an 

upstream angle and the scour hole was not located closer to the bank when oriented downstream.  

Spurs angled downstream protect the bank for a greater distance.  Velocity along the bank in the 

spur field was 40% of the velocity measured along the unprotected meander bends (Copeland, 

1983).   

Kehe (1984) modeled various spur configurations including a scale model sandy reach of the 

Willamette in Oregon.  Results from the prototype demonstration are provided in the field study 

section.    Experimental results noted diminishing returns as effective length was increased.  

Kehe (1984) found upstream oriented spurs cause greater scour and protect a greater length of 

streambank measured from the spur tip than other orientations. 

Kuhnle et al. (2004) studied flow around a trapezoidal shaped, submerged spur.  Experimental 

parameters are provided below. 

 Flume is 1.2 m (4 ft) wide 

 Flow depth is 0.3 m (1 ft) 

 Channel slope is 0.0001 

 Median sediment size is 0.8 mm (0.031 inch) 

 Spur height is set to 0.15 m (0.5 ft) 

 Spur base width is set to 0.46 m (1.5 ft) 

 Spur projection at base set to 0.34 m (1.1 ft) 

Resulting flow patterns demonstrated a decrease upstream of the spur and increase over top of 

the spur.  The eddy zone formed downstream of the spur was found to be 1.6 times the structure 

length and 4 times the structure height.  The ratio of maximum bed shear stress to approach bed 

shear stress was found to be approximately 2.7 (Kuhnle et al., 2004).   
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Tang et al. (2006) simulated flow in the vicinity of a single, impermeable spur to create a model 

for the prediction of scour.  Experimental parameters are given below. 

 Flume is 0.5 m (1.6 ft)  wide 

 Spur is 0.13 m (0.4 ft)  long 

 Spur is 0.3 m (1 ft) wide 

 Spur oriented normal to the flow 

 Flow depth is 0.085 m (0.28 ft) 

Results of the research show a strongly three-dimensional flow in the vicinity of the spur.  There 

was also evidence of a dead zone directly downstream of the structure where sedimentation 

occurred.  The model was found valid for the simulation (Tang et al., 2006). 

Koken and Constantinescu (2008) analyzed flow and scour patterns in the vicinity of a single 

spur at low Reynolds number (Re=18,000).  Analysis of these patterns allows general predictions 

on the stability of the structure in the presence of severe scour and deposition but such findings 

need to be interpreted with caution as far as field application is concerned due to the low 

Reynolds number of this study.  Experimental parameters are given below. 

 Flume is 0.91 m (3 ft) wide 

 Flow depth set to 0.10 m (0.33 ft) 

 Spur is 0.15 m (0.5 ft) long 

 Spur is 2 cm (0.8 inch) thick 

 Spur oriented normal to the flow 

Koken and Constantinescu (2008) observed two distinct series of vortices are present, the 

necklace vortex fluctuates in intensity and shape but the vortex tubes in the detached shear layer 

just upstream of the spur correspond to the region of highest bed shear stress. The necklace 

vortices were found to oscillate leading to increased turbulence in the scour hole.  Eventually the 

sediment deposited and the sediment becoming entrained reaches equilibrium such that the 

channel bathymetry is unchanged (Koken and Constantinescu, 2008). 

Figure A-38 shows the flow patterns observed at a single, impermeable spur at real-life Reynolds 

number obtained from recent numerical simulations with SAFL’s VSL (Paik et al., 2009).  These 

results provide the first glimpse into the complex vortical dynamics of such flows at practical 

Reynolds numbers and reveal their highly 3D and unsteady structure. 
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Figure A-38. Vortical structures in the vicinity of a spur in an equlibrium mobile bed obtained 

from high resolution numerical simulations at Re=125,000 (Paik et al., 2009; Paik and 

Sotiropoulos 2005).  (a) Instantaneous vortices colored with pressure. (b) Time-averaged vortex 

structures colored with flow depth. 

 

Gisonni and Hager (2008) studied the failure of spurs due to local scour.  Experimental 

parameters are given. 

 Flume width is 1 m (3.2 ft) 

 Flow depth is approximately 8 cm (3 inch) 

 Median, uniform sand size is 1.1 mm (0.04 inch) 

 Spur lengths of 0.05, 0.10, 0.15, 0.20, 0.35, and 0.50 m (0.16, 0.33, 0.5, 0.66, 

1.1, and 1.6 ft)  were tested 

 Spurs are impermeable with thickness of 5 mm (0.2 inch) 

 Spurs tested at various submerged heights 

 Spur orientations of 60, 90 and 120 degrees 

Undermining and sliding failure modes were observed by placing rock riprap rows on the tip of 

the spurs.  A uniform riprap arrangement performed the best.  The experiments demonstrate that 

spur slope effect is minimal and spur orientation other than normal to the flow has no advantage.  

Furthermore, the authors suggest the spur located furthest upstream be set to half the height of 

subsequent spurs (Gisonni and Hager, 2008).   

Field Work 

Kehe (1984) developed a model for a reach of the sandy Willamette River that compared well 

with a prototype study.  The specifications of the field spur system are provided below. 

 Willamette River reach approximately 100 to 120 m (350 to 400 ft) wide 

 8 spurs spaced 75 to 105 m (250 to 350 ft) apart 

 Length ranges from 15 to 35 m (50 to 115 ft) 

 Spur located furthest upstream in oriented 40 degrees downstream 

 All subsequent  spurs oriented normal to the bank 

 Spurs constructed of quarry waste armored with specified riprap grades 
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Kehe (1984) concludes that some of the spurs in this system are probably ineffective and 

unnecessary in some locations but that additional spurs are likely needed downstream of the last 

structure.  

Discussion 

Spurs are thus a viable method for addressing channel instability by altering flow patterns.  

Similar in appearance and objective to bendway weirs, flow is directed around a spur rather than 

over it.  The impedance caused to near-bank flow leads to quiescent conditions and potential 

sedimentation in this region.  It has also been shown that spurs can have the added benefit of 

habitat enhancement (Shields et al., 1994; Shields et al., 1995; Kuhnle et al., 1999; Kuhnle et al., 

2002).  Additional research has been completed on the mass exchange between groin fields and 

the main stream to help predict the path and timeline of accidental pollutant discharges 

(Weitbrecht et al., 2008).   

A table of spur and channel properties for all laboratory experiments and field work summarized 

here is included at the end of this review.  This table provides a summary of all the design 

elements for each study and provides the researchers’ results and conclusions.  The evidence 

presented in this review shows that spurs and similar structures can be useful for creating a stable 

channel environment.   
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A.6 Constructed Riffles 

Introduction 

Riffles are arrays of rock located within a channel reach where depth decreases and the channel 

may widen.  They are found in pool-riffle sequences where deep pools are located between 

upstream and downstream shallow riffle sections.  Riffles help regulate sediment transport and 

diversify flow regimes by creating such structures as standing waves, hydraulic jumps, and 

backwater eddies.  Secondary currents created by riffles may work to counteract erosive 

conditions along stream banks and bridge piers in both straight and curved reaches.  Flow 

patterns located around stream meanders are highly erosive and the scour potential is highest on 

the concave bank.  In addition to grade control and flow diversity, riffles also promote and 

sustain a variety of aquatic habitat for invertebrates as well as excellent fish spawning grounds. 

Constructed riffles appear to have potential as a stream stabilization technique.  At this time, 

detailed design guidelines have not been published and the majority of journal articles focus on 

ecological response and associated flow patterns rather than stream stability.  

Theory 

Pools and riffles in natural streams maintain channel morphology as they are subjected to 

opposing patterns of scour and fill.  During high flow, pools are scoured and riffles are filled 

while at low flow, riffles can scour and pools are filled providing a natural sorting of bed 

material where coarser materials are deposited on riffles (Keller, 1978; Doll et al., 2003).  Since 

the water is moving faster along riffles at low flows, fine sediments are removed and the stream 

is oxygenated by the turbulence.  The slope along riffle sections is steeper than the mean stream 

slope while pool sections have little to no grade (Doll et al., 2003).         

Keller (1971) hypothesized that velocity reversal between pool and riffles maintains pool depth 

at high stage and sorts areal bed material.  As flowrate increases, the near-bed velocity in the 

pool eventually exceeds that of the riffle, maintaining or increasing the depth of the pool.  At 

flows high enough to transport the coarse material found in riffles, this larger material does not 

settle in pools because of high near-bed velocity during high flows.  Finer material settles in the 

pools as discharge diminishes and near-bed velocity decreases.  Other researchers have since 

found that this hypothesis is plausible, however other conditions must be satisfied as well, 

(Carling, 1991; Thompson et al., 1999; Milan et al., 2001; MacVicar and Roy, 2007).      

Studies show that pools and riffles occur in series and appear in predictable patterns throughout a 

stream meander.  Pools are located at the meander bend while riffles form along the point of 

inflection at bend crossings (Lagasse et al., 2001a).  Figure A-39 illustrates this sinuous pattern 

in plan view and centerline profile.  Note the varying undulation of the water surface associated 

with different flow stages.        
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Figure A-39. Centerline profile and plan view of pool-riffle sequence (Newbury and Gaboury, 

1993). 

 

A singular pool and riffle span one half of a meander wavelength and the mean spacing between 

pools is often approximately 5 to 7 times the channel width (Keller and Melhorn, 1978; Roy and 

Abrahams; 1980; Lagasse et al., 2001a).   

Description/Guidelines 

Instructions for the design and installation of constructed riffles are not easily accessible; 

however some resources have provided detailed examples of their use in the field.  Newbury and 

Gaboury (1993) and Newbury et al. (1997) provide case studies of constructed riffles including 

specific design details.  Both documents recommend the same ten-step process to determine the 

best design for a specific reach.  The steps and brief descriptions are as follows (Newbury and 

Gaboury, 1993).  

 Drainage basin: identify watershed 

 Profiles: determine elevation profiles and identify abrupt changes 

 Flow: analyze possibly flows, including floods and minimum flows 

 Channel geometry survey: determine relationship between discharge and 

channel geometry 

 Rehabilitation reach survey: prepare construction drawings and references 

 Preferred habitats: summarize habitat factors for preferred reaches 

 Selecting and sizing rehabilitation works: determine alternatives based on 

existing stream dynamics and geometry 

 In-stream flow requirements: test design for minimum and maximum flows 
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 Supervise construction: ensure stream is constructed according to specification 

 Monitor and adjust design: schedule periodic surveys to determine effectiveness 

and repair as needed  

To design a successful constructed riffle system, the gradients of the reach pre-channelization as 

well as information from other comparable natural streams should be incorporated.  Design 

parameters for backwater constructed riffles are given below (Newbury and Gaboury, 1993). 

 Riffle crest elevations follow average stream slope 

 Crests are elevated from bed high enough to create pools extending to the 

midpoint of upstream riffle slope 

 Downstream riffle face has slope of 2.5–5% 

 Construction material is fieldstone ranging from 0.1 to 1 m (0.33 to 3.3 ft) in 

diameter 

 Some boulders are emergent at bankfull stage 

 Spacing should begin at approximately 6 bankfull widths 

In some cases, pairs of riffles are used in order to create swirling eddies and deep pools.  The 

upstream member of the pair has a V-notch crest which concentrates flow toward the center of 

the channel increasing scour at that location.  Figure A-40 gives example designs of a pair of 

such riffles.  Note the V-notch cross section. 

 

 

Figure A-40. Constructed riffle schematics (Newbury and Gaboury, 1993). 

 

A backhoe can be used to place the stones beginning with the largest, which are located along the 

crest cross section (Sections B–B' in Figure A-40).  The face of the riffle should be left in a 

rough, porous arrangement to imitate rugged conditions found along natural sections of riffles 

(Newbury and Gaboury, 1993).   In the event of instability due to flooding, the riffle can become 
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a run with a properly planned failsafe.  Repair materials should also be stockpiled near the riffle 

sites when possible (Newbury et al., 1997). Newbury (2008) also suggests the use of CHUTE, 

Hydrologic Engineering Centers River Analysis System (HEC-RAS), and FishXing software 

packages to aid in the design of constructed riffle sequences. 

Laboratory Studies 

At this time, no published laboratory studies of the effect of constructed riffles on channel 

stability have been located.  Periodic searching will continue.   

Field Work 

MacVicar and Roy (2007) provide a table of multiple field studies pertaining to riffle-pool 

system hydraulics.  Over thirty sites are listed; however, only Walker et al. (2004) and von Euw 

and Boisvert (2002) have studied constructed riffles as opposed to existing natural riffle systems.   

Walker et al. (2004) studied the hydraulic characteristics of both natural and constructed systems 

by measuring energy profiles across riffle-pool sequences.  Four creeks in British Columbia were 

chosen, all of which are considered steep, gravel-bed rivers with straight reaches.  Constructed 

riffles were installed at these locations during the 1990’s primarily to enhance flow diversity and 

aid aquatic habitats but also to stabilize the channel and protect a series of sewer connections.  In 

all four channels, riffle-pool construction was based on design guidelines found in Newbury et 

al. (1997).  All of the constructed riffles were channel-spanning structures which induced 

localized scour immediately downstream (Walker et al., 2004). 

To determine energy profiles across the riffles, steel rods were used as staff gages and placed 

throughout the system as shown in Figure A-41.  The gages allowed a water surface profile to be 

recorded for a variety of discharges and a Manning’s roughness value for each section between 

gages was determined.  One-dimensional energy equations were used between each section to 

determine headloss from grain roughness and bedforms (Walker et al., 2004).    
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Figure A-41. Setup of field experiment to determine the profile of the energy grade line (EGL) 

across a constructed riffle sequence. Vertical lines indicate the position of staff gages (Walker et 

al., 2004). 

 

Results show the energy loss in riffles accounted for 50–100% of the total headloss within a 

riffle-pool section, even when the riffle region only comprised 18–56% of the section (Walker et 

al., 2004).  The energy was dissipated on the riffle face and through downstream turbulence 

which maintained the scour pool.  The study also shows that during high flows Manning’s 

roughness values decreased, however the resistance created by the riffle was still larger than the 

section roughness meaning that riffles have an impact on energy dissipation even during periods 

of high flow.   

The authors suggest that constructed pool-riffle sequences should be designed based upon the 

energy loss desired during a certain scale of flooding event along with parameters obtained 

through observation of natural channel morphology, sediment transport, native bedforms, and 

potential flooding effects (Walker et al., 2004).   

Newbury and Gaboury (1993) developed a field manual containing design examples using riffles 

as means of channel stabilization as well as spawning beds.  Channelization and heavy 

agriculture have been detrimental to walleye habitats and channel banks in Mink Creek and 

Wilson River.  The design parameters for the constructed riffles in each channel are provided 

below.       

Mink Creek: 

 Riffle crest elevations follow average stream slope of 0.3% (see Figure A-42) 

 Riffle crests should be elevated an average of 0.6 m (2 ft) from the bed to create 

pools extending to the midpoint of upstream riffle slope 

 Downstream riffle face has slope of 2.5–5% 
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 Construction material is fieldstone ranging from 0.1 to 1 m (0.33 to 3.3 ft) in 

diameter 

 Riffles required approximately 100 m
3
 (3500 ft

3
) of fieldstone 

 Some boulders will be emergent at bankfull stage 

 Spacing should be between 5 and 7 bankfull width 

Wilson River: 

 Riffle crest elevations selected to create pools 0.5–1.5 m (1.6–4.9 ft) deep at 

bankfull 

 Riffle pair used to imitate eddies and deep pools (see Figure A-40) 

 Riffle pair members are 40 m (130 ft) apart 

 Average distance between riffle pairs is 83 m (270 ft) or 4.8 times bankfull 

width 

 Some riffles in the array are designed to take advantage of preexisting profile 

peaks  

 Downstream riffle face has slope of 2.5–5% 

 Construction material is fieldstone ranging from 0.1 to 1 m (0.33 to 3.3 ft) in 

diameter 

 Some boulders will be emergent at bankfull stage 

 Spacing should be between 5 and 7 bankfull width 

Monitoring was performed on the channels for several years following installation to determine 

the stability of the channels, particularly after the spring flood peak.  Moderate settling of 0.3 m 

(1 ft) was evident on the upper two riffles of Mink Creek, and one riffle required 40 m
3
 (1400 ft

3
) 

of additional rock to repair scour damage after the first flood following construction.  No further 

scouring has been recorded since the first flood peak, though erosion continues upstream and 

downstream of the rehabilitated reach.  Minor settling was observed at the Wilson River site and 

some additional fill was required.  Banks along the rehabilitated reach have been stabilized 

(Newbury and Gaboury, 1993).      
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Figure A-42. Elevation profiles of Mink Creek including riffles (Newbury and Gaboury, 1993). 

 

 

von Euw and Boisvert (2000) designed and installed constructed riffles in Stoney Creek and the 

Brunette River in Canada.  The primary purposes of the structures were to reverse channel 

instability and protect infrastructure.  Creation of fish habitats and spawning grounds were also 

desired outcomes.  Designs were based upon information obtained from Newbury and Gaboury 

(1993) and from site conditions.  Design parameters are listed below: 

 Larger rocks used to minimize vandalism 

 Riffle spacing was set to 6.7 bankfull widths 

 Riffle crests designed to create backwater to toe of upstream riffle 

 Spawning gravel was not used since it would be deposited naturally by floods 

 Rocks are placed by hand when possible (von Euw and Boisvert, 2000) 

Cost for each project is most directly related to the amount of rock needed to build the riffle to 

specifications.  The 5 riffles in Stoney Creek cost an average of $2,200 Canadian and used a total 

of 110 metric tons (120 tons) of rock.  Three riffles were built in the Brunette River at an average 

cost of $6,700 Canadian and a total of 630 metric tons (700 tons)  of rock (von Euw and 

Boisvert, 2000). 

Monitoring of the two sites has led to the following evaluations, observations, and conclusions: 

 At low flows, water actually flowed through the riffles rather than over them; 

flooding however quickly made the structure non-porous through the deposition 

of natural material 

 None to minor settling has occurred 

 New erosion was noted at the Brunette River site where the bank was not 

protected high enough above the crest height 

 Channel stability has improved at both sites 

 Multiple fish species which had not been seen at the sites for decades have 

appeared and are spawning (von Euw and Boisvert, 2000) 
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While the projects are considered very successful, the authors do note the potential for future 

damage due to the changing hydraulic conditions in the channels triggered by the new structures 

(von Euw and Boisvert, 2000). 

Discussion 

The evidence presented in this review shows constructed riffles can be a viable method for 

addressing channel instability by altering channel flow patterns.  Though detailed mechanics are 

not available, it has been suggested that these structures encourage stable channels by mimicking 

natural geometric and bathymetric development in an unaltered channel.  Riffles can also help 

control flow through weir mechanics (von Euw and Boisvert, 2000).   

The information provided is this review focuses on the major practical studies documented in 

literature.  Sources were obtained from researchers and practitioners who have designed and 

implemented constructed riffles based on prior experience and examples provided by nature.  No 

lab studies on constructed riffles were identified, The complexity and ambiguity of flow 

associated with these structures may be the reason lab research has been minimal.    

All field work and case studies reviewed here document that constructed riffles both stabilized 

channels and have improved ecological habitat.  After installation, bank slopes tend to become 

shallower and more stable as well as vegetated in the months following riffle installation.  

Dramatic increases in fish population and spawning are also evident after construction.    

A table of constructed riffle and channel properties for all laboratory experiments and field work 

summarized here is included at the end of this review.  This table provides a summary of the 

design elements for each study and provides the researchers’ results and conclusions.   

The evidence presented in this review shows that constructed riffles can be useful for creating a 

stable channel environment, however more research is needed to determine the appropriate 

design parameters for specific situations.   
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A.7 Summary 

The structures presented in this document represent the most common low-flow in-stream 

control structures, including cross-vanes, J-hook vanes, rock vanes, W-weirs, submerged vanes, 

stream barbs, bendway weirs, spurs, constructed riffles, and drop structures.  When properly 

installed and maintained, these structures can provide bank protection and channel stabilization 

and therefore can assist in protecting transportation infrastructure adjacent to waterways.   

These structures can also be more cost effective than alternatives (including rip rap) and typically 

take advantage of local materials.  Except for submerged vanes, these structures are often 

constructed using dumped or placed rock, which may be available on site.  It is anticipated that 

the cost and effective lifetimes of these structures is much more attractive than other scour 

prevention schemes.   

Additionally, many case studies displayed beneficial ecological and aesthetic impacts.  The 

increased flow diversity and cover provided by these structures led, in several cases, to dramatic 

increases in fish population and biomass.     

A table of structure and channel properties for all laboratory experiments and field work 

summarized here is included in Tables A-1 to A-3 below.  These tables provide a summary of all 

the design elements for each study and provides the researchers’ results and conclusions.   
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Table A-1.  Field Studies 

Source Project goal Sediment Width Depth
River 

slope

Structure 

type
Angle Length Height Thickness

Structure 

slope
Spacing

Number of 

structures
Cost Results

Wittler & Andrews 

(1998)
Protect cultural resources Bendway weir

5, 6, 8, & 12 m 

(16, 20, 26, & 

40 ft)

1.31 m (4.3 

ft)

200-250 m 

(650-820 ft)
4 Not provided

Derrick (1997)
Stabilize channel and 

align for bridge
Bendway weir 2 to 16

33.5-34.7 m 

(110-114 ft)
1% 200 ft 11

Reduced bank erosion and succesful 

alignment

Derrick (1997)
Stabilize channel and 

align for bridge
Bendway weir 20 max

33.5-34.7 m 

(110-114 ft)
5% 110 ft 5

Performed well during 25 year flood 

event

Derrick (1998) Stabilize stream
29 m          

(95 ft)

2 m         

(6.6 ft)
Bendway weir 20 max

Anticipated 

thalweg

0.6-1.2 m 

(2-4 ft) 

above 

bed

0.6 m (2 ft) 

vertical

23 or 31 m 

(75 or 100 ft)
54

$3000 per 

weir

Channel conditions improving even 

after several floods

Odgaard & Wang 

(1991b)

0.5 mm (0.02 

inch)

35 m           

(115 ft)

2 m             

(6.6 ft)

Submerged 

vane
20

3.7 m            

(12 ft)

0.6 m            

(2 ft)
12 $5,000 Channel centered under crossing

Whitman et al. (2001) Reduce bluff erosion Fluvial
7.6 m         

(25 ft)

Submerged 

vane
20

0.9 m               

(3 ft)

0.3 m             

(1 ft)
35 Channel beginning to stabilize

Odgaard & Mosconi 

(1988)
Flow training

40 m        

(130 ft)

2 m         

(6.6 ft)

Submerged 

vane
12.2

4.22 m       

(13.8 ft)

0.9 m              

(3 ft)

7.6 cm                 

(3 inch)
77 $174/m

Show that vanes are viable method 

but modifications necessary

Nakato et al. (1990)
Pump-station intake 

shoaling control

230 m 

(750 ft)

5 m      

(16 ft)

Submerged 

vane
19.5

2.7 m                     

(9 ft)

2.7-3.6 m 

(9-12 ft) 

below 

surface

2 rows of 13
Shoaling problems eliminated, 

dredging not required

Cross vanes
10-70 m       

(33-230 ft)
3

J-hooks
30-80 m           

(100-260 ft)
3

Dahle (2008)
Structures are not well suited as 

bridge scour countermeasures

Newbury & Gaboury 

(1993)

Stabilize channel and 

create spawning beds

16 m       

(52 ft)
0.003

Constructued 

riffle

0.6 m       

(2 ft)
2.5-5% 5-7 BF 7

Settling and erosion required 

additional materials

Numerical and field studies performed on many rock vanes located in Provo River and Thistle Creek

Structure propertiesChannel properties

20 mm                    

(0.8 inch)

4.7-8.2 m          

(15.4-27 

ft)

0.3-0.75 

m    (1.1-

2.5 ft)

Use minimum number of well designed 

structures
Stabilize channel 0.017

Niezgoda and 

Johnson (2006)
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 Table A-2.  Laboratory Studies 

 

Source Project goal

Median 

sediment grain 

size

Sediment size 

distri-bution
Width Depth Slope Flume type Structure type Angle Length Height Slope Shape Material Thickness Number Spacing Results

Johnson et al. (2001a) Prevent scour
1 mm                   

(0.04 inch)

1.5 m               

(4.9 ft)

9-28 cm            

(0.3-0.9 ft)
0.002 Rock vanes 20, 25, 30

Projects 

W/3
Bankfull ±1 cm None 1,2,3

1.25 m           

(4.1 ft)

Well placed vanes move scour from 

bank to center of channel

Bhuyian (2007) Prevent scour
1.5 mm             

(0.06 inch)

1.6 m                

(5.2 ft)

15 cm              

(0.5 ft)
Rock vanes 30 1:5 & 1:12 1 n/a

Best location for structure is at the end 

of the riffle zone

17.8 cm             

(0.58 ft)

Submerged 

vanes
15

15 cm          

(0.5 ft)

7.4 cm     (0.24 

ft)
10º twist Curved Fiberglass 2 to 3

18.2 cm           

(0.6 ft)

Submerged 

vanes
20 Straight Sheet

0.08 mm             

(0.003 inch)
4

Marelius & Sinha (1998)
Determine angle for 

max counter current

0.9 mm                 

(0.035 inch)
Uniform

1.54 m             

(5 ft)

40 cm                   

(1.3 ft)

Submerged 

vanes

25, 35, 40, 

45, 57

24 cm          

(0.8 ft)

12 cm           

(0.4 ft)
Straight Sheet 1 n/a

Tan et al. (2005)

Effect of bedform 

dimensions & vane 

length

2.8-3.1 mm            

(0.11-0.12 inch)
Uniform

6 m                    

(20 ft)

60 cm                

(2 ft)

Submerged 

vanes

15, 30, 45, 

60, 90

1-4 m             

(3.3-13 ft)
1/8-1/3 Flow Straight Sheet

10 mm                      

(0.4 inch)
1 n/a

Max counter current occurs at 40 

degrees

0.3 mm           

(0.01 inch)
Uniform

0.6 m             

(2 ft)

10-25 cm             

(0.3-0.8 ft)

Submerged 

vanes
5, 10, 15

21.5 cm      

(0.7 ft)

6.4 cm               

(0.2 ft)
flat Straight Sheet 1 n/a

30 degree angle optimal for sediment 

diversion; Height should be 2 to 3 

times bedform height

Submerged 

vanes

0, 10, 15, 

20

17.1 cm            

(0.56 ft)

7.7 cm            

(0.25 ft)
cambered 1 n/a

Only moderate improvement by 

cambering; lateral spacing should not 

exceed 1.5 to 2 flow depths; 

Submerged 

vanes
0-30 by 5

17.1 cm            

(0.56 ft)

7.7 cm            

(0.25 ft)
cambered 1 n/a

4 mm                   

(0.16 inch)

1.8 m            

(6 ft)

15-18 cm               

(0.5-0.6 ft)

Submerged 

vanes
20

15 cm          

(0.5 ft)

7.7 cm            

(0.25 ft)
flat Straight Sheet

0.75 mm              

(0.03 inch)
Varied

5 mm                       

(0.2 inch)

2.1 m             

(7 ft)

15-18 cm               

(0.5-0.6 ft)

Submerged 

vanes
20

8-15 cm 

(0.25-0.5 ft)

3.8-7.6 cm             

(0.13-0.25 ft)
twisted Straight Sheet

0.75 mm              

(0.03 inch)

Series of 15 

arrays

Vane induced velocites small outside 

of 2 vane heights laterally; spacing 

within array less than 2-3 vane heights

4 mm                   

(0.16 inch)

0.9 m                         

(3 ft)

10 cm              

(0.33 ft)

Submerged 

vanes
20

10 cm     

(0.33 ft)

5 cm                    

(0.17 ft)
flat Straight Sheet

0.75 mm              

(0.03 inch)
4

Hossain et al. (2006)
Flow field around 

bottom vane
----- -----

2.45 m                   

(8 ft)

30 cm                      

(1 ft)

Submerged 

vanes

15, 15, 20, 

30, 40

40 cm                    

(1.3 ft)

6, 9, 12, 18 cm   

(0.2, 0.3, 0.4, 

0.6 ft)

Straight Perspex
8 mm                     

(0.3 inch)
No conclusion

Voisin & Townsend (2002)
Vanes in strongly 

curved channels

0.7 mm                 

(0.03 inch)
1.3

0.3 m                   

(1 ft)

10 cm                

(0.33 ft)

Submerged 

vanes

-4, 0, 4, 8, 

12, 16

5, 10, 15 cm 

(0.16, 0.33, 

0.5 ft)

1.5, 2.5, 3.5, 5, 

6.5 cm  (0.6, 1, 

1.5, 2, 2.5 inch)

Curved Sheet
0.5 mm                       

(0.02 inch)
1 n/a

Scour at the base of a vane does not 

appreciably affect river training ability

Gupta et al. (2006) Dike formation 
0.4 mm                   

(0.016 inch)
1.37

0.5 m                   

(1.6 ft)

Submerged 

vanes
40 18 cm 6 cm

Some 

trapezoidal
Straight Plastic sheet

4 mm                   

(0.16 inch)

Optimum values for configuration: 

L/b=0.33, H/d=0.35, Angle=2, Bank to 

Centerline/b=0.24, Stream 

spacing/b=0.24

Predicitons confirmed, general design 

guidelines
1.45

Flume properties

Velocity distributions 

of single vanes and 

arrays

Improve design

Structure properties

1.94 m           

(6.4 ft)

Spoljaric (1988)

Wang (1991)

0.41 mm              

(0.016 inch)
Odgaard & Wang (1991b)
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Table A-2.  Laboratory Studies (cont.) 

Source Project goal

Median 

sediment grain 

size

Sediment size 

distri-bution
Width Depth Slope Flume type Structure type Angle Length Height Slope Shape Material Thickness Number Spacing Results

Nakota et al. (1990)
Prevent intake 

shoaling

0.33 mm               

(0.01 inch)
1.41

1.8 m                         

(6 ft)

0.46 m             

(1.5 ft)

Submerged 

vanes
19.5

2.7 m               

(9 ft)
Straight Sheet 2 rows of 13

Heaps of sediment (dikes) formed 

downstream using angle of 40d, useful 

in deciding magnitude of protected 

area 

Barkdoll et al. (1999)
Control sediment at 

lateral diversion

0.9 mm                 

(0.035 inch)
uniform

1.5 m                   

(5 ft)

0.15 m              

(0.5 ft)

Submerged 

vanes
20

0.1 m                 

(0.33 ft)

3.2 cm                    

(0.1 ft)

Straight w/ 

intake
3

Successful model developed for 

protoype; vanes will prevent shoaling

0.3 mm               

(0.01 inch)
1.5

0.6 m                  

(2 ft)

0.17 m                

(0.56 ft)

Submerged 

vanes
15

0.23 m                  

(0.7 ft)

8.5 cm                     

(0.28 ft)
Straight Sheet

0.92 mm                

(0.036 inch)
1 n/a

Vanes elimnate bed-sediment ingestion 

up to a specific discharge ratio 0.2

0.4 mm           

(0.016 inch)
1.4

1.8 m                           

(6 ft)

0.15 m              

(0.5 ft)

Submerged 

vanes

0.23 m    

(0.75 ft)

9.4 cm                       

(0.31 ft)
4

Arrays increase lateral transport 

without increasing streamwise 

transport

Bendway weirs 90
1.49 m      

(4.9 ft)
Flat

3.4, 4.1, 4.7, 

5.1, 5.9, 8.4

Weirs reduced outer bank velocities by 

40% compared to centerline

Bendway weirs
1.16 m        

(3.8 ft)

Fox et al. (2005)
Fluid-sediment 

dynamics 

5.2 mm                     

(0.2 inch)

1.2 m                     

(4 ft)

0.15 m              

(0.5 ft)

Straight 

channel
Bendway weirs 50 1/3 width

15 cm              

(0.5 ft)
10H:1V 1 n/a

Scour in the nose region, stagnant flow 

along bank

Matsuura & Townsend 

(2004)

Stream barbs in narrow 

channels

0.78 mm         

(0.03 inch)

0.46 m            

(1.5 ft)

0.1 m                  

(0.3 ft)

90 and 

135º bends
Bendway weirs 20, 30, 40

3.8-5.1 cm                    

(0.12-0.17 ft)

0.82-3.3 m 

(2.7-10.8 ft)

Importance of first barb placement; 30 

degrees optimum arrangement

Rajaratnam & Nwachukwu 

(1983)
Flow paterns 

Smooth, 0.56 

mm (0.022 

inch), 6.3 mm 

(0.25 inch)

3 0.5-0.84 Straight Spurs 90 0.25, 0.5 Above WS None 1 n/a
Maximum shear stress located at the 

dike tip

Copeland (1983)
Meandering sand-bed 

stream

0.45 mm         

(0.018 inch)

8 m              

(26 ft)

0.24 m            

(0.8 ft)

Sinuosity 

1.6
Spurs

60, 75, 90, 

105, 120

2.2 m             

(7.2 ft)
0.0012 Varied

Approximately 90 is optimum 

orientation, 

Kuhnle et al. (2004) Flow chacterization
0.8 mm                     

(0.3 inch)

1.2 m             

(4 ft)

0.3 m                  

(1 ft)
Straight Spurs 90

0.34 m                      

(1.1 ft)

15 cm              

(0.5 ft)
0.0001 1 n/a

Eddy zone extends 1.6 times length 

downstream

Koken & Constantinescu 

(2008)

Flow and scour 

structure 
NA

0.9 m                        

(3 ft)

0.1 m                      

(0.3 ft)
Straight Spurs 90

0.15 m              

(0.5 ft)
Above WS None 1 n/a

Maximum shear stress located at the 

dike tip

Odgaard & Spoljaric (1986)
Control sediment at 

lateral diversion

Flow conditionsThornton et al. (2005) Varied Varied
Rough 

concrete
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Table A-3.  Case Studies 

 

Width Depth W/D Slope Sinuosity Structure

Design 

Flood

Actual 

Flood Rock Size

ft ft arm weir cfs cfs ft

Wesley Peck Tennessee DOT 265 20-25 11.5 0.001 Bendway weir 60 5 bf Surpassed sand d100=3

Brooks Booher Arkansas DOT 135 4.0 33.8 0.003 1.3 Bendway weir 30-40 4 d50=121 mm

Walter Ludlow Montana DOT 131 8.6 15.3 0.0029 Bendway weir 33 4 2500 d50=1.3

66 6.5 10.2 0.001 Bendway weir 19 cobbles

82 6.5 12.6 0.003 Bendway weir 6

Forrest Bonney 26 2.4 10.9 0.0001 Cross vane 2 35-55 mm 4-5'

Forrest Bonney 30 3.0 10.0 0.0001 Cross vane 2 18-27 mm 3-4'

Brian Murphy Connecticut DEP 45 2.3 19.6 0.005 Cross vane 30 15 4 430 1100 150mm 3-5'

Louis Wasniewski USFS-Idaho 32 1.9 16.8 0.03 1.1 Cross vane 25 1 325 3-4'

Brooks Booher Arkansas DOT 50 5.0 10.0 0.008 Cross vane 80 Apex 1 400-500 lbs

John McClain 33 2.1 15.7 0.02 1.1 Cross vane 45 20 1.5 yr gravel/cobble 1.5-2 tons

John McClain 90 6.0 15.0 0.0018 NA Cross vane 145 3 1.43 yr gravel 3-5 tons

Jamie Lancaster 22 1.9 11.6 0.0053 1.5 Cross vane 18-20 16 2 yr Trop Storm gravel 2'

Jamie Lancaster 22 2.5 8.8 0.0034 1.5 Cross vane 18-20 21 2 (bf) >bf gravel/sand 2'

Chris Frieburger Michigan DNR 30 4.1 7.3 0.003 1.1 Cross vane 30 1 50 yr sand 2'

Brian Murphy Connecticut DEP 90 2.5 36.0 0.003 J-hook 100 30 1 1900 2300 64mm 3-5'

Louis Wasniewski USFS-Idaho 32 2.5 12.8 0.02 1.3 J-hook 20 to 25 2 200-230 >bf gravel/cobble 3-4'

John McClain Virginia DOT 33 2.1 15.7 0.02 1.1 J-hook 45 20

Jamie Lancaster 1.4-9 .12-.75 12.0 .006-.03 1-1.3 J-hook Many 5'

Jamie Lancaster 22 1.9 11.6 0.0053 1.5 J-hook 18-20 17 2 yr Trop Storm gravel 2'

Jamie Lancaster 22 2.5 8.8 0.0034 1.5 J-hook 18-20 4 2 (bf) >bf gravel/sand 2'

Chris Frieburger Michigan DNR 15.5 1.1 14.5 0.003 1.16 J-hook 17 2 50 yr gravel 2'

John Sours Wisconsin DNR 30 3.8 8.0 0.029 1.3 Riffles 3 800 1300 gravel/sand 3-5"

Forrest Bonney Maine DIFW 19-36 2.35-4.52 8.0 0.018 Riffles 6 40-95 mm 5 ft max

Bill Cody Ohio DOT 32 3.0 10.7 0.002 Riffles 5

Bill Cody Ohio DOT 16.5 2.6 6.3 Riffles 27 Surpassed 2.5" min

Deane Van Dusen Maine DOT 27-42 1.6-2.1 17 to 22 0.005 Riffles 2 2-4.9 mm

Deane Van Dusen Maine DOT 60 4.0 15.0 Riffles 2

Robert Siegfried Virginia consulting firm 12 1.5 8.0 0.005 1.4 Riffles 20-50 7 NA Surpassed Clay riprap

Louis Wasniewski USFS-Idaho 5.8 1.0 6.1 0.012 1.5 Riffles 5 to 30 23 30 gravel/cobble

Greg Koonce Oregon consulting firm 23-47 5.0 6 to 11 0.009 Riffles 13-28 4 10 yr

Chris Frieburger Michigan DNR 32 4.1 7.8 0.0007 1 Riffles 32 1 50 yr sand 2' 

Brian Murphy Connecticut DEP 52 3.4 15.3 0.003 Rock vanes 25 NA 2 670 50mm 3-5'

Brooks Booher 50 5.0 10.0 0.008 Rock vanes 80 1 400-500 lbs

Brooks Booher 135 4.0 33.8 0.003 1.3 Rock vanes 40 4 d50=121 mm

Jamie Lancaster North Carolina DOT 22 1.9 11.6 0.0053 1.5 Rock vanes 18-20 3 2 yr Trop Storm gravel 2'

Warren Bailey Mississippi DOT 300 20.0 15.0 0.0002 1.5 Spurs 40-50 3

Kevin Flora California DOT 100 7.0 14.3 0.0033 1.3 Spurs 180 3 13500 1-2 inch

Brad Pfiefer North Dakota DOT 220 13.5 16.3 0.0006 1.3 Spurs 40 & 70 5 35600 79500 riprap

Chris Frieburger Michigan DNR 229 4.0 57.3 0.0007 1.1 W-weir 229 1 50 yr sand/gravel 3-4'

North Carolina DOT

Arkansas DOT

Agency

Bruce Rhoads
University of Illinois

Maine Dept. of Inland 

Fish & Wildlife (DIFW)

Virginia DOT

Responder

River properties Structure properties

North Carolina DOT

Structure length Number of 

structures

Local Bed 

Material
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APPENDIX B PRACTITIONER SURVEY 

B.1 Survey Instrument 

A survey was developed to determine the state of use and success for various in stream structure 

types in order to aid the selection of a subset of structures that will be studied later in this project.  

The selection process will be based on the popularity and perceived performance of the various 

in stream structures determined through the survey and experience from specific projects 

submitted by practitioners around the nation.   

A survey to collect practitioner experiences was designed to compile the general state of practice 

with in-stream structures as well as determine possible characteristics leading to success and 

failure.  Respondents were asked to describe and evaluate existing low-flow structure 

applications including effective uses, limitations, design methods, material specifications, 

installation guidelines, installation costs, maintenance costs, performance, and failure 

modes. The following performance dimensions were incorporated into the survey.  All structure 

types were evaluated based on:  

 Cost (as compared with the most likely alternative) 

 Performance 

 Environmental effects 

 Maintenance 

 Effective uses and limitations 

Each performance dimension contained a series of questions to determine practitioners’ general 

experience with each structure type.  Specific questions as well as their wording were agreed 

upon by the research team and sponsor panel.  A flowchart that shows the basic survey structure 

is shown in Figure B-1.  The survey was divided into four separate sections.  First, respondents 

were asked for their contact and demographic information.  Next, for each structure type, the 

survey solicited responses to the performance measures listed above as well as basic information 

on specific projects.  Section A was comprised of questions relating to the performance measures 

and the respondent’s overall experiences for each structure type.  These general questions 

synthesized respondents’ experience.  Next, Sections B and C asked for background information 

on specific successful and unsuccessful projects, respectively.  The survey asked for the 

following readily available information: 

 Project location  

 Reason for project 

 Design guidelines and whether structure was installed in accordance with 

specifications 

 Monitoring of project site and any changes that have occurred 

 Whether the project has experienced a design flood 

 Why project was considered successful or unsuccessful 
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NCHRP Practitioner Survey
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Physiographic 
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Section A
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Section A

 

Section A

 

Section B

 

Section C

 

 

Figure B-1.  Flowchart showing structure of practitioner survey. 

 

Questions were consistent for every structure type.  It is estimated that each respondent required 

approximately 10–15 minutes to fully complete the survey for each structure type.     

Survey respondents were able to choose to respond to either hard-copy or electronic forms of the 

survey.  All respondents preferred the electronic method, which allowed the research team to 

monitor responses in real time, improve the survey after initial responses, and efficiently store 

and analyze data.  The electronic version of the survey was created and administered using the 

web survey tool SurveyMonkey.com.   

Based on the first few responses to the survey, the survey format was changed slightly by 

creating identical sections for every structure type instead of selecting the structure at the 

beginning of the survey.  This change gave more continuity to the survey and led to higher 

response rates for practitioners who used more than one structure type.  A second change was the 

addition of a question at the beginning asking the responder what types of structures they had 

worked with. 
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Based on initial survey results, phone interviews were conducted with a subset of respondents to 

acquire additional information on project installations.  In particular, the following detailed 

additional information was collected: 

 Site information (channel width, reach morphology, sinuosity, slope, depth, 

floodplain composition, and design flood) 

 Installation information (building materials) 

 Structure description (type, number, reason, construction materials, and design 

guidelines) 

 Structure installation (speed, design guidelines) 

 Structure performance (effect on erosion and sediment deposition, ability to 

protect infrastructure, permanence) 

 Environmental impacts (adverse effects, flow diversity, habitat, new vegetation) 

 Maintenance (frequency, severity) 

The contact population was comprised of state DNR employees, state DOT employees, US 

Forest Service (USFS) employees, and other federal contacts.  Additionally, the request for 

practitioners to take the survey was sent to several related academic and professional listservs 

including, ECOLOG-L, GEOMORPH-L, and NCSTATE.  In total, over 90 people were directly 

invited to complete the survey (including DOT representatives from all 50 states and DNR 

representatives from the majority of states) and several hundred people saw the survey 

announcement on a listserv. 

B.1 Survey Results 

A total of 64 individuals submitted usable information as part of this survey. This number 

represents a response rate of 71% of the people directly invited to participate in the survey, 

which indicates the widespread interest in and appreciation of need for this project and is 

comparable to participation in previous surveys of river restoration professionals (Bernhardt et 

al., 2007).  Respondents represented a wide range of backgrounds and agencies.  A total of 47% 

were affiliated with transportation departments and 23% with natural resources departments 

(Figure B-2).   

Survey responses were obtained for a wide range of structure types (Figure B-3).  Many 

respondents had experience with more than one structure type, so the total number of detailed 

structure-specific responses (130 responses) was higher than the total number of respondents (64 

people).  No responses were received for submerged vanes, and only 5 responses were received 

for bendway weirs and 6 responses for W-weirs.  Because rock vanes were the first structure 

listed in the survey it is possible that the lack of responses for other structures could be due in 

part to the order of survey questions, but this is likely not the case:  questions pertaining to cross 

vanes and riffles were also located in the latter half of the survey and still received high response 

rates.   
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DOT, 30

DNR, 15

Consulting, 7

USDA, 9

DEQ, 3

 

Figure B-2. Survey respondents by respondent affiliation, including Department of 

Transportation (DOT), Department of Natural Resources (DNR), Department of Environmental 

Quality (DEQ), United States Department of Agriculture (USDA), and private consulting 

company. 

 

A very good geographic distribution was observed. Survey respondents were asked to identify 

with which physiographic region of the continental United States they were most familiar 

(Figure B-4).  Reponses were collected at the section level, and responses included at least one 

practitioner from 66% of the 85 physiographic sections and 76% of the 25 physiographic 

provinces responding to the survey.  Table B-1 summarizes these data at the province level.  In 

general, low-flow rock structures are used throughout the country.  The majority of responses 

were collected for the Piedmont (18 responses), the Appalachian Plateau (16 responses), and the 

Central Lowland (14 responses), which indicates a prevalence of structures in these areas, which 

in general have low-gradient streams amenable to low-flow control.  
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Responses per Structure Type

Rock vanes, 47

J-hooks, 22W-weirs, 6

Cross vanes, 22

Bendway weirs, 5

Riffles, 19

Spurs, 9

 

Figure B-3. Survey responses by structure type. 

 

The type of structures reported was not consistent throughout the country (Table B-1).  For 

example, a disproportionate fraction of respondents reporting usage of bendway weirs were from 

the Great Plains, a disproportionate fraction of respondents reporting usage of spurs were from 

the Coastal Plain, the Great Plains, and the Valley and Ridge; and a disproportionate fraction of 

respondents reporting usage of cross vanes was from the Piedomont, Blue Ridge, and New 

England.  Local trends in structure usage is likely due in part to the fact that different structures 

are more suited to different geomorphic stream conditions, which are correlated with different 

geomorphic regions.  Different usage in different parts of the country, however, is also likely due 

to the fact that many structures are currently installed based on local engineering experience.  In 

the absence of reliable comprehensive design guidelines, an engineer who has already installed a 

particular structure type successfully may be more likely to select that structure in the future, 

even if it is not optimally suited to the proposed location. 
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Physiographic Region # Physiographic Region # Physiographic Region # Physiographic Region #

1 Superior Upland 2 8f Cumberland Plateau section 1 13f Colorado Piedmont 0 21e Grand Canyon section 0

2 Continental Shelf (not on map) 0 8g Cumberland Mountain section 2 13g Raton section 0 21f Datil section 0

3a Embayed section 6 9a Seaboard Lowland section 0 13h Pecos Valley 0 22a Great Basin 4

3b Sea Island section 3 9b New England Upland section 4 13i Edwards Plateau 0 22b Sonoran Desert 1

3c Floridian section 1 9c White Mountain section 2 13j Central Texas section 0 22c Salton Trough 0

3d East Gulf Coastal Plain 1 9d Green Mountain section 2 14a Springfield-Salem plateaus 1 22d Mexican Highland 0

3e Mississippi Alluvial Plain 1 9e Taconic section 1 14b Boston "Mountains" 1 22e Sacramento section 0

3f West Gulf Coastal Plain 1 10 Adirondack Province 0 15a Arkansas Valley 0 23a Northern Cascade Mountains 1

4a Piedmont Upland 12 11a Highland Rim section 0 15b Ouachita Mountains 2 23b Middle Cascade Mountains 3

4b Piedmont Lowlands 6 11b Lexington Plain 0 16 Southern Rocky Mountains 1 23c Southern Cascade Mountains 3

5a Northern section 4 11c Nashville Basin 0 17 Wyoming Basin 0 23d Sierra Nevada 4

5b Southern section 7 12a Eastern Lake section 4 18 Middle Rocky Mountains 3 24a Puget Trough 1

6a Tennessee section 3 12b Western Lake section 2 19 Northern Rocky Mountains 5 24b Olympic Mountains 0

6b Middle section 0 12c Wisconsin Driftless section 1 20a Walla Walla Plateau 4 24c Oregon Coast Range 3

6c Hudson Valley 0 12d Till Plains 4 20b Blue Mountain section 2 24d Klamath Mountains 1

7a Champlain section 1 12e Dissected Till Plains 1 20c Payette section 1 24e California Trough 0

7b Northern section (not on map) 0 12f Osage Plains 2 20d Snake River Plain 3 24f California Coast Ranges 1

8a Mohawk section 1 13a Missouri Plateau, glaciated 2 20e Harney section 2 24g Los Angeles Ranges 0

8b Catskill section 2 13b Missouri Plateau, unglaciated 1 21a High Plateaus of Utah 0 25 Lower California province 0

8c Southern New York section 3 13c Black Hills 1 21b Uinta Basin 0

8d Allegheny Mountain section 3 13d High Plains 0 21c Canyon Lands 0

8e Kanawha section 4 13e Plains Border 1 21d Navajo section 0

 

Figure B-4. Physiographic regions of the United States. Numbers indicate physiographic 

province and letters indicate the section. 

 

The structure-specific survey results are presented in two sections.  First, we summarize the 

general experiences and perceptions held by the respondents.  These results are presented in table 

form for each structure, excluding submerged vanes, which received no responses.  It should be 

noted that only nine respondents had experience with spurs, only five respondents had 

experience with bendway weirs, and only six respondents had experience with W-weirs.    

Because such a low response rate may bias the results, the presented results may not reflect a 

widespread consensus view for these structure types. 

Table B-2 summarizes general experiences and perceptions held by survey respondents. Results 

for most performance dimensions are given as the percentage of respondents who marked 

“Agree” or “Strongly Agree” with each statement.  For the most likely alternative, all choices 

that comprise over 30% of the results are shown.  In the Maintenance performance dimension, 

results indicate the most common numerical or text answers selected. Average and standard 

deviations are also included within the table to indicate the diversity of responses for each 

statement. 

As Table B-2 shows, the most likely alternative to most structure installations is riprap, log 

structures, or other rock structures.  Riprap was, in fact, the top alternative for all structure types.  

Because riprap does not offer the potential habitat benefits of a rock structure, habitat 

considerations likely motivate the decision to choose a rock structure instead.  Log structures 

(lunker structures, tree wads) can offer many if not more of the benefits of rock structures, but 

they tend to be shorter-lived and therefore cannot provide longer term physical stabilization.   
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Table B-1. Survey responses for each physiographic province.  Many respondents have 

experience with more than one structure type. 

Physiographic Region

Total 

responses

Rock 

vane J-hook Spur

Bendway 

weir

Cross 

vane W-weir

Contructed 

riffle

1. Superior Upland 2 2 2 0 0 2 2 2

2. Continental Shelf 0 0 0 0 0 0 0 0

3. Coastal Plain 13 12 7 5 0 6 1 6

4. Piedmont 18 18 10 4 0 9 2 7

5. Blue Ridge 11 10 8 3 0 7 3 4

6. Valley and Ridge 3 3 3 2 0 3 2 2

7. St. Lawrence Valley 1 1 0 0 0 1 0 0

8. Appalachian Plateaus 16 8 2 0 1 3 1 4

9. New England 9 8 2 0 0 7 0 4

10 Adirondack 0 0 0 0 0 0 0 0

11. Interior Low Plateau 0 3 0 0 0 0 0 0

12. Central Lowland 14 2 2 0 1 3 2 3

13. Great Plains 5 2 2 3 2 2 2 2

14. Ozark Plateau 2 2 0 0 0 1 0 1

15. Ouachita 2 2 0 0 0 0 0 1

16. Southern Rocky Mountains 1 1 1 0 1 0 1 0

17. Wyoming Basin 0 0 0 0 0 0 0 0

18. Middle Rocky Mountains 3 2 2 0 0 1 0 1

19. Northern Rocky Mountains 5 5 3 1 1 1 1 1

20. Columbia Plateau 12 10 9 0 2 3 0 3

21. Colorado Plateau 0 0 0 0 0 0 0 0

22. Basin and Range 5 4 3 1 0 0 0 0

23. Cascade-Sierra Mountains 11 11 8 2 2 3 0 2

24. Pacific Border 6 5 4 1 1 2 0 1

25. Lower California 0 0 0 0 0 0 0 0  

 

More guidance is clearly needed for the design of spurs, riffles, and W-weirs; approximately 

60% or less of respondents believed that design guidelines were adequate for these structure 

types.  In addition, these structure types were familiar to a relatively small percentage of 

respondents (Figure B-3); these structures may become more prevalent if design guidelines are 

improved.   For the most prevalent structure types (rock vanes, J-hooks, and cross vanes), over 

80% of respondents believed these guidelines to be adequate.  It is somewhat surprising that such 

a high percentage of respondents agreed with these statements, given that design guidelines for 

these structures are based to a large extent on engineering judgment.  In follow-up interviews, 

practitioners generally agreed on a need for quantitative predictive design guidelines based on 

channel geometry and average flow depth that will provide insight into how the structure will 

perform in different geomorphological settings, during flood events, and over long time periods.   

Rock in-stream structures are a large investment.  In general, constructing these structures takes 

at least as much time as the most likely alternative; spurs are an exception.  In addition, these 

structures tend to have large costs for both materials and labor during construction.  Riffles and 



 

 B-8 

W-weirs are apparently the most expensive relative to the most likely alternative; for the other 

structures, close to 50% of respondents found these structures at least as cost-efficient as riprap 

and other alternatives. 

The performance of the in-stream structures was generally much higher than the most likely 

alternative; riffles are an exception.  At least 75% agreed that the structure halted further 

bank/bed scour and at least 72% agreed that sediment deposition was evident at the project site; 

riffles excluded.  Performance of riffles during floods and as infrastructure protection measures 

was also low. 

The environmental impact was found to be very positive for all structures except bendway weirs 

and to a lesser extent spurs.  At least 78% agreed the remaining structures improved aquatic 

habitat and 71% said no adverse effects resulted from the structure implementation.  Given that 

bendway weirs are generally regarded as providing environmental benefits (Mitvalsky et al., 

2006), it is surprising that only 50% of survey respondents agreed that bendway weirs improve 

aquatic habitat and does not trigger adverse environmental effects.  This result may be due in 

part to the large number of DOT staff who responded to survey questions but may be less 

familiar with ecological issues. 

The in-stream structures all achieved good marks in the maintenance and repairs section with the 

exception of W-weirs.  For all structures except W-weirs, at least 61% responded that the first 

structural repair was greater than two years after the completion date.  100% of spurs did not 

need repairs before two years.  The cost of normal maintenance was also very low, with all 

structure types between 50–75% agreeing the cost was less than 5% of the total project cost.  The 

structures also appear to fare well after design flood events with 50–85% reporting that minor or 

no repairs were needed. 

Next we summarize details regarding specific successful and unsuccessful projects, including 

information obtained both through the initial survey and through follow-up contact.  Project-

specific responses varied greatly, but commonly recurring themes are presented whenever 

possible.  A summary of project data is presented in Table B-3.   

Practitioners with experience using rock vanes constituted the vast majority of responses 

received, and their overall assessment of their effectiveness is positive.  The most common 

comment in the open-ended responses regarding rock vanes was their use as bank protection and 

channel stabilization measures.  Rock vanes were also said to be of little effectiveness in smaller 

channels. Six respondents mentioned that rock vanes are either best suited for larger channels or 

ineffective in smaller streams; one respondent gave a bankfull width of 30 feet as the lower limit 

for effective use.  Specific rock vane project details were received from three respondents, 

totaling 10 rock vanes, with bankfull widths ranging from 22–135 feet.  One of these structures 

however, is not redirecting the flow in the desired direction.  Bankfull width-depth ratios range 

from 7 to 33 and channel slopes 0.003–0.008.  Structure length-bankfull width ratios were 0.44–

0.48 excluding the structure not functioning as intended.  The number of similar structures per 

project ranged from a single structure to four rock vanes.  The project utilizing a single structure 

is regarded as unsuccessful.  Consistent with literature review findings, 64% of rock vane 

practitioners use Rosgen guidelines (Rosgen, 2001) to design the structures.    
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There were 22 respondents who indicated experience with J-hooks.  Since this structure is simply 

a rock vane with an additional gapped boulder section at the tip it received very similar open-

ended feedback to rock vanes as far as bank protection and channel stabilization.  In addition, 

eight respondents noted habitat enhancement.  Details were received for eight J-hook projects 

totaling 67 structures.   Aspect ratios ranged from 8.8 to 36 and channel slopes ranged from 

0.003 to 0.02.  The number of similar structures per project ranged from a single structure to 21 

J-hooks.  Consistent with literature review findings, 91% of J-hook practitioners use Rosgen 

guidelines (Rosgen, 2001) to design the structures. 

There were 22 respondents who indicated experience with cross vanes.  The common 

perceptions held by respondents show that cross vanes are one of the more difficult and costly 

structures to use but perform well in other dimensions.  Open-ended responses point out the cross 

vanes assets as bank protection, channel stabilization, grade control, habitat enhancing, and 

infrastructure protection structures.  Details were received for nine cross vane projects totaling 

51 structures.  Aspect ratios ranged from 7.3 to 19.6 for eight successful projects; the lone 

unsuccessful project had a ratio of 10.  Channel slopes range from 0.0001 to 0.03 and reported 

sinuosity values were 1.1–1.5.  The number of similar structures per project ranged from a single 

structure to 21 cross vanes.  The project with a single structure was considered unsuccessful.  As 

with rock vanes and J-hooks, details were not submitted in great numbers for what is apparently 

a very common structure.  Consistent with literature review findings, 100% of cross vane 

practitioners use Rosgen guidelines (Rosgen, 2001) to design the structures.   

There were 6 respondents who indicated experience with W-weirs.  In general, these structures 

are primarily used for grade control.  The most common feedback was difficulty with installation 

and the overall cost.  Details were received for a single W-weir.  Consistent with literature 

review findings, 100% of W-weir practitioners use Rosgen guidelines (Rosgen, 2001) to design 

the structures. 
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Table B-2. Perception of structures in various performance dimensions.  Percentages indicate the fraction of survey respondents who 

marked “Agree” or “Strongly Agree” for each statement.  Numbers indicate the mean and standard deviation of responses, with 1 = 

strongly disagree, 2 = disagree, 3 = agree, and 4 = strongly agree. 

 

 

   Rock vane J-hook Cross vane Spur Riffles 

Bendway 

weir W-weir 

G
en

er
a

l 

Most likely alternative 
Riprap or log 

structure 
Riprap or log 

structure 
Riprap or drop 

Structure 
Riprap Riprap Riprap 

Riprap or 
cross vane 

Design guidelines are adequate for this structure 

85% Agree 

2.9 ± 0.6 

82% Agree 

3.2 ± 0.6 

81% Agree 

3.2 ± 0.7 

50% Agree 

2.6 ± 0.5 

61% Agree 

2.8 ± 0.7 

75% Agree 

2.3 ± 0.5 

50% Agree 

2 ± 01 

C
o

st
 

Construction is quicker than the most likely alternative 

45% Agree 

2.5 ± 0.9 

44% Agree 

2.6 ± 0.7 

23% Agree 

2.4 ± 0.8 

66% Agree 

2.6 ± 0.7 

20% Agree 

2.3 ± 0.5 

50% Agree 

2.3 ± 01 

25% Agree 

2.3 ± 0.6 

Cost of materials is less than the most likely alternative 

53% Agree 

2.6 ± 01 

39% Agree 

2.6 ± 0.7 

43% Agree 

2.7 ± 0.8 

62% Agree 

2.6 ± 0.8 

14% Agree 

2.2 ± 0.8 

50% Agree 

2.3 ± 01 

25% Agree 

2.3 ± 0.6 

Cost of construction is less than the most likely alternative 

44% Agree 

2.5 ± 0.9 

55% Agree 

2.8 ± 0.7 

31% Agree 

2.5 ± 0.8 

62% Agree 

2.6 ± 0.8 

28% Agree 

2.3 ± 0.7 

50% Agree 

2.8 ± 0.5 

50% Agree 

3 ± 01 

P
e
r
fo

r
m

a
n

ce
 

Structure successfully halts further bank/bed erosion or scour. 

88% Agree 

3.1 ± 0.6 

94% Agree 

3.2 ± 0.5 

82% Agree 

3.3 ± 0.7 

75% Agree 

2.9 ± 0.6 

57% Agree 

3.0 ± 0.8 

100% Agree 

3.0 ± 0.0 

75% Agree 

3.0 ± 0.8 

Structure results in sediment deposition at the project site 

73% Agree 

2.8 ± 0.7 

72% Agree 

2.8 ± 0.6 

82% Agree 

3.0 ± 0.6 

100% Agree 

3.3 ± 0.5 

50% Agree 

2.5 ± 0.8 

75% Agree 

2.8 ± 0.5 

100% Agree 

3.5 ± 0.6 

Structure prevents erosion during a flood event 

70% Agree 

2.9 ± 0.6 

77% Agree 

2.8 ± 0.7 

70% Agree 

2.9 ± 0.8 

75% Agree 

2.8 ± 0.5 

43% Agree 

2.8 ± 0.9 

100% Agree 

3.0 ± 0.0 

75% Agree 

2.8 ± 0.5 

Structure can successfully protect infrastructure 

71% Agree 

3 ± 0.6 

72% Agree 

2.9 ± 0.6 

64% Agree 

3.2 ± 0.8 

87% Agree 

2.9 ± 0.4 

21% Agree 

2.7 ± 0.9 

75% Agree 

3.0 ± 0.0 

75% Agree 

3.3 ± 0.6 
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E
n

v
ir

o
n

m
e
n

ta
l Structure does not trigger adverse environmental effects 

88% Agree 

2.3 ± 0.7 

89% Agree 

3.3 ± 0.8 

76% Agree 

3.0 ± 0.9 

62% Agree 

2.7 ± 0.5 

71% Agree 

3.1 ± 0.8 

50% Agree 

2.8 ± 0.9 

80% Agree 

2.8 ± 01.1 

Structure improves aquatic habitat 

86% Agree 

3.0 ± 0.6 

83% Agree 

3.0 ± 0.7 

94% Agree 

3.2 ± 0.7 

57% Agree 

2.6 ± 0.9 

78% Agree 

3.3 ± 0.9 

50% Agree 

2.5 ± 0.6 

80% Agree 

3.0 ± 1.2 

M
a

in
te

n
a

n
ce

 

Estimated time until first repair is greater than 2 years 70% Agree 81% Agree 70% Agree 100% Agree 61% Agree 75% Agree 0% Agree 

Estimated cost of maintenance is less than  5% of project cost 70% Agree 61% Agree 70% Agree 50% Agree 61% Agree 75% Agree 50% Agree 

No or minor repairs after design flood events 85% Agree 83% Agree 76% Agree 75% Agree 69% Agree 75% Agree 50% Agree 
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Table B-3. Summary of reviewed projects.  n/a indicates that no responses were received for a given question. 

Structure type Rock vane J-hook Cross vane Spur Riffles Bendway weir W-weir 

Number of projects 23 21 22 8 16 5 6 

River types 

Sand, gravel, 

cobble, 

boulders 

Cobbles, 

gravels 

Gravel, 

cobble 
Sand, gravel 

Gravel, sand, 

cobbles 

Gravel, 

cobbles 

Gravel, 

cobbles 

Design guidelines used 

 
Rosgen 64% Rosgen 91% 

Rosgen 

100% 

Army Corps 

60% 

Rosgen 

54% 
Rosgen 60% 

Rosgen 

100% 

Deviations from design 

guidelines 
None None 

12% altered 

structure 

slope 

None None 
20% altered 

height 

17% used 

smaller rocks 

Monitoring 
Visual 

inspection 

Visual 

inspection, 

cross sections 

Visual 

inspection 

Visual 

inspection 

Visual 

inspection, 

cross 

sections 

Visual 

inspection, 

cross sections 

Visual 

inspection 

Sinuosity n/a 1.1–1.5 1.1–1.5 1.3–1.5 1–1.5 1.3 n/a 

Number of structures 1–4 1–21 1–20 3–5 1–27 4–19 n/a 

Slope 0.003–0.008 0.003–0.02 0.0001–0.03 0.0002–0.0033 0.0007–0.03 <0.003 n/a 

Width/depth ratio 7–33 8.8–36 7.3–19.6 14.3–16.3 6–20 8.6–33 n/a 

% successful 78% 76% 73% 88% 75% 60% 66% 
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There were 5 respondents who indicated experience with bendway weirs or stream barbs.  

Details were received for four projects totaling 33 bendway weirs.  Aspect ratios ranged from 8.6 

to 33 with channel slopes as high as 0.003.  The three projects reported as successful were 

located on channels with bankfull width of at least 80 feet.  The number of similar structures per 

project ranged from a four to 19 bendway weirs.  There was not enough data provided to make 

any other observations.  These structures have been studied both in the lab and field extensively 

and design guidelines are readily available (e.g., Lagasse et al., 2001b; Natural Resources 

Conservation Service, 2007).  Contrary to literature review findings, 60% of bendway weir 

practitioners use Rosgen guidelines while only 40% reported using Army Corps guidelines.  

Rosgen guidelines for bendway weirs have not been located.   

There were 9 respondents who indicated experience with spurs.  In general, respondents believed 

that spurs were more cost effective than the other structures, but they were not as effective at 

either channel stabilization or ecological enhancement.  Details for three projects were provided 

totaling 11 structures.  Aspect ratios ranged from 14.3 to 16.3 and the three successful projects 

were located in channels ranging from 100 to 300 feet bankfull width.  Channel slope ranged 

from 0.0002 to 0.0033 and the sinuosity was between 1.3 and 1.5.  The number of similar 

structures per project ranged from three to five spurs.  All projects were designed so the furthest 

upstream spur would align the flow for spurs further downstream.  This was done by orienting 

the first spur at a normal or downstream angle to the flow.  Spurs have been studied extensively 

in both the lab and the field and design guidelines are readily available in Lagasse et al. (2001b).  

Contrary to literature review findings, 60% of spur practitioners use US Army Corps guidelines 

to design the structures, likely Copeland (1983) and Burch et al. (1984).  Lagasse et al. (2001b) 

guidelines accounted for 20% of spur practitioners.       

There were 20 respondents who indicated experience with constructed riffles.  The common 

perceptions held by respondents show that constructed riffles underperform the other structures 

being studied in all performance dimensions, with the exception of environmental impact.  

According to respondents, positive environmental impact is the greatest asset of constructed 

riffles and is on par with other structures being studied in this category.   The most effective use 

of riffles, which was mentioned by 9 respondents, is as a habitat improvement structure.  Six 

respondents added that riffles are effective as grade control structures.  The most commonly 

observed limitation was a lack of stability during high flow periods.  Specific constructed riffle 

details were received for 11 projects totaling 80 structures.  The width-depth ratios were 

primarily 6–8 though one respondent gave values of 15 and 20 for two projects he was associated 

with.  Channel sinuosity ranged from 1 to 1.5 and channel slope was 0.0007 to 0.03.  The 

number of similar structures per project ranged from a single structure to 27 riffles.  All projects 

were deemed successful including those which had experienced flows greater than the design 

flood.  Riffle material sizes are normally very large footer rocks with 8–13 cm (3–5 inch) 

cobbles making up the shape of the structure.  Spawning gravel is then overlain and graded at 4:1 

on the upstream face, and 10:1 on the downstream face.  While gravels and cobbles are the 

primary bed materials riffles are installed on, one respondent reported successful installation on a 

clay bed.  Constructed riffles received a large amount of feedback and are used by practitioners 

looking to stabilize channels and aid fish populations.  Contrary to literature review findings, 

54% of constructed riffle practitioners use Rosgen guidelines while only 31% reported using 

guidelines provided by Newbury and Gaboury (1993).  Rosgen guidelines for riffles have not 

been located.   
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The following plots summarize data received for specific projects.  Unsuccessful projects are 

denoted by unfilled symbols.  Figure B-5 shows the channel width-depth ratios corresponding to 

projects for each structure type   In general, unsuccessful projects tend to be located in rivers 

with relatively low aspect ratios; these streams may not be geomorphically stable and therefore 

more difficult to control with rock structures. 
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Figure B-5. Channel aspect ratio for each structure type. 

 

Figure B-6 shows the channel slopes corresponding to projects for each structure type. 

Information was collected for projects from rivers with a wide range of hydraulic conditions.  No 

clear trends separate successful and unsuccessful projects. 
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Figure B-6. Channel slope for each structure type. 

 

Figure B-7 shows the number of similar structures used in each specific project for each structure 

type.  The vast majority of successful projects deployed more than one structure.  For rock vanes 

and cross vanes, the unsuccessful projects utilized only one structure each.  Deploying multiple 

structures reduces the stress on each structure, which may promote long-term success. 
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Figure B-7. Number of similar structures for each project. 
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Figure B-8 shows the channel sinuosity corresponding to successful projects for each structure 

type; sinuosity values were not reported for any unsuccessful projects. In general, sinuosities 

were relatively low (1.5 or less), indicating that these streams had relatively little bend stress.  

Note that one constructed riffle project even occurred in a straight stream (sinuosity of 1).   
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Figure B-8. Channel sinuosity for each structure type. 
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APPENDIX C CASE STUDIES 

C.1 Background 

As part of the NCHRP Project 24-33: Development of design methods for in-stream flow control 

structures, the research team collected field measurements at stream restoration project locations 

to monitor any noticeable change in the stream bathymetry as a result of installing in-stream 

structures such as those at the focus of this study.  A site visit to the South Fork Rockfish River 

site in Nelson County, Virginia was used to collect descriptive data of rock structure 

performance.  Data collection at Shingle Creek in Brooklyn Park, Minnesota was more involved 

with detailed topographic data collection and spatially registered velocity measurements (Figure 

C-1).  General characteristics and information is given in Table C-1 for these field sites.   

 

Figure C-1.  Locations of the field sites used for NCHRP Project 24-33 on development of 

design methods for in-stream flow control structures. 

Shingle Creek 

Sugar Creek 

Rockfish 

River 
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Table C-1.  Characteristics of the three field sites chosen by the research team for NCHRP Project 24-33 on development of design 

methods for in-stream flow control structures.  Baseflow values were calculated using PART: A computerized method of base-flow-

record estimation, a program available from the USGS. 

 

Site Name Structure(s) Bankfull 

width 

Bankfull 

depth 

Number 

of 

structures 

Year 

installed 

Base flow Maximum discharge 

since installation 

Available data 

Rockfish 

River, Nelson 

County, VA 

Rock vanes 

and cross 

vanes 

98 ft 

(30 m) 

6.5 ft 

(2 m) 

3 2006 92.6 ft
3
/s 

(2.6 m
3
/s) 

4140 ft
3
/s 

(117 m
3
/s) 

site visit notes 

Shingle 

Creek, 

Brooklyn 

Park, MN 

J-hooks & 

cross vanes 

16-32 ft 

(5-10 m) 

3.2-6.5 ft 

(1-2 m) 

4 2006 8.8 ft
3
/s 

(0.25 m
3
/s) 

216 ft
3
/s 

(6.1 m
3
/s) 

site visit notes and 

photos 

 topographic surveys 

conducted 2 years 

apart 

velocity 

measurements 
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C.2 Case Study 1:  South Fork Rockfish River Restoration Site 

In 2005, more than 1000 linear ft of South Fork Rockfish River in central Virginia was restored 

by the installation of 55 in-stream flow structures and riparian vegetation planting in a project 

lead by the Virginia Department of Transportation (VDOT).  The South fork Rockfish River 

(37°54'12" N, 78°49'59" W) is located in Greenfield, Nelson County, VA. It is one of the two 

tributaries of Rockfish River that confluences with North fork at Nelson County (Figure C-2).  

This site was visited in June 2012 following a number of large flow events to evaluate structure 

performance.   
 

 
 

Figure C-2. The Rockfish River watershed is 245 sq. mi (from Rockfish River Watershed 

TMDL Implementation Plan Technical Report).  The contributing watershed to the restoration 

project on the South Fork Rockfish River was 10 sq. mi.   

 

This VDOT project began as an effort to mitigate stream impacts resulting from the construction 

of the 13-mile U.S. 29 Madison Heights Bypass.  Before restoration, the river channel was 
braided, lacked bank vegetation and had destabilized banks ranging from 8-12 ft tall 
(VDOT). Animal grazing was immense along the banks and large chunks of bank could 
regularly be observed falling into the river. The aesthetics of the channel and banks have 
been vastly improved following the project with reshaped banks, and the planting of a 
riparian buffer (Figure C-3). 
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Figure C-3. South Fork Rockfish River before and after restoration project (from VDOT).  

 

Stream Geometry 

 Total Length of the restored stream is 10,000 ft.  

 Restored riparian buffer on each side approximately 30-40ft. 

 Average slope of the 10,000 ft reach is 2%.  

 Average width of the stream is 30-32 ft.  

 Average depth of the flow is approximately 3-4 ft.  

 Bed material mostly varies from large gravel to small cobble.  At the upstream 

end of the reach, large cobbles and sparsely distributed small boulders are also 

present.  

 Sinuosity of the stream along the 10000 ft stretch is almost between 1.1-1.15.  

 Scour pool depth varies from 7- 11 ft. (measured at 5 different locations) 

Riparian Vegetation 

Riparian vegetation present in June 2012 consists of willow, silky dogwood, viburnum, 

elderberry and various other plants. This thick densely populated cover is a result of the 

consistent efforts of the Virginia Department of Transportation (VDOT) over the five years 

previous to this site visit (Figure C-4). The VDOT planting plan included 18 different species of 

native trees and shrubs.  Animals were fenced from the riparian area by cross wire fencing. This 

has significantly reduced live stock access from 70 to 2%.   

 

Figure C-4.  Re-vegetated riparian area adjacent to a J-hook installed in the Southfork Rockfish 

River. 



C-5 

 

Aquatic Habitat 

Scour pools downstream of rock structures can serve as pool habitat for fish.  Trout are 

predominant in the South Fork.  Rock fishes are also found here but are small in number.  A 

scour pool was observed downstream of every installed cross vane structure with depths ranging 

from 7 ft to 11 ft.  In some places along the low flow depths, gravel sorting was observed which 

could aid fish in building nests (redds) for eggs (Figure C-5).  Deposition of larger grains 

(cobbles) was also observed frequently along the stream reach (Figure C-6).  

 

 

 

Figure C-5.  Bimodal distribution of grains, bed sediment sorting that can be beneficial to fish 

for nest building and egg laying. 

 

 

Figure C-6.  Cobble deposition. 
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Bridge Pier Protection 

At approximately 7000 ft downstream from the start of the restored reach, a cross vane was 

constructed to protect a bridge pier within the stream width. This cross vane was constructed just 

upstream of the bridge to direct the flow away from the pier and protect the pier from scouring 

(Figure C-7). 

 

 

 

 

Figure C-7.  A cross vane designed to protect a downstream bridge pier seemed to be 

functioning as intended. 
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Observations of Rock Structure Performance 

 Total of 55 rock structures constructed 

 Approximately 50 % each of cross vanes and J-hook vanes  

 Approximately 55 % of structures were surveyed during June 2012 field visit  

 Structure failure was observed in approximately 5 structures (16% of surveyed 

structures).  

Displaced Rocks:  Structure failure was documented in approximately five structures.  Those that 

failed due to storm flow had displaced rocks.  J-hooks were more susceptible to this method of 

failure than cross vanes.   

 

In the original design and construction, the J-hook at the center of the channel were flush with 

the channel bottom. However, because of river bed degradation (scour), the top stone became 

fully exposed to the flow and susceptible to hydrodynamic forces.  Furthermore, because the 

drop from the top of the structure to the channel bed downstream of it increased substantially 

(the degradation of the river bed occurred both upstream and downstream of the structure) the 

scour hole downstream of the structure increased as well with the danger for undermining the 

structure increasing significantly. As a result, several of these stones were removed by the flow 

from the structure (Figure C-8).  

 

 Currently, because of bed scour, in several places it is the footer stone that is at the same level 

with the channel bottom.  The footer rocks in these instances, controlling the flow and the 

channel bed elevation at a lower elevation than initially intended for the top stone which has 

been removed or failed. 

 

At some locations, the elevation of a cross vane structure increased relative to the stream bed due 

to quick transportation of sediments downstream. This was offset by construction of another 

cross vane immediate downstream.  This stepped structure helped to alleviate the downstream 

drop. These stepped structures seemed to perform well following strong storm events (Figure 

C-9).  
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Figure C-8.  Rock structure failure where center rocks were destabilized by high flows and 

shifted downstream. 

 

 

Figure C-9.  Stepped (or nested) cross vane structure. 

 
 

Channel Realignment:  For one of the J-hook structures, channel realignment has resulted in a 

change in the angle of orientation.  The structure was initially installed at an angle of 20 degrees 

with the bank. The stream realigned such that the vane angle increased significantly (Figure 

C-10).   
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Figure C-10.  Realignment of channel resulting in significant change in angle of orientation of J-

hook vane.   

 
Sediment deposition between arm structure and adjacent bank:  In many places the area 

between the arm of structure and the adjacent bank has been completely filled with sediment. As 

a result, the arm of the structure (and the stones that define it) occupies the bottom of the new 

bank.  In several locations vegetation has grown on the deposited sediment (Figure C-11).  
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Figure C-11.  Sediment deposition upstream of a cross vane structure.  Vegetation began to 

encroach on this deposited sediment further stabilizing it and potentially leading to future 

structure flanking. 

 

For more information on this project: 

1) An article on Virginia's South Fork Rockfish River Restoration by VDOT:  

http://environment.fhwa.dot.gov/ecosystems/eei/va06.asp 

 

2) South Fork Rockfish River Stream Restoration Project Fact Sheet: 

http://www.rockfishvalley.org/blog/south-fork-rockfish-river-stream-restoration-project-

fact-sheet/ 

 

3) Rockfish River Watershed TMDL Implementation Plan Technical Report. 

http://www.deq.state.va.us/Portals/0/DEQ/Water/TMDL/ImplementationPlans/Drafts/roc

kfishtechdoc.pdf 

http://environment.fhwa.dot.gov/ecosystems/eei/va06.asp
http://www.rockfishvalley.org/blog/south-fork-rockfish-river-stream-restoration-project-fact-sheet/
http://www.rockfishvalley.org/blog/south-fork-rockfish-river-stream-restoration-project-fact-sheet/
http://www.deq.state.va.us/Portals/0/DEQ/Water/TMDL/ImplementationPlans/Drafts/rockfishtechdoc.pdf
http://www.deq.state.va.us/Portals/0/DEQ/Water/TMDL/ImplementationPlans/Drafts/rockfishtechdoc.pdf
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C.3 Case Study 2:  Shingle Creek, Brooklyn Park, Minnesota 

Shingle Creek and its watershed are located in the northwest metro area outside of Minneapolis, 

Minnesota.  The watershed encompasses approximately 43.5 square miles and flows for a total of 

approximately 11 miles before entering the Mississippi River. The field site along Shingle Creek 

for this project flows through a residential neighborhood in Brooklyn Park, Minnesota, a suburb 

located northwest of downtown Minneapolis, Minnesota. The research team chose this site 

because it was a restoration project completed in 2006 and had two cross vanes and two J-hook 

vanes installed within a short reach. Both types of structures were of interest to this project.  A 

local engineering firm, Wenck Associates, was responsible for the original design and project, 

and was amendable to working with us on this project by providing design plans and other 

information regarding the site.  Information provided by Wenck Associates includes: 

 Drawings and designs for restoration project and structures; 

 Photos of site; 

 Flow discharge data (2007 to 2011); 

 Shingle Creek 2005 Corridor Study (pre-project assessment) 

Flow rates (in cubic feet per second) for this site were provided by Wenck Associates from 

January 1, 2007 through December 31, 2011. These data were collected approximately 0.25 

miles downstream of the site where the two cross vanes and two J-hook vanes were installed.  

Wenck Associates installed a pressure transducer and data logger immediately downstream of 

the Brooklyn Boulevard culvert near the river left bank (looking downstream).  This sensor was 

calibrated to water surface elevation and a corresponding rating curve was developed.  This 

equipment was typically removed during the winter months (November through early March), so 

flow rates during this period were estimated using a regression relationship with the measured 

flows rates at the Shingle Creek USGS station at Queen Avenue (USGS 05288705) located 

approximately 3 miles downstream of the Wenck Associates data logger.  

Site Background 

Our study focused on a small reach of Shingle Creek located project between Brooklyn 

Boulevard and CSAH 81, Brooklyn Park. An original reach survey was conducted on August 26, 

2004 by Wenck Associates. A summary of this information can be found in the Shingle Creek 

2005 Corridor Study, but the main findings of this survey are presented below. 

 Channel dimensions: 17-33 feet wide and 0.5 to 3.1 feet deep at the time of the 

survey. 

 Substrate: Sandy, silty, some gravel, and cobbles 

 Overall condition:  eroded banks, heavily shaded or turfed, channelized, pools, 

nutrient enriched. 

A five-foot dam just upstream of the Brooklyn Boulevard was installed during the late 1950’s to 

provide recreational pools upstream of that location.  The area of influence created by this small 

dam extended upstream to approximately where the pedestrian footbridge is located in our 

survey analysis (Figure C-12). The presence of the dam and creation of ponded areas resulted in 

extensive mud and silt deposition in this zone, therefore the project aimed to remove the dam, 
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provide gradual grade control through the reach, and channelize the flow into a low flow channel 

instead of a pond.   

 

 

Figure C-12.  Between Hampshire and Brooklyn Boulevard before project. Note the turf grass 

maintained to the edge in the background. This section is approximately 50 meters downstream 

of the SAFL study area. 

 

Survey layout and benchmark locations 

Several permanent markers were used by the survey crews as a way to register multiple days of 

surveying back to each other, as well as the original elevations recorded by Wenck Associates 

during the original project.  Figure C-13 shows an overview map of the location of these 

features.  

Discharge data 

The years following the completion of the project were relatively dry years with no extremely 

large flows occurring (see Figure C-14 for example photo).  As we observed in the small scale 

flume experiments as part of this project, much of the change in stream bathymetry occurs in the 

time soon after structure installation.  However, we would also expect to see the largest impact 

occur during large flood events.  Since there is no post-project installation survey information, 

we do not know the change in stream bathymetry that occurred during the first couple of years 

even though flows were relatively low. Additionally, the scour depths may have been larger 

immediately following the larger flow events and then filled back in with sediment.  
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Figure C-13.  Overview map of the project site and the benchmark locations used during 

surveying. 

 

 

 

Figure C-14.  Looking upstream from below the second cross vane structure towards the 

pedestrian bridge on Shingle Creek during a particularly dry span in June 2007 (provided by 

Wenck Associates). 
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Our first survey of Shingle Creek occurred in October 2009, still during the relatively low flow 

period for this region. In the two years following this initial survey assessment of the reach, 

Shingle Creek experienced three larger flow events.  The first occurred on March 12, 2010 with a 

discharge of approximately 217 ft
3
/sec (USGS gauge reading of 341 ft

3
/sec).  This was the same 

day that the research team made it to the field to collect velocity data (see Figure C-15).  Two 

additional high flow events occurred on May 23, 2011 with a discharge of approximately 112 

ft
3
/sec recorded by the USGS gauge and July 16, 2011 with a discharge of approximately 169 

ft
3
/sec recorded by the USGS gauge.  Both records in the Wenck Associates data show much 

higher values, indicating that their readings could be anomalies since their data logger is 3 miles 

upstream of the USGS gauge and typically reads lower values.  For the years 2010 and 2011, the 

flow rates recorded by the Wenck Associates pressure transducer data logger were typically 67% 

of the flow rates recorded by the USGS gauge at Queen Avenue.  Using this relationship, we 

estimated that actual flow rates through the project reach on those days were 75 ft3/sec on May 

23, 2011 and 113 ft
3
/sec on July 16, 2011.  Given that these three larger flow events occurred 

between our first and second survey assessment of the Shingle Creek site, we would expect to 

see signs of scour and potential for failure structures if the structures were improperly designed; 

however, neither situation was noticed in the later field assessments and survey data.   

 

 

 

Figure C-15.  Collecting velocity data downstream of cross vane #1 on March 12, 2010. 

 

Comparison of survey data 

SAFL survey crews visited Shingle Creek in October 2009 and November 2011 to complete a 

comprehensive survey of the reach that contained the two cross vanes and J-hook vanes.  Figure 

C-16 and Figure C-17 illustrate the point density and rendered topography from these surveys, 

respectively. Surveyed water surface elevation and differences between the 2009 and 2011 

surveys are shown in Figure C-18 and Figure C-19. 
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Figure C-16.  2009 (top) vs. 2011 (bottom) point cloud of topography survey points of the 

Shingle Creek NCHRP field site location. 
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Figure C-17.  2009 (top) vs. 2011 (bottom) topography survey of the Shingle Creek NCHRP 

field site location. The black rectangle shows the location of the pedestrian bridge over the creek. 

Contours have been interpolated using the points shown in figure 10. (Note: As is seen in the 

2011 survey, only half of the lower cross vane was surveyed. Because of this, is not included). 
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Figure C-18.   Approximate wetted area from our survey data at Shingle Creek.  Approximate 

flow rate when these data were taken was about 22.3 ft
3
/sec. 

 

 

Figure C-19.  Approximate scour and deposition that occurred between the 2009 and 2011 

survey efforts (created by subtracting 2009 data from 2011 data).  Noticeable change 

immediately downstream of cross vane #1 (upstream CV) and small sections downstream of J-

hook vane #1.  White areas have been masked out due to sparse survey data and unrealistic 

interpolation values.  Upstream of cross vane #1 was a cobble section that likely did not change. 
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Despite there being no post-installation survey of this site, we can use the survey data we 

collected and compare to the design elevations provided in the original drawings by Wenck 

Associates.  Only 4 reference elevations are available for us to compare and are showing in 

Table C-2.  In general, these locations are the same or close to the design elevations.  Where 

different, typically the surveyed elevation is above that of the design elevation so we assume that 

the structure was not installed low enough, or we are capture a local maximum that has little 

impact on the grade control in the creek.  None of the surveyed elevations were below that of the 

design elevations indicating that there likely has not been any settling, subsidence, or 

undermining due to scour in the years following the installation.  Unfortunately we do not have 

post-installation survey data to compare to our recent survey data, so can only speculate on these 

findings. 

 

Table C-2.  Project structure design elevations compared to NCHRP survey elevations. 

 

 

Pool Scour depth 

A method of determining maximum scour (pool) depth independent of discharge is measuring 

residual depths of the pools downstream of each structure (Lisle, 1987).  Figure C-20 shows the 

longitudinal profiles from the 2009 (black) and 2011 (red) surveys and the corresponding 

residual water surface elevation lines (2009 – solid blue line; 2011 – dashed blue line) used in 

calculating the residual pool depths (Table C-3).   

 

Table C-3.  Residual pool depths downstream of each structure at Shingle Creek. 

 

 

 

 

 

. 

Location Design Elevation (ft.) NCHRP surveyed elevation (ft.) 

Cross Vane #1 

(top of center) 
860.00 860.5 

J-hook Vane #1 

(top of apex) 
859.50 860.04 

J-hook Vane #2  

(top of apex) 
859.25 860.10 

Cross Vane #2 

(top of center) 
859.75 859.74 

Pool 2009 depth (ft.) 2011 depth (ft.) 

CVp1 1.98 1.95 

JHp1 1.01 0.75 

JHp2 1.38 1.05 

CVp2 0.96 0.72 
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Figure C-20.  Longitudinal profiles from the 2009 (black) and 2011 (red) survey data.  X = 0 ft. is approximately at the downstream 

edge of the pedestrian bridge. 
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Velocity data 

Velocity data were collected along 7 cross sections between 2010 and 2011; two in the upstream 

straight approach section, two along the same cross section immediately downstream of cross 

vane #1, two along the same cross section immediately downstream of J-hook vane #1, and one 

cross section downstream of cross vane #2. These data were collected using a handheld Sontek 

2D FlowTracker attached to a wading rod. At each location, a survey measurement was taken to 

record bed elevation and position, as well as the flow depth and depth of velocity measurement 

allowing us to reference the velocity data with the reach topography data collected during the 

project. Data were processed using the standard FlowTracker software and plotted in Figure 

C-21 through Figure C-24.  The discharges recorded by the Wenck Associates data logger were 

22.3 ft3/sec on March 12, 2010 and 17.7 ft3/sec on April 13, 2011.  Figure C-21 shows a 

summary of all velocity cross sections collected.  Figure C-22 shows a close up of velocity 

patterns around the most upstream cross vane.  Figure C-23 and Figure C-24 show a close up of 

velocity patterns around the most upstream J-hook vane in 2010 and 2011, respectively. 

 

 
 

Figure C-21.   Full reach topography on a 1:1:2 scale for X:Y:Z showing locations of the 

velocity cross sections collected in 2010 and 2011.  Black rectangle shows the location of the 

pedestrian bridge crossing Shingle Creek. 
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Figure C-22.  Velocity vectors at cross vane #1 in 2010.  Yellow line indicates bed elevation at 

the time of the survey.  Red line indicates water surface elevation at the time of the survey. 

Topography is on a 1:1:1.5 scale for X:Y:Z.  The white reference vector indicates 1 ft/sec. flow 

velocities.  Using velocity data, the estimate discharge from this day was 29.3 ft
3
/sec, compared 

to the Wenck Associates data logger value of 22.3 ft
3
/sec.  Maximum velocity is 2.25 ft/sec. 

 

 

Figure C-23.  Velocity vectors at J-hook vane #1 in 2010.  Yellow line indicates bed elevation at 

the time of the survey.  Red line indicates water surface elevation at the time of the survey. 

Topography is on a 1:1:1.5 scale for X:Y:Z.  The white reference vector indicates 1 ft/sec. flow 

velocities. The Wenck Associates data logger discharge value from the March 12, 2010 day was 

22.3 ft
3
/sec.  Maximum velocities were 1.44 ft/sec. 
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Figure C-24.  Velocity vectors at J-hook vane #1 in 2011.  Yellow line indicates bed elevation at 

the time of the survey.  Red line indicates water surface elevation at the time of the survey. 

Topography is on a 1:1:1.5 scale for X:Y:Z.  The white reference vector indicates 1 ft/sec. flow 

velocities. The Wenck Associates data logger discharge value from the April 13, 2011 day was 

17.7 ft
3
/sec.  Maximum velocities were 0.99 ft/sec. 

 

Additional restoration and changes to the Shingle Creek site 

During the winter between 2010 and 2011, and additional restoration project occurred in the 

straight reach upstream of our project site (Figure C-25).  During the 2009 survey assessment of 

our reach, the upstream straight section had a wooden plank wall protecting the north stream 

bank (river left).  Many of the residents along the south side of the stream also mowed up to the 

edge of Shingle Creek.  Wenck Associates returned to install several structures within this reach 

to direct the flow away from the banks and center it in the channel through this section.  Several 

rock vanes and cross vanes were installed, and the city of Brooklyn Park now requires a buffer 

zone between the creek and neighboring lawns.  Despite the changed configuration upstream of 

our project reach, no major change to our section containing two cross vanes and two J-hook 

vanes was noticed. 
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Figure C-25.  Upstream of the pedestrian bridge and NCHRP Shingle Creek field site after the 

restoration project during the winter of 2010-2011.  The old wooden wall along the north 

streambank (right bank in image) was replaced with large boulder bank protection.  Several rock 

vanes and cross vanes can be seen.  Flow is from top to bottom in the image. 
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APPENDIX D IN-STREAM STRUCTURE EXPERIMENTS 

The most promising in-stream structure designs identified from the survey phase of the project 

were analyzed in detail using an integrated approach. Laboratory measurements within a 3-ft 

(0.9-m) wide flume were carried out to obtain detailed local flow and scour patterns around 

structures and the results of these experiments were employed to conduct an initial screening of 

structures.  In what follows we shall refer to these experiments as the Indoor StreamLab or ISL.  

To examine the performance and stability of in-stream structures within a sinuous channel, an 

extensive measurement campaign was undertaken within the Outdoor StreamLab (OSL) at the 

St. Anthony Falls Laboratory (SAFL). The ISL and OSL experiments were supplemented by 

field experiments and monitoring in order to obtain comprehensive datasets for validating 

SAFL’s Virtual StreamLab (VSL3D; Kang et al., 2011; Khosronejad et al., 2011). 

Physical experiments were conducted in the ISL and OSL to evaluate the effect of in-stream 

structures in various channels.  ISL experiments investigating the effects of rock structures were 

split into two phases.  The first phase evaluated the hydrodynamics around in-stream structures 

installed over a fixed gravel bed, while the second phase was used to measure the evolution and 

patterns of scour formation downstream of in-stream structures installed within a mobile sand 

bed.  OSL experiments were conducted in a field-scale experimental meandering channel with a 

mobile sand bed. A summary of the experimental setup and data collection methods follows. 

D.1 ISL Experimental Setup 

ISL experiments were conducted in the SAFL tilting bed flume. The flume is 15 m long by 0.9 m 

wide by 0.6 m deep and has slope adjustment capabilities from -1% to +6%. Mississippi River 

water is routed into the flume before flowing through a sequence of turbulence dissipaters and 

flow straighteners, setting up entrance conditions for fully developed flow in the test section of 

the flume. At the end of the flume, flow travels over an adjustable hinged tailgate used for 

controlling flow depth, and into an end basin where it is discharged over a sharp-crested weir and 

returns to the Mississippi River.  

A data acquisition (DAQ) carriage is mounted above the flume with full horizontal and vertical 

control via a user operated scripting and control program (Figure D-1). During the fixed bed 

experiments, the primary data collected were three-dimensional flow velocity timeseries, 

collected using a Nortek Vectrino acoustic Doppler velocimeter (ADV) mounted to the DAQ 

carriage. A total of 1080 points were sampled at 200 Hz for anywhere from 4 to 10 minutes at 

each point. ADV points located in the shear layer or wake zone were sampled for 10 minutes 

each, while points outside of these regions or upstream of the structures were sampled for 4 

minutes each. Prior to ADV data collection, an analysis was done to determine that these 

sampling lengths were sufficient to see convergence of the mean and standard deviation of the 

data. A single layer of gravel (median grain size, d50 = 0.006 m) was glued to the flume bottom at 

the onset of these experiments.   

Structures were installed using current installation guidelines used by practitioners (i.e. Rosgen, 

2006; Maryland Department of the Environment, 2000; NRCS, 2007).  Each structure during the 

study was installed as though this fixed gravel layer represented the channel invert (i.e. the tips 
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of structures were only partially exposed above the fixed gravel roughness.  For the fixed and 

mobile bed experiments the flow depth was 17 cm.  Each structure was built with a bank 

attached elevation equal to the free surface elevation, i.e., the top of the wall mounted rock was 

17 cm above the initial bed elevation.   

 

 

Figure D-1.  SAFL Data Acquisition Carriage mounted over the SAFL tilting bed flume. Nortek 

Vectrino ADV is mounted to the carriage and collecting 3-D velocity data. 

 

Using the velocity data collected during the ISL fixed bed experiments, bed shear stresses were 

estimated to determine patterns of increased or decreased values with the presence of a rock vane 

structure in the channel.  To compute these values, we first used velocity profile data from 

experiments with no structure installed to calculate the baseline estimate of bed shear stress.  

Using the original velocity time-series, the data were filtered to remove any spurious spikes 

using the Modified Phase-Space Threshold despiking algorithm (Parsheh et al., 2010). After 

removing the mean from each of the three velocity components, the Reynolds shear stresses in 

the downstream and transverse directions (-ρu’w’ and -ρv’w’, respectively) were calculated and 

plotted throughout the velocity profile (Figure D-2). The intercept of the best-fit line drawn 

through the data with the channel coundary was used to estimate the bed shear stress for this 

profile location.   
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Figure D-2.  Example plot of Reynolds shear stress values from a vertical velocity profile in the 

ISL.  Cross-hairs represent values calculated using the resultant of u’w’ and v’w’, while red 

circles represent u’w’.  The blue line is the best fit line extrapolated to an elevation of y/h = 0. 

y/h is the ratio of distance from the boundary, y, to total flow depth, H.  This value was used as 

the bed shear stress estimate at this specific location. 

 

Using the results from data collected with no structure installed, the baseline mean bed shear 

stress,   , was calculated to be 0.253 Pascals. The bed shear stress values,   , estimated from the 

ISL in-stream structure experiments were normalized by the baseline bed shear stress,   , to 

define the non-dimensional bed shear-stress,      , as follows: 

          

     (1)  

 

Areas where τ*bed > 1 indicate regions with increased bed shear stress compared to the baseline 

values.  Areas where τ* bed < 1 indicate regions with decreased bed shear stress compared to the 

baseline values. 

The mobile bed experiments were designed to ensure clear water scour conditions, such that no 

sediment transport occurred upstream of the structure location. The only sediment transport 

processes were due to the increased local bed shear forces induced by the presence of the 

structure redirecting the flow and creating highly complex three dimensional turbulence patterns. 

A mobile sand substrate sediment size was selected with a d50 = 1.8 mm. The design discharge, 

Qw, was set at 55 L/s and was held fixed for all experiments during the mobile bed phase of the 

project. 

Each experiment began with a flat sand bed over the length of the flume.  The sand bed was 

smoothed flat to approximately the same elevation using a sand screed mounted to the DAQ 
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carriage rails.  Subaqueous bed topography sonar scans were started immediately after opening 

the valve to the design discharge to monitor the time evolution of scour hole formation. Each 

patch scan travelled along 14 longitudinal passes, each approximately 4 meters long.  A 

summary of all indoor laboratory test cases is provided in Table D-1. 

 

Table D-1. List of structures tested during the fixed bed and mobile bed phases of the indoor 

laboratory (ISL) experiments. 

Fixed Bed Mobile Bed 

No Structure No Structure 

Bendway Weir – 60 degrees Bendway Weir – 60 degrees 

Bendway Weir – 80 degrees Bendway Weir – 70 degrees 

Cross Vane Bendway Weir – 80 degrees 

J-Hook Vane Cross Vane 

Rock Vane – 20 degrees J-Hook Vane 

Rock Vane – 30 degrees Rock Vane – 20 degrees 

W-Weir Rock Vane – 25 degrees 

 Rock Vane – 30 degrees 

 W-Weir 

 2 Bendway Weirs 

 2 Rock Vanes 

 Cross Vane (repeat) 

 Stepped Cross Vane 

 

 

D.2 OSL Experimental Setup 

During 2009 and 2010 a series of in-stream rock structure experiments were conducted in the 

SAFL OSL (Figures D-3 and D-4).  The OSL is a field-scale meandering experimental channel 

with the ability to independently control flow and sediment feed.  This provides the opportunity 

to examine flow and sediment transport phenomena under well controlled conditions but with 

channel dimensions and other characteristics resembling those typically encountered in the field.  

The experimental test section was within the middle meander bend of the channel with a median 

bed grain size of 0.7 mm and a sinuosity of 1.3.  Current guidelines were employed to construct 

the in-stream structures (see Radspinner et al., 2010 for list of commonly used guidelines).  

Bathymetry and velocity measurements were obtained throughout the middle bend of the 

experimental stream with and without structures in 2009 and 2010 at bankfull flow (284 L/s). 

These measurements took advantage of a high-resolution data acquisition (DAQ) carriage 

specifically designed for use in the OSL, which enables the precise positioning of 

instrumentation in all three dimensions. An ultrasonic transducer was used to record water 

surface elevations, combined with subaqueous bed topography from sonar and above water 

topography from a downward looking laser at 1 cm horizontal resolution. ADV records were 

obtained using a 3-D Nortek Vectrino probe mounted in a downward-looking configuration; 

records were three to four minutes long and obtained at 200 Hz then post-processed to remove 

velocity spikes (Parsheh 2010).  A summary of all OSL experiments is shown in Table D-2.  Bed 
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topography and velocity measurements were collected at quasi-equilibrium where flow and 

sediment feed were held constant for approximately three days until the middle meander bend 

reached an average steady state.  

 

 

Figure D-3.  Schematic of the St. Anthony Falls Laboratory Outdoor StreamLab (OSL). Thick 

arrows indicate the direction of water flow. The experimental area was the meander bend 

adjacent to the rock vane. 
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Figure D-4.  Rock vanes installed in the OSL in 2010.  Flow is right to left. 

 

 

Table D-2.  Summary of Outdoor StreamLab (OSL) in-stream structure experiments. 

Structure Scenario Year Location Flows tested (L/s) 

Baseline 2009 -- 284 

Single Rock Vane 2009 Meander bend (apex) 284 

Baseline (3 repeats) 2010 -- 284 

Multiple Rock Vanes 2010 Meander bend 284 

Multiple J-Hook Vanes 2010 Meander bend 284 

Multiple Bendway Weirs 2010 Meander bend 284 

Multiple Cross Vanes 2011 In place of riffles 284 
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D.3 Experimental Results for In-stream Flow Control Experiments 

Experimental Results for Rock Vanes 

ISL Experiments 

For the ISL fixed bed experiments, bed shear stresses calculated from velocity profiles areas 

where τ*bed > 1 indicate regions with increased bed shear stress from the baseline values (Figure 

D-5).  Areas where τ*bed < 1 indicate regions with decreased bed shear stress from the baseline 

values.  Generally, the zones of highest shear correlate with zones of increased scour.   

During the ISL mobile bed experiments, the rock vane with a 20 degree angle of attack produced 

the least amount of scour (Figure D-6).  For multiple structures, the time evolution of scour 

formation varied slightly from a single structure (Figure D-7). In the case of multiple rock vanes, 

the downstream structure created a deeper scour hole than the upstream structure. However, for 

this experiment, the mobile sediment dune resulting from sediment eroded from the upstream 

structure migrated much more slowly downstream. It reached the downstream structure just 

before 6 hours of experiment time. The scour depth obtained after 6 hrs of run time is likely to be 

the deepest encountered during such an experiment. This is supported by the reduced rate of 

scour shown in Figure D-6 and the arrival of the dune that could subsequently replenish the hole 

with sediment. The latter behavior was observed during bendway weir experiments discussed in 

4.3.3. 
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Figure D-5.  ISL bed shear stress estimates downstream of a rock vane installed at a) 20°, and b) 

rock vane installed at 30° using velocity profile data collected during the fixed bed experiments. 

Flume length is reported in meters and flow is top to bottom.  
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Figure D-6.  ISL contour plots showing areas of erosion and deposition for (from left to right) 

rock vane at 20°, 25°, 30°, and two rock vanes in series installed at 25°. Elevation scale is in 

millimeters.  Red indicates deposition while blue indicates erosion/scour.  Flume length is 

reported in meters and flow is top to bottom.  
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Figure D-7. ISL time evolution of scour depth for single rock vanes (above) and two rock vanes 

in series (below). The shorter duration of scour evolution data for the RV25 scenario was due to 

instrumentation failure during the experiment.  Final topography data were collected at the 

completion of the experiment.  
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OSL Experiments 

Velocity data collected at cross-sections spaced <1 m to 3 m apart were used to calculate average 

velocity magnitude and direction, turbulence intensity, and shear velocity in the OSL 

experiments.  Comparing contour plots gives insight into the effects that a structure has on the 

stream flow patterns. As evidenced in Figure D-8, which compares measured flow patterns with 

and without rock vane structures installed along the outer bank of the OSL, the structure was 

successful in moving the high velocity core towards the center of the channel and away from the 

outer bank.  The rock vanes also decreased the near-bank velocities especially along the outer 

bank, within the array of structures, where a small recirculation zone was observed. The presence 

of rock vanes forces the high velocity thread from the outer bank.  This process was visualized 

using white confetti as a tracer with long exposure photography (Figure D-9). 

 

 

Figure D-8.  Velocity magnitude at nine cross sections in the OSL with no structure (left) and 

three rock vane structures (right).  Flume length is reported in meters and flow is top to bottom.  
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Figure D-9.  Flow visualization in the OSL with long-exposure photography and white confetti 

for a baseline scenario with no rock vanes (top) and with rock vanes (bottom) illustrating the 

movement of main surface flow away from the outer bank in the presence of multiple rock 

vanes.  Flow is right to left. 

 

High resolution bed topography (1 cm resolution) was used to map out changes to the OSL 

following rock vane installation (Figure D-10).  In general, the maximum channel scour occurred 

near the tip of vanes placed at or downstream of the apex.  For the single rock vane, maximum 

scour was 0.21 m around the tip of the vane.  For multiple rock vanes, very little scour occurred 

near the upper rock vane (installed at a 20
o
 angle) and a maximum of 0.30 m was scoured at the 

tip of the second and third rock vanes (installed at 30
o
 angle).  Deposition occurred along the 

outer bank in the presence of rock vanes.   
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Figure D-10.  Bed elevation in the middle meander bed of the OSL in a) 2009 with a single rock 

vane, b) 2009 with no vanes, c) 2010 with a series of three rock vanes, and d) 2010 with no rock 

vanes.  Flow is left to right.  The upstream riffle section was shortened and repaired between 

2009 and 2010 leading to some changes in the baseline topography. 

 

D.1.1 Experimental Results for J-Hook Vanes  

ISL Experiments 

For the ISL-JH (J-hook vane) fixed bed experiments, bed shear stresses calculated from velocity 

profiles were used to identify areas of high and low shear stresses (Figure D-11).  Generally, the 

zones of highest shear corresponded with zones of high scour; for J-hook vanes, this scour zone 

occurred in the middle of the channel downstream of the hook part of the vane.  The low shear 

stress zone is adjacent to the bank with the structure extended throughout the measurement zone 

greater than five and a half channel widths downstream of the J-hook vane.  During the ISL 

mobile bed experiments, a single J-hook vane installed at 30 degrees produced the least amount 

of scour of any structure installed in the ISL (Figure D-12).  The time evolution of scour 

formation is shown in Figure D-13.   
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Figure D-11.  ISL bed shear stress estimates downstream of a J-hook vane installed at 30
o
.  

Flume length is reported in meters and flow is top to bottom.  
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Figure D-12.  ISL contour plot for erosion and deposition for a J-hook vane installed at 30
o
.  Red 

indicates deposition while blue indicates erosion/scour.  Flume length is reported in meters and 

flow is top to bottom.  
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Figure D-13.  ISL time evolution of scour depth for single J-hook vane.  Datasets shorter than 

360 minutes were a result of instrumentation issues. 

 

OSL Experiments 

Velocity data collected at cross-sections spaced <1 m to 3 m apart were used to calculate average 

velocity magnitude and direction, turbulence intensity, and shear velocity in the OSL 

experiments.  As evidenced in Figure D-14, which compares measured flow patterns with and 

without J-hook vane structures installed along the outer bank of the OSL, an array of three J-

hook vanes was successful in moving the high velocity core towards the center of the channel 

and away from the outer bank.  The J-hook vanes also decreased the near-bank velocities 

especially along the outer bank, within the array of structures, where a small recirculation zone 

was observed.  

High resolution bed topography (1 cm resolution) was used to map out changes to the OSL 

following J-hook vane installation (Figure D-15).  In general, the maximum channel scour 

occurred near the middle of the channel producing a long, deep scour hole.  This illustrates the 

effect of the hook when attached to a rock vane structure.  Deposition was observed near the 

bank between the J-hook structures. 
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Figure D-14.  Velocity magnitude throughout the meander test section in the OSL with three J-

hook vanes.  Flow is top to bottom. 

 

Figure D-15.  Bed elevation in the test meander section of the SOL with a series of three J-hook 

vanes.  Flow is left to right. 
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D.1.1 Experimental Results for Bendway Weirs/Stream Barbs  

ISL Experiments 

For the ISL-BW (bendway weir) fixed bed experiments, as in prior cases, velocity profiles were 

used to  identify areas of high and low shear stresses (Figure D-16).  Consistent with results from 

other structures, the zones of highest shear corresponded with zones of high scour in the mobile 

bed experiments.  The low shear stress zone extended along the bank downstream of the 

bendway weir throughout the measurement zone for a distance greater than five and a half 

channel widths. 

During the ISL mobile bed experiments (angles of 60
o
, 70

o
, and 80

o
), the bendway weir with an 

angle of orientation of 80
o
 produced the least amount of scour (Figure D-16).  For multiple 

structures, the time evolution of scour formation varied slightly from a single structure (Figure 

D-17). In the case of multiple bendway weirs, the upstream structure created a deeper scour hole 

than the downstream structure. For this experiment, the mobile dune resulting from sediment 

eroded from the upstream structure migrated downstream filling in the downstream scour hole 

(Figure D-18). 
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Figure D-16. ISL bed shear stress estimates downstream of a bendway weir installed at a) 80°, 

and b) bendway weir installed at 60° using velocity profile data collected during the fixed bed 

experiments. Flume length is reported in meters and flow is top to bottom.  



D-20 

 

 

Figure D-17.  ISL contour plots showing resulting erosion and deposition for (from left to right) 

a bendway weir installed at 60°, 70°, 80°, and two bendway weirs in series installed at 70°.  Red 

indicates deposition while blue indicates erosion/scour.  Flume length is reported in meters and 

flow is top to bottom.  
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Figure D-18. ISL time evolution of scour depth for single bendway weirs (above) and two 

bendway weirs in series (below).  Datasets shorter than 360 minutes were a result of unknown 

instrumentation issues. 
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OSL Experiments 

Comparing velocity magnitude contour plots for the OSL-BW (bendway weir) experiment, 

indicates that bendway weirs arranged in an array of three were able to displace the high velocity 

core away from the outer bank (Figure D-19).  The bendway weirs also decreased the near-bank 

velocities especially along the outer bank but did not increase the mid – channel velocity 

magnitude as much as rock vanes (see Figure D-8).  

High resolution bed topography (1 cm resolution) was used to map out changes to the OSL 

following bendway weir installation (Figure D-20).  In general, the maximum channel scour 

occurred near the tip of weirs placed at the apex or downstream of the apex.  Similar to multiple 

rock vanes, very little scour occurred near the upper bendway weir.  Deposition occurred along 

the outer bank upstream of the first bendway weir, but minimal deposition was observed between 

structures.  Bendway weirs had less influence on the inner bar than rock vanes. 

 

 

Figure D-19.  Velocity magnitude at nine cross sections in the OSL with three bendway weirs 

structures.  Flow is top to bottom. 
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Figure D-20.  Bed elevation in the middle meander bed of the OSL with a series of three 

bendway weirs.  Flow is left to right.   

 

D.3.1 Experimental Results for Cross Vanes 

ISL Experiments 

For the ISL-CV (cross vane) fixed bed experiment, bed shear stresses calculated from velocity 

profiles were used to identify areas of high and low shear stresses (Figure D-21).  In this 

experiment, the zones of high shear corresponded with scour zones, although the deepest scour 

was located outside of the velocity measurement area (Figure D-22).  The main high shear stress 

zone was located in the center of the channel one channel width downstream of the cross vane; 

however within the area less than one channel width downstream of the structure the high shear 

zone extended toward the bank on the left (looking downstream) bank.   

Two configurations of cross vane were tested in the ISL-CV mobile bed experiments, a U-

shaped cross vane, and an A-shaped cross vane with a step located approximately halfway down 

the structure length.  The addition of the step resulted in deeper scour and a relocation of the 

deep scour pool (Figure D-22).  For the U-shaped cross vane, the deepest scour was located 

within the U-portion of the structure with a scour pool extending approximately 2.5 channel 

widths downstream.  For the A-shaped cross vane, the deepest scour was located downstream of 

the structure with the scour pool extending approximately 2 channel widths downstream.   
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While the rate of scour varied slightly for four repeats of a U-shaped cross vane, scour evolution 

for all four repeats of the U-shaped cross vane and the A-shaped cross vane approached a similar 

value by 360 minutes (Figure D-23).  The final maximum scour from scans for all repeats for U-

shaped cross vanes was 82% of the approach flow depth (152 mm) while the maximum scour for 

the A-shaped cross vane was 88% of the approach flow depth (167 mm).   
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Figure D-21.  ISL bed shear stress estimates downstream of a cross vane with arms installed at 

25 using velocity profile data collected during the fixed bed experiments. Flume length is 

reported in meters and flow is top to bottom.  
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Figure D-22.  ISL contour plots showing resulting erosion and deposition for (from left to right) 

a cross vane with arms installed at 25 and a stepped cross vane with a step installed midway 

down the vane.   Red indicates deposition while blue indicates erosion/scour.  Flume length is 

reported in meters and flow is top to bottom.  
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Figure D-23.  ISL time evolution of scour depth for single cross vanes (four repeats) and a 

stepped cross vane. Datasets shorter than 360 minutes were a result of unknown instrumentation 

issues. 

 

OSL Experiments 

For the OSL cross vane experiment, A-shaped cross vanes were installed in place of the 

constructed riffles (Figure D-24).  Velocity magnitude plotted along the OSL channel indicates 

that the cross vanes directed high velocity jets toward the center of the channel (Figure D-24) 

that dissipated within approximately 1.5 channel widths downstream.  The cross vanes also 

appeared to decrease the high velocity core within the middle meander when compared to the 

structure free channel with constructed riffles (see Figure D-8).   

Deep scour pools were formed downstream of each structure (Figure D-25).  These scour holes 

extended to the banks downstream of the structure and in one case, the downstream structure, 

undermined the left bank underneath the bank protection provided by vegetation roots and 

coconut fiber matting.  The morphology of the channel within the meander remained similar to 

the morphology without cross vane structures with a deep thalweg along the outer bank and a bar 

on the inner bank. 
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Figure D-24.  Velocity magnitude at nine cross sections in the OSL with two stepped cross 

vanes installed. Flow is top to bottom. 

 

Figure D-25.  Bed elevation in the middle meander bed of the OSL with a series of stepped cross 

vanes.  Flow is left to right.   
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D.3.2 Experimental Results for W-Weirs 

ISL Experiments 

For the ISL-WW (W-weir) fixed bed experiment, bed shear stresses calculated from velocity 

profiles were used to identify areas of high and low shear stresses (Figure D-26).  The zones of 

high shear corresponded with scour zones in the mobile bed experiment, although the scour hole 

extended across the channel through the zone of low shear stress in the center of the channel 

(Figure D-26).  Two separate zones of high shear stress were located just downstream of the 

points on the W-shaped weir and extended more than three channel widths downstream.  

A single configuration of W-weir was tested in the ISL-WW mobile bed experiments, therefore, 

these results should be compared to the U-shaped and A-shaped cross vane experiments with 

similar grade control, habitat, and structure protection applications.  For the W-weir, the deepest 

scour was located downstream of the structure with a scour pool extending approximately 2.5 

channel widths downstream (Figure D-27).   

While the rate of scour varied slightly for either side of the W-weir structure, scour evolution 

reached a similar value by 360 minutes (Figure D-28).  The final maximum scour from scans for 

the W-weir structure was 93% of the approach flow depth (172 mm).  The W-weir structure was 

not tested in the OSL channel due to the difficulty in constructing the W-weir in a small channel. 
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Figure D-26. ISL bed shear stress estimates downstream of a W-weir with arms installed at 25 

using velocity profile data collected during the fixed bed experiments. Flume length is reported 

in meters and flow is top to bottom.  
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Figure D-27.  ISL contour plots showing resulting erosion and deposition for a W-weir with 

arms installed at 25
o
. Red indicates deposition while blue indicates erosion/scour.  Flume length 

is reported in meters and flow is top to bottom.  
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Figure D-28. ISL time evolution of scour depth for two locations downstream of a W-weir. 

Datasets shorter than 360 minutes were a result of unknown instrumentation issues. 
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APPENDIX E NUMERICAL MODEL DEVELOPMENT AND VALIDATION 

The Virtual StreamLab (VSL3D) is a state-of-the-art 3-D computational fluid dynamics (CFD) 

model developed at SAFL that is capable of simulating real-life hydraulic engineering flows 

using advanced numerical techniques and turbulence models that can be coupled with turbulent 

free surface, and bed-morphodynamics modules (Kang et al. 2011; Khosronejad et al. 2011).  

Following the validation phase, the VSL3D was used to systematically explore a matrix of input 

conditions evaluating structure angle, location, and spacing in different channels. The VSL3D 

was validated for a range of hydrodynamic and morphodynamic environments summarized 

below.  Additional validation cases that evaluated VSL3D performance under specific 

circumstances are included in Appendix C, the effect of free surface on bed morphodynamics, 

and Appendix D, the effect of initial bed topography on quasi-equilibrium bed morphodynamics.   

E.1 Hydrodynamic Validation 

The VSL3D hydrodynamic module’s ability to capture complex flow patterns was validated in a 

meandering channel (OSL) and in the vicinity of rock structures. Using velocity and topography 

data from the 2009 OSL summer research season, the VSL3D with large eddy simulation (LES) 

was used to simulate the bankfull flow (284 L/s) condition.  Good agreement between the 

measured and modeled flow characteristics in a near full-scale meandering channel was obtained 

(Kang et al. 2010). To examine the ability of the VSL3D to capture the complex flow patterns in 

the vicinity of structures the VSL3D was applied to carry out the high resolution LES of flow 

around the single-arm rock vane structure installed in the ISL flume.  Figure E-1 shows the 

computational domain and grids. Simulations were run with 20 and 100 million grid nodes to 

examine the effect of grid refinement in the ability of the model to elucidate complex flow 

dynamics in the wake of the rock vane. Figure E-2 shows the computed time-averaged 

streamwise velocity at the water surface and Figure E-3 shows the comparisons of the measured 

and computed mean velocity profiles in the wake region of the rock vane structure. As seen, the 

computed velocity and turbulence stress profiles agree well with the measurements, and the 

numerical solution improves as we increase the spatial resolution of the grid. 
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Figure E-1. VSL3D computational domain and grids for LES of flow past a rock vane in the ISL. 

Flow is right to left. 

 

 

 

Figure E-2. VSL3D computed time-averaged streamwise velocity at the water surface in the ISL 

(U0 indicates the mean upstream velocity and the dashed line denotes the zero velocity contour). 

Flow is left to right. 
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Figure E-3. Comparisons of the computed mean velocity components, turbulence kinetic energy, 

and Reynolds shear stress with the ADV measurements at x=4.5 m between the VSL3D and ISL. 

Dashed and solid lines denote the LES results with 20 and 100 million nodes  y/B indicated the 

transverse location y divided by the flume width, B;  z/H indicates the vertical location z, divided 

by the flow depth, H;          are the mean velocities in the downstream, transverse, and vertical 

directions; and U0 is the bulk velocity.  
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E.2 Morphodynamic Validation  

The bed morphodynamics model has been extensively validated at laboratory and field scales 

under both clear water and live-bed conditions (Table E-1).  In the clear water cases the inlet 

sediment flux is zero and scour continues until the flow becomes too small to transport material 

in the scour hole (Chang, 1988).  Live bed refers to conditions where the bed is mobile with 

passing bedforms; in live bed conditions, the equilibrium scour depth is reached when the time-

average of the instantaneous bed elevation attains a statistically stationary value and the 

maximum scour is typically considered to be the equilibrium scour depth plus one half of the 

bedform fluctuations (Chang, 1988).  In the following section, a small sample of the extensive 

validation studies is presented.  More specifically, clear water validation is presented for the ISL 

experiment with a single 20
o 

rock and live bed validation is presented for a series of three rock 

vanes installed in the OSL.  A more extensive validation study is reported in Khosronejad et al. 

(2013). 

Table E-1.  Summary of bed morphodynamics validation cases. 

Validation case Scale Transport 

mode 

Description 

Bend Flow Laboratory Clear water 

 

Two bend flows of 90 and 135 degree has been studied. Numerical results for 

both cases has been quantitatively validated 

Bridge pier 

scour 

Laboratory Clear water Scour pattern and time scale around three different shapes of bridge pier has 

been simulated and results were compared with the measured quantities. 

Rock vane 

structure 

Laboratory Clear water Flow and sediment transport around a rock vane structure installed in an indoor 

straight mobile bed channel were computed and the results were in a good 

agreement with measured results. 

J-hook 

structure  

Laboratory Clear water Flow and sediment transport around a J-hook structure installed in an indoor 

straight mobile bed channel were computed and the results were in a good 

agreement with measured results. 

Cross vane 

structure 

Laboratory Clear water Flow and sediment transport around a cross vane structure installed in an 

indoor straight mobile bed channel were computed and the results were in a 

good agreement with measured results. 

OSL Field Live bed Flow and sediment transport in a field scale stream (OSL) were simulated and 

results are in a good agreement with measured. 

OSL with two 

cross vane 

structures 

Field Live bed Flow and sediment transport in a field scale stream (OSL) with the presence of 

two cross vane structures were simulated and results are compared with 

measurement for transverse bed profile at different representative sections.  

OSL with three 

rock vane 

structures 

Field Live bed Flow and sediment transport in a field scale stream (OSL) with the presence of 

three rock vane structures were simulated and results are compared with 

measurement for both spanwise and streamwise bed profiles at different 

representative sections.  

OSL with three 

bend way weir 

structures 

Field Live bed Flow and sediment transport in a field scale stream (OSL) with the presence of 

three bend way weir structures were simulated and results are compared with 

measurement for spanwise bed profiles at different representative sections.  
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E.1.1 VSL3D Validation for Clear Water Condition 

Flow and bed elevation measurements taken in the laboratory-scale ISL experiment with single 

20
o 
rock vane were used for clear water validation of the VSL3D bed morphodynamics module. 

The VSL3D hydrodynamic module, both in its URANS and LES modes (VSL3D-URANS and 

VSL3D-LES, respectively), was coupled with the bed-morphodynamic module and applied to 

simulate the flow and the ensuing sediment transport process near the ISL rock vane structure 

(Figure E-4). We employed a background Cartesian grid with 2.9 million fluid nodes while the 

bed surface was covered by 5729 triangular bed cells (Khosronejad et. al., 2013).  Figure E-4 

illustrates a qualitative comparison between the measured and the computed topography after 59 

minutes of simulated physical time. As shown in this figure, both the URANS and LES modes of 

the VSL3D model could capture most of the scour pattern characteristics including the maximum 

scour depth and scour hole pattern with reasonable accuracy.  A more quantitative comparison 

between measured and simulated bed elevation profiles is given in Figure E-5 at the two cross-

sections marked in Figure E-4a.  It is evident from these comparisons that both the VSL3D-

URANS and VSL3D-LES models are able to accurately resolve most features of the measured 

bed morphology which are of particular importance for the present work including the location 

and magnitude of maximum scour. 

 

 

 

Figure E-4.  Plan view of a) ISL measured, and VSL3D computed with b) URANS and c) LES 

bed topography around rock vane structure in the ISL at t=59 minutes. Flow is left to right. 

Contours are in (cm).  Sections (i) and (ii) are the two representative sections at which the 

computed and measured spanwise bed profiles are compared in Figure E-5.  Flow is from left to 

right;; contours are in cm. 
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Figure E-5. Comparison of ISL measured (circles), VSL3D computed with LES (solid line), and 

URANS (dashed line) spanwise bed elevation profiles at a) upstream (i) and b) downstream of 

wake zone (ii) around rock vane structure (t = 59min). 

 

To demonstrate the ability of the VSL3D to reproduce the time evolution of scour, we plot in 

Figure E-6 the measured and computed temporal variation of maximum scour.  As seen in the 

figure, in the ISL experiment quasi-equilibrium is reached after about 220 minutes, which is 

within 23% and 7% of the times calculated by URANS and LES, respectively.  

 

Figure E-6. ISL measured (circles), VSL3D computed with LES (solid line), and URANS 

(dashed line) time evolution of maximum scour depth around rock vane structure.  

 

The ISL rock vane experiments showed that upon initiation of scour a single depositional bar 

forms downstream of the structure and migrates continuously downstream. This important 

phenomenon was captured by both VSL3D simulations with reasonably good accuracy 

(Khosronejad et. al, 2013).  In Figure E-7, for instance, the measured and computed bar’s 

position are compared at three different instants in time: t1 = 45 min, t2 = 90 min, and t3 = 135 

min. The depositional bar migrates downstream with an average traveling velocity of 0.34 

cm/min and 0.44 cm/min in the VSL3D-URANS and VSL3D-LES simulations, respectively, 

which agree well with the measured value of 0.41 cm/min. 
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Figure E-7. a) ISL measured, VSL3D computed with b) URANS, and c) LES bar migration 

downstream of the rock vane structure. Dotted-dash, dashed and solid circles show position of 

the bar crest for each case. Time instants of t1, t2, and t3 approximately represent 45, 90 and 135 

minutes after scour starts. Flow is left to right. 

 

In general the results presented above as well as similar results for J-hook and cross-vane 

structures reported in Khosronejad et al. (2013), show that VSL3D-LES yields consistently 

improved agreement with the measurements as compared to the VSL3D-URANS model.  The 

latter model, however, gives results of acceptable accuracy with regard to the time-scale of 

scour, general scour and deposition dynamics and patterns, and the maximum scour depth.  This 

finding is important since VSL3D-URANS is computationally more efficient than VSL3D-LES 

and will be used for developing the in-stream structure design guidelines included in this work. 

E.1.1 VSL3D Validation for Live-Bed Condition 

To validate the VSL3D model under live bed conditions and demonstrate its ability to resolve 

bedform dynamics, we have carried out simulations for experiments conducted in the OSL with 

rock vanes, bendway weirs and J-hook vanes under bankfull condition. In both the experiments 

and calculations sediment was continuously fed at the upstream section (see Figure D-3 for the 

sediment feed location).  Coarse sand with a median grain size, d50, of 0.7 mm and was fed at a 

constant rate between 4 and 6 kg/min for all experiments.  Water flow rate was also held constant 

at bankfull flow conditions (280 L/s). The quasi-equilibrium streambed bathymetry in the OSL 

was measured using the SAFL DAQ cart with an attached sonar probe and the propagation speed 

of bedforms was quantified both by direct observation (i.e. observing the bed-form migration 

with a naked eye and calculating by hand their speed) and a high-resolution infrared camera 

system.  

The following validation results are for the baseline case (OSL with no in-stream structure; OSL-

BL) and the case of the OSL with three rock vane structures mounted along the meander outer 

bank (OSL-RV3).  For these two cases, approximately 7.2 million and 32 thousand grid nodes 

and cells were employed to discretize the channel and streambed, respectively.  Comparisons of 

measured and computed bed elevation profiles along OSL are presented in the following section 

in addition to calculations that capture bedform dynamics in the OSL.  
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Figure E-8 shows the measured quasi-equilibrium bed bathymetry for the OSL-BL case. In 

Figure E-9, we compare measured and calculated spanwise bed elevation profiles at three cross-

sections identified in Figure E-8. As shown in these figures, in spite of the complexity of the 

flow and the inherent uncertainties associated with our attempt to simulate numerically a field-

scale experiment with mobile sediment and complex bathymetry, the VSL3D is able to capture 

the measured morphodynamics with good accuracy.  For instance, the model captures both the 

formation of the deposition bar along the outer bank and the region of scour near the inner bank 

but underpredicts somewhat the scour depth at the bend apex.  It is also worth mentioning that 

the VSL3D does not require any case-specific calibration and as such it is a general predictive 

engineering tool. 

 

 

Figure E-8.  OSL bed topography at quasi-equilibrium with no in-stream structure. The three 

representative sections are shown at the inlet (1), apex (2), and outlet (3) of the field-scale 

meandering stream. Flow is left to right. 

 

  

Figure E-9. OSL measured (circle) and VSL3D computed (solid line) spanwise bed elevation at 

the inlet (left), apex (middle), and outlet (right) of the OSL bend. 
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The VSL3D model is also employed to simulate turbulent flow and bed morphodynamics in the 

OSL-RV3 case. Figure E-10 shows the measured quasi-equilibrium bed bathymetry for OSL-

RV3 while Figure E-11 compares the measured and computed bed elevations along the center 

line of the OSL (see Figure E-10). As shown in Figure E-11, the calculated longitudinal bed 

profile is in reasonably good agreement with the measurements.  Especially encouraging for 

using the VSL3D in this project is its ability to capture the location and extent of the scour holes 

near the tip of rock structures as clearly seen in Figure E-11.   

 

 

Figure E-10. OSL geometry with three rock vane structures and the two longitudinal lines for 

comparison of measured and computed bed elevations. Solid and dashed lines are along 

centerline and inner bend of OSL channel, respectively. Flow is left to right. Contours are in 

meters above sea level. 

 

 

Figure E-11.  OSL measured (circles) and VSL3D computed (solid lines) longitudinal bed 

profiles along centerline of OSL (see Figure E-10).  

 

A major feature of the OSL-RV3 experiment is that it takes place under live bed conditions with 

sediment continuously recirculating through the reach.  As a result, complex and very energetic 

bed forms were observed to emerge, grow and migrate in the stream.  These dynamically rich 
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phenomena were also observed in the VSL3D simulations as shown in Figure E-12. Four 

representative snapshots of the simulated bedforms are shown by plotting instantaneous bed-

elevation contours at successive time intervals 6 minutes apart. The four dune-like bedforms 

observed on the bed at time instant t1 in Figure E-12 are denoted as A1 to A4. At time instant t2, 

these bedforms have migrated downstream, each at a different speed depending on its length 

scale.  Once the bedforms approach the riffle zone (which starts immediately after the pool zone) 

they first merge and eventually disappear due to the immobile nature of the bed in the riffle 

region. At time instant t4, as dunes A3 and A4 disappear (by entering into the riffle zone), a new 

sand wave B1 is created upstream of the third rock vane and the sequence of bedform growth, 

migration, merging and disappearance at the riffle zone is repeated again. The simulated bed-

forms have averaged amplitude and wave length of 9-12 cm and 70-90 cm, respectively.  These 

values are well within the range of typical bedforms observed in the OSL for a range of 

experiments either through naked-eye or infrared camera observations. 

To identify the type of the reproduced bedforms and demonstrate that they are indeed physically 

realistic bed features, we employ the standard diagram of Van Rijn (1993) which has been 

developed using a wide range of laboratory and field-scale data. Based on this diagram (Figure 

E-13), depending on the flow conditions (effective bed shear stress T) and sediment material 

median size d50, different bedforms can be observed. The red point in this figure represents the 

bedforms calculated here.  These are well within the range of dunes observed in nature. 

 

 

 

Figure E-12. Snapshots of the computed bed elevations in the OSL-3RV case. 
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Figure E-13. Bedform classifications based on the flow conditions and sediment material size in 

the field and laboratory scale streams (Van Rijn, 1993). 

 

To further verify that the bedforms calculated by the VSL3D are within reasonable bedform 

characteristic length scales, we compare our simulations with the field and laboratory data 

compiled by Van Rijn (1993).  Figure E-14 shows the results of Van Rijn’s comprehensive 

study, plotting the variation of effective bed shear stress versus length scale for a broad range of 

field and laboratory-scale bedforms. In this figure    is the bedform amplitude,    is wave 
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length, and   is the flow depth. Van Rijn showed that bedforms with different stream sizes fit 

into a specific bound, which he marked by two dashed-lines in Figure E-14.  The red point in 

Figure E-14 illustrates the characteristic length of the bedforms captured by the VSL3D for the 

OSL-RV3 case (Figure E-12).  It is evident that the simulated bedforms are, in terms of size, well 

within the range of field scale observed dunes. 

 

 

 

Figure E-14. Characteristic length scale of bedforms captured in OSL (the red point). The table 

shows the range and type of the data used to establish this diagram including laboratory and field 

scale data (Van Rijn, 1993). 

 

E.3 Development of Channel Geometries for VSL3D Simulations 
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The validated VSL3D was used to systematically explore a matrix of input conditions in two 

representative meandering channels (sand, VSL-S and gravel, VSL-G).  These channels were 

defined using a combination of field data measurements, hydraulic geometry regression 

equations, and 1-D hydraulic modeling with meander adjustments.  Gravel and sand rivers are 

typically characterized by distinct ranges of hydraulic, sediment and geomorphological 

conditions. The combination of the various dimensionless parameters pertinent for each stream 

type tends to result in different modes of evolution for gravel versus sandy streams. A systematic 

investigation of parameters was used along with published ranges of natural river geometry, to 

define two representative channels: one with gravel and the other with sand bed.  Because these 

channels will only be investigated numerically using the VSL3D, they will be referred to as 

VSL-G and VSL-S, respectively.  The geometries of VSL-G and VSL-S channels complement 

that of the OSL channel.  Therefore, the performance of rock structures can be investigated 

systematically fir three characteristic channel geometries and across a broad range of channel 

conditions.  The following sections describe the iterative process used to define the parameters of 

the VSL-G and VSL-S channels. 

Hydraulic geometry of any stream refers to the interrelationships existing between the mean 

channel form and discharge both at-a-station and downstream in a hydrologically homogenous 

basin. Channel form includes the mean cross section geometry, which is quantified in terms of 

channel width, depth, sinuosity, and area of cross section. Hydraulic geometry variables for any 

stream hold a certain level of interdependency. To date, various discharge-based relationships 

have been developed, which can help us predict the values of the hydraulic geometry variables. 

To evaluate the correlation among stream geometry variables, statistical analysis on existing 

field data was used to define the most probable range of values for stream characteristics 

(sinuosity, slope, aspect ratio, median grain size diameter).  This approach was employed to 

verify that values obtained using hydraulic geometry relationships were within representative 

ranges of field measurements.  A data set comprising of 540 field points (450 for gravel bed 

streams and 90 for sandy bed streams; Church & Rood, 1983; Osterkamp, 1978) were used for 

this analysis. Based on these data the majority of gravel streams follow a combination of 

sinuosity between 1.15-1.2, slope between 0.0015-0.002 and aspect ratio values within 37-41. 

Similarly for sandy streams, the values that have the highest probability of occurring together are 

sinuosity between 1.12-1.34, slope between 0.00026-0.0004 and aspect ratio within 18-21.  This 

analysis was used in this study to evaluate the relationship between sinuosity and channel form 

and to guide the selection of reasonable ranges of channel geometry for VSL-S and VSL-G.  The 

frequency distribution of each variable (slope, sinuosity, and aspect ratio) is plotted in Figure E-

15 for the complete field data.   
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Figure E-15.  Probability density functions of sinuosity, slope and aspect ratio for gravel (left) 

and sand (right) rivers in nature (Data from Church and Rood, 1983 and Osterkamp, 1978). 
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Sinuosity 

To evaluate structures across a range of sinuosity values from 1 (straight channel) to 1.5, the 

VSL-S and VSL-G channels are selected such that when combined with the ISL and OSL 

experiments to provide data in channels with at least four different sinuosity values. The indoor 

flume experiments and modeling results were used to evaluate structures in a straight channel 

(sinuosity = 1).  The OSL experiments were used to evaluate structure installation in a 

meandering channel (sinuosity = 1.3).  Structures installed in channels with two additional 

sinuosity values (1.15 for VSL-G and 1.5 for VSL-S) were evaluated here.   A sinuosity of 1.15 

is the 30th percentile of the range of sinuosity for gravel rivers reported in data collected by 

Church and Rood 1983 (n=298), and a sinuosity of 1.5 is the 65th percentile of the range of 

sinuosity for sand rivers reported in data collected by Church and Rood 1983 (n=44).   

Grain size 

A median grain size of 0.5 mm was selected for medium sand and a median grain size of 32 mm 

was selected for coarse gravel.  These were selected to fall within applicable ranges of grain size 

for the hydraulic geometry curves presented by Wilkerson and Parker (2011) and Parker et al. 

(2007) for sand and gravel rivers, respectively.  These values also fell within the range of median 

grain size values reported by Church and Rood 1983 for rivers within the selected sinuosity 

range (1-1.35 for gravel and 1.3-1.7 for sand). 

Bankfull channel width (Bbf) 

Channel width for the VSL-G and VSL-S channels was selected to be an order of magnitude 

larger than the channel width of the OSL.  A  width of 27 m falls within the range of channel 

width values of natural rivers in Canada and the US reported by Church and Rood 1983 for the 

chosen sinuosity range (1-1.35 for gravel and 1.3-1.7 for sand).   While current guidelines do not 

suggest a limit to the width of rivers that is appropriate for in-stream flow structures, based on 

the results of the practitioner survey in Phase I of this project, some structure types such as 

bendway weirs, are considered more appropriate on wider rivers than other structures such as 

rock vanes.  Results from the survey provided a range of channel widths for rock vane 

installations between 3.7 – 41 m.  

Aspect ratio, bankfull channel depth (Hbf), slope (S), and flow (Qbf) 

Based on the selected bankfull channel width (27 m), bankfull channel depth, slope, and bankfull 

flow rate were calculated using Wilkerson and Parker (2011) and Parker et al. (2007) regression 

equations for sand and gravel bed streams, respectively.  The results of these calculations are 

shown in Table E-2 including the 95% confidence range on depth and slope.  To span a broad 

range of aspect ratios, from 10 (OSL) to 30, the depth, flow rate, and slope values were adjusted 

slightly so that the VSL-S channel had an aspect ratio of 20 and the VSL-G channel had an 

aspect ratio of 30.  These values coincide with the modes of the data plotted in Figure E-15 for 

the respective stream types.  
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Table E-2.  Channel dimensions based on hydraulic geometry relationships for sand and gravel 

rivers. 

 D50 Bbf Qbf Hbf Hmax Hmin S Smax Smin 

 mm m m
3
/s m m m    

Sand 0.5 27 48.4 1.42 2.46 0.82 0.0017 0.0041 0.0007 

Gravel 32 27 40.1 1.05 1.42 0.78 0.0022 0.0010 0.0045 

 

Expected wavelengths calculated from regime equations (Soar 2001; Williams 1986, Hey 1976; 

and Leopold 1960) for a channel width of 27 m are shown in Table E-3. By comparison, the OSL 

has a channel width of 2.7 m, a sinuosity of 1.3 and a wavelength of 25 m. 

 

Table E-3.  Meander wavelength based on a channel width of 27 m.  All values are in meters. 

Soar, 2001 Williams, 1986 Hey, 1976 Leopold, 1960 

 max min  max min   

321.3 304.0 336.7 300.7 183.5 496.2 295.0 307.8 

 

To finalize these numbers, a 1-D hydraulic model with meander bend adjustment was used to 

determine an appropriate slope and flow rate combination that would result in a meander 

wavelength value within a reasonable range.  Using an iterative process where the Qbf, S, and 

Hbf were adjusted systematically until the calculated wavelength was within the predicted range 

shown in Table E-4, the final values chosen for the VSL-G and VSL-S simulations are shown in 

Table E-4. For each stream, three meander bends has been considered in the simulations. The 

single rock structures are mounted in the middle bends. The channel planform dimensions are 

plotted in Figure E-16, which shows the numerically simulated quasi-equilibrium bed 

topography (the middle bend) for VSL-G and VSL-S. 

 

Table E-4. Channel parameters for representative sand and gravel channels for numerical 

experiments of structure installation. 

 
D50 K Bbf Qbf Hbf S λ 

 

mm  m m
3
/s m 

 

m 

Sand 0.5 1.5 27 48.4 1.35 0.0007 266.7 

Gravel 32 1.15 27 36 0.9 0.0032 328.1 
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Figure E-16.  Computed quasi-equilibrium, time-averaged bed elevation and its RMS for gravel, 

VSL-G and sand, VSL-S channels. The bed elevations are in meters.  Flow is from left to right. 

 

It is important to note that both VSL-G and VSL-S channels are modeled as live bed systems.  

For both channels, dynamic bedforms begin to appear after about 5 hours of physical simulated 

time.  The initial flat-bed stream changes continuously as a series of bedforms migrate 

downstream with various speeds and interact with each other and the immobile streambanks 

(Figure E-17).  As an example, the calculated bedforms in VSL-G have amplitude and wave 

length range of 45-75 cm and 10-15 m, respectively. The sediment is numerically recirculated 

from outlet to the inlet of the channel resulting in a quasi-equilibrium system with bedforms 

throughout the field-scale VSL-G. The characteristic length scale of the bedforms present in 

VSL-G is plotted with the effective bed shear stress,    in Figure E-18 (Van Rijn, 1993). The red 

dot in this figure falls well within the range of bedforms observed in field and laboratory data 

sets. 
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Figure E-17.  Simulated bedforms in the gravel bed stream. Color map shows the contours of 

bed elevation in meters. Flow is left to right. The channel is 0.9m deep, 27m wide and about 

700m long. This figure shows the last two bends of the selected gravel bed stream. 

 

 

Figure E-18.  Characteristic length scale of bedform captured in the field scale gravel stream 

(the red point) (Van Rijn, 1993). The table shows the range and type of the data used to establish 

this diagram including laboratory and field scale data. 

 

E.4 VSL3D Sensitivity Studies 

E.1.1 Investigating the effect of water surface on the bed 

In order to study the effect of water surface slope on the bed-morphodynamics calculations we 

carried out a series of simulations for the gravel-bed stream (VSL-G) to investigate the 

sensitivity of computed bed morphology to the location of water surface. In this study we 

employed the level set—free surface module of VSL3D along with the flow and sediment 

transport models (for more details about level-set method see Kang and Sotiropoulos (2012)). 

We used a quasi-coupled approach to couple together the hydrodynamic, morphodynamic and 

free-surface simulation modules of the VSL3D, which is described as follows. 

First, using the coupled flow and sediment transport model we simulated the bed 

morphodynamics of gravel bed stream by treating the free-surface as a rigid-lid (i.e. the free 

surface is prescribed on the top boundary of flow domain with a slope of 32×10
-4

 which is the 
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bed slope of the gravel bed stream). Figure E-19 shows the so-computed 3D bed morphology of 

the gravel bed stream at equilibrium (time averaged).  

 

 

Figure E-19.   Computed bed morphology of the gravel bed stream at equilibrium when the free-

surface is treated as a rigid-lid boundary. Color map shows the contours of bed elevation in 

meters. Flow is from left to right. 

Second, the hydrodynamic and level set free-surface modules of the VSL3D were coupled 

together to calculate the free-surface elevation over the bed bathymetry simulated in the first 

step. Figure E-20 demonstrates the calculated free surface elevation at the steady state condition.  

 

 

Figure E-20.  Computed free surface elevation at steady state condition. The bottom boundary is 

prescribed using the pre-calculated bed morphology (as shown in Figure E-19) and held fixed. 

Color map shows the contours of water surface elevation in meters. Flow is from left to right. 

As shown in Figure E-21, the difference between water surface elevation at the entrance and 

outlet is about 20 cm. Considering the total length of gravel bed meander (755m), the calculated 

water surface slope is equal to 2.8×10
-4

 which is one order of magnitude smaller that the bed 

slope of 32×10
-4

  (for the gravel bed stream).   

Third, the free surface elevation calculated in step 2 above was prescribed and held fixed (instead 

of rigid-lid assumption used in step 1) as the top boundary of flow domain and the hydrodynamic 

and morphodynamic modules are employed to calculate the new bed elevation. Figure E-21 

shows the calculated bed morphology with the calculated free surface.  
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Figure E-21.  Computed bed morphology of the gravel bed stream at equilibrium when the  

water surface is calculated using level set module. Color map shows the contours of water 

surface elevation in meters. Flow is from left to right. 

By comparing Figures E-19 and E-21, we conclude that the only major difference between the 

two results can be seen in the first meander bend at which considering the calculated free surface 

elevation has led to a slightly deeper scour near the outer bend (see Figure E-21). Overall, 

however, the differences between the bed bathymetry shown in Figures E-19 and E-21 have a 

mean rms of less than one percent. 

We performed one final iteration by keeping fixed the bed morphology of Figure E-21 and using 

it to calculate a new free surface elevation. The so-calculated free surface was only slightly 

different from the previously calculated water surface (Figure E-20).  

As the most important meander in our case is the middle meander and the effect of the calculated 

free surface on that meander is negligible we conclude that we can use the assumption of rigid-

lid for the rest of our simulations. This assumption will enable us to focus more on the 

hydrodynamics effect of flow on the bed morphology and rock structures without spending 

resources for expensive and less important free surface simulations. 

E.4.1 Investigating the effect of initial stream bed morphology on the calculated bed 

bathymetry at equilibrium 

We have simulated flow and sediment transport processes for various scenarios of stream 

restorations structures in two different streams. For all cases, flow and live-bed sediment 

transport processes have been simulated for a physical time period of over 2 months or until the 

bed morphology approached equilibrium.  Furthermore, for all cases examined in the NCHRP 

24-33 final report, various structures were installed at the start of the simulation on an initially 

flatbed bathymetry. This situation cannot be realized in the field, however, where structures are 

typically installed on an already scoured streambed.  In this appendix we report a series of 

computational experiments which seek to investigate the effect of the initial streambed 

bathymetry on the equilibrium scour patterns in the stream with installed structures.  We 

simulated a 30
o 

rock vane and a 30
o
 cross vane placed in a gravel bed stream with two different 

initial streambed conditions: flat bed and equilibrium scoured bed for the stream without 

structures. In what follows we present the results of these simulations. 

Single 30o rock vane structure installed at the apex of the gravel bed stream 

The initial bathymetry and the corresponding results of the bed morphodynamics simulations for 

the one 30
o 

rock vane structure in the gravel bed stream are shown in Figure E-22. The main 

characteristics of the sediment transport process for this case are; (a) formation of a scour hole 

downstream of the tip of rock vane; (b) deposition of sediment material at the upstream corner of 

structure; and (c) scour pattern at the outer bank of the meander due to the extended shear layer 

originating from the tip of rock vane (see Figure E-22). 

We used the equilibrium bathymetry of the empty gravel bed stream and mounted in it the same 

rock structure to address the effect of starting from fully deformed bathymetry (as shown in 

Figure E-23a). Starting from the bathymetry of Figure E-23a as our initial bathymetry, after 

almost the same period of physical time, the bathymetry reached quasi-equilibrium and Figure E-
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23b shows the time averaged bed elevation of this simulation. Again, it is worth mention that 

once the bed morphology reached quasi-equilibrium we started time averaging the bathymetry to 

create quasi-equilibrium time-averaged bed morphologies.  

In Figure E-24 we show the percentage of difference between the results of the two cases (Figure 

E-22b versus Figure E-23b) which is scaled by the flow depth as the characteristic length of 

stream flow.  The comparisons show that both have the main characteristics of sediment 

transport with the presence of one rock vane structure. As shown in Figure E-24, for the most of 

the stream, the difference is less than five percent.  

 

 

Figure E-22.  (a) Initial and (b) corresponding computed bed morphology (time averaged at 

equilibrium) for the gravel bed stream with a 30o rock vane structure. Color map shows the 

contours of bed elevation in meters. Flow is from left to right. 

 

(b) 

(a) 
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Figure E-23.  (a) Initial bed and (b) corresponding computed bed morphology (at equilibrium) 

for the gravel bed stream with a 30o rock vane structure. Color map shows the contours of bed 

elevation in meters. Flow is from left to right. 

 

 

Figure E-24.  The difference between computed bed topographies (Figures E-22(b) and E-23(b)) 

at equilibrium scaled by flow depth. 

 

Single 30o cross vane structure installed at the downstream of the straight section of 
the gravel bed meander 

The initial flatbed bathymetry and the corresponding results of the bed morphodynamics 

simulations for the one 30
o 
cross vane structure in the gravel bed stream are shown in Figure E-

25. The main characteristics of the sediment transport process for this case are; (a) formation of a 

scour pole downstream of the structure; (b) deposition of sediment material at the upstream of 

the structure (specially at the upstream corners); and (c) specific scour pattern at the apex of the 

meander which contains a less eroded area near the outer bank and a scour zone downstream of 

the apex which is due to the impinging of jet-like flow originated from flow over the cross vane 

to the bank (see Figure E-25b). 

(a) 

(b) 
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Similar to the previous case, we simulated the exact same structure placed at the exact same 

location but on the equilibrium bathymetry of the empty gravel bed stream (as shown in Figure 

E-26a). After almost the same period of physical time, the bathymetry reached quasi-equilibrium 

and Figure E-26b shows the time-averaged bed elevation of this simulation (which was initiated 

from the bathymetry of Figure E-26a).  The results of the simulations for this case are similar but 

the differences are somewhat more pronounced than for the rock vane case. Although, as shown 

in Figure E-27 for most of the stream bed area the difference is less than 10 percent. 

 

 

 

Figure E-25.  (a) Initial and (b) corresponding computed bed morphology (at equilibrium) for 

the gravel bed stream with a 30
o
 cross vane structure. Color map shows the contours of bed 

elevation in meters. Flow is from left to right. 

 

 

Figure E-26.   (a) Initial and (b) corresponding computed bed morphology of the gravel bed 

stream with a 30
o
 cross vane structure and initially deformed bed. Color map shows the contours 

of bed elevation in meters. Flow is from left to right. 
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Figure E-27.  The difference between computed bed topographies (Figures E-4(b) and E-5(b)) at 

equilibrium scaled by flow depth. 
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APPENDIX G LIST OF VARIABLES 

Channel Characteristics: 

B: width  

H: flow depth 

Qbf: bankfull discharg 

D50: median grain size 

Rc: radius of curvature 

 

 

Structures: 

RV: rock vane  

JH: J-hook vane 

BW: bendway weir/stream barb  

CV: cross vane (U-shaped) 

CVA: cross vane (A-shaped 

WW: W- weir 

 

Variables: 

A: cross-sectional area (of rock) 

Cd: drag coefficient 

D100: largest rock size 

F: drag force on a single rock 

Fo: representative drag force on a single rock using bulk velocity 

L: distance along structure 

Le: effective length perpendicular to flow 

Lu: upstream bank length 

Ld: downstream bank length 

Ls: structure length 

ScMAX: maximum scour compared to average bed elevation in baseline channel 

Sct: scour at the structure tip 

S: slope 

TKE: non-dimensionalized turbulence kinetic energy 

u: local velocity magnitude 

Vs: structure spacing 

Zbed: time-averaged, quasi-equilibrium bed elevation (Zbed = 0 at initial flat bed) 

ΔZ: Zbed with structure minus Zbed for baseline case 

Zrms: RMS of bed elevation 

ϕ: angle of repose 

ρ: density of water 

λ: wavelength 
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