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Abstract:
The St. Regis River in western Montana has been relocated and or channelized along most of its 59
kilometer length by railroad and highway construction activities. In partial mitigation for habitat loss
due to I-90 construction, the Montana Department of Transportation placed boulder clusters and other
fishery improvement structures in several kilometers of river reach between 1972 and 1982. Three
specific reaches (two with boulder clusters and one without) were selected to assess the long-term
stability and impacts of boulder clusters on channel morphology, hydraulic capacity, and sediment
transport. Detailed topographic and velocity surveys were conducted during five site visits between
October 1995 and August 1997 including data collected during one estimated 37-year event. These data
are combined with stereoscopic aerial photographs and continuous stage data to assess the influence of
the boulder clusters.

Results indicate that clusters are successful in increasing bed elevation diversity as compared to reaches
without clusters. The typical scour pattern is a scour hole surrounding the cluster with a gravel bar
immediately downstream, but different clusters exhibited different morphologic responses. Only one
cluster in 12 surveyed had significant movement of boulders in response to three flood events in excess
of 25-year return intervals. Modeling with HEC-RAS software indicates that clusters increase channel
roughness by nearly a factor of two during low (boulder exposed) flow, but have insignificant effect on
roughness for high (boulder submerged) flow. The conclusion is that boulder clusters increase
morphological diversity generally associated with improved habitat while having minimum influence
on flood risk in cobble bed rivers. 
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ABSTRACT

The St. Regis River in western Montana has been relocated and or channelized along 
most o f its 59 kilometer length by railroad and highway construction activities. In partial 
mitigation for habitat loss due to 1-90 construction, the Montana Department o f 
Transportation placed boulder clusters and other fishery improvement structures in several 
kilometers o f river reach between 1972 and 1982. Three specific reaches (two with boulder 
clusters and one without) were selected to assess the long-term stability and impacts o f 
boulder clusters on channel morphology, hydraulic capacity, and sediment transport. 
Detailed topographic and velocity surveys were conducted during five site visits between 
October 1995 and August 1997 including data collected during one estimated 37-year event. 
These data are combined with stereoscopic aerial photographs and continuous stage data to 
assess the influence o f the boulder clusters.

Results indicate that clusters are successful in increasing bed elevation diversity, as 
compared to reaches without clusters. The typical scour pattern is a scour hole surrounding 
the cluster with a gravel bar immediately downstream, but different clusters exhibited 
different morphologic responses. Only one cluster in 12 surveyed had significant movement 
o f boulders in response to three flood events in excess of 25-year return intervals. Modeling 
with HEC-RAS software indicates that clusters increase channel roughness by nearly a factor 
of two during low (boulder exposed) flow, but have insignificant effect on roughness for 
high (boulder submerged) flow. The conclusion is that boulder clusters increase 
morphological diversity generally associated with improved habitat while having minimum 
influence on flood risk in cobble bed rivers.
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Chapter I

INTRODUCTION

A renewed appreciation for the benefits o f preserving our diminishing natural 

resources and subsequent tightened regulatory requirements have led to a recent profusion 

o f channel restoration projects and the incorporation o f environmental features into channel 

modification projects. At present, there is a great interest in utilizing hydraulic structures to 

accomplish environmental objectives. Structural features such as flow deflectors, boulders, 

rock drop structures, and bank protection are incorporated to provide environmental benefits. 

These features improve the quantity and quality o f available habitat during low-flow periods, 

which are critical for many aquatic species in streams.

The placement o f individual boulders or boulder clusters is one o f the simplest and 

most commonly applied instream treatments that can improve habitat on streams of any size 

(Wesche, 1985). Boulders are ideal construction materials for habitat improvements. If 

properly selected, they are durable and have a pleasing natural appearance which harmonizes 

with the river landscape.

Instream boulder structures are believed to enhance aquatic habitat by creating 

velocity vortices and non-uniform velocity fields. The non-uniform velocity fields in turn 

create scour holes and other micro-scale geomorphic features desirable to aquatic species.
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Strategic placement o f instream boulder structures within modified channels may provide 

sufficient quantities o f diverse aquatic micro-habitats, mitigating impacts to desirable aquatic 

organisms. It may also be feasible to rehabilitate unproductive streams into healthy 

ecosystems with proper placement of boulder structures.

Although several projects have successfully employed boulder cluster enhancement 

techniques, the attainment o f environmental objectives has been as much by chance as by 

design. The selection, layout and design o f boulder cluster features have historically been 

accomplished by subjective analyses, frequently without the benefit o f engineering opinion. 

This is due, in part, to the fact that comprehensive design guidance based upon physical 

processes has not been developed for boulder cluster enhancement features. Scientifically- 

verified information on the ability o f boulder structures to increase populations of desirable 

species is limited (Nunnally and Shields, 1985). Even less information on changes in 

channel stability, discharge carrying capacity, and sediment transport (collectively referred 

to as “hydraulic performance”) of streams with boulder structures is available.

The primary objective of this study is to assess the effect o f boulder clusters on 

overall hydraulic performance and channel morphology of a river system. The findings will 

assist in the development o f comprehensive design guidance for the placement of boulder 

clusters within a stream, optimizing the habitat rehabilitation and hydraulic performance 

considerations. The specific objectives of this thesis are twofold:

I) To characterize physical changes in channel morphology due to boulder cluster 

placement.
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2) To quantify the impact o f instream boulder clusters on discharge carrying 

capacity (hydraulic grade line, energy grade line and Manning’s roughness 

coefficient, n).

Meeting these objectives required the selection o f a suitable field site. A reach o f the 

St. Regis River, MT, was selected due to it’s history o f rehabilitation utilizing instream 

boulder clusters and previous fish monitoring studies. Pressure transducers were installed 

in November, 1995, to continuously record water surface data in a reach void o f boulder 

clusters (control reach) and a reach rehabilitated with boulder clusters. Topographic field 

surveys were conducted in October, 1995, May, June, and August, 1996, and May and July, 

1997 at these two sites and a third reach rehabilitated with boulder clusters. Velocity surveys 

were conducted in October 1995, July and August, 1996, and May 1997. Bed material 

samples were collected in October, 1995. These data were combined to measure: I) 

scour/deposition patterns as influenced by the boulder clusters morphology, 2) changes in 

these patterns with time, 3) movement (failure) of boulders caused by high flows, and 4) 

influence o f the boulder clusters on channel carrying capacity.

This thesis is divided into five chapters. Chapter 2 reviews the state of the art in 

utilizing boulder clusters in stream rehabilitation projects and the current ability to predict 

the effects on bed morphology and flow conveyance. Chapter 3 describes the methodology 

used in this study. A description of the study area, data collection, and methodology used 

in the analysis is presented. Chapter 4 presents the data compilation and study results. The 

effects o f boulder clusters on channel morphology and hydraulic performance are reported. 

Finally, Chapter 5 summarizes the entire work and presents the conclusions of this thesis.
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Chapter 2

LITERATURE REVIEW

This chapter is divided into three main sections. First is an overview o f the 

utilization o f boulder clusters in stream rehabilitation. This section covers previous studies 

investigating the ability o f boulder clusters to meet restoration obj ectives, design parameters, 

and impacts to channel morphology and hydraulic performance. The second section reviews 

previous fish monitoring studies on the St. Regis River. The third and final section 

summarizes and integrates the literature. The literature review summary identifies areas in 

the layout and utilization o f boulder cluster features that are lacking in research and design 

guidance.

Overview of Boulder Cluster Application

Boulder clusters are a type of instream cover device that provide needed velocity 

breaks, refugia, and add substrate for invertebrates. Primary objectives o f boulder placement 

include the provision o f additional rearing habitat and cover for both adult and juvenile fish, 

improving and restoring pool-riffle and meandering patterns, and increasing flow diversity 

(Nunnally and Shields, 1985; Swales, 1989).
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Boulder clusters change the local channel morphology and velocity regime through 

interaction with the stream flow. Boulder clusters alter the local water velocity, which 

modifies the drag and lift forces acting on the substrate particles. An immovable obstruction, 

such as a large boulder, alters the area of flow in a stream channel. Water backs up along the 

upstream edge o f the obstruction, causing an increase in velocity around the sides, 

accompanied by the development of vortexes which scour the bed. Scour holes may develop, 

and the scoured-out material may be deposited downstream as a gravel bar. If  the obstruction 

is overtopped during high water an additional erosive force is introduced as water plunges 

over the downstream face, impinging on the bed like a jet. This force can greatly enlarge the 

scour hole below the obstacle. These changed hydraulic forces cause the stream bed to 

deform into a more complex and diverse environment.

While the literature detailing the results o f boulder placement is not abundant, most 

applications have been deemed successful. Ward and Slaney (1979) found boulders to be 

very effective in improving habitat conditions for juvenile steelhead trout (Oncorhynchus 

mykiss) and coho salmon (Oncorhynchus kisutch) in the Keogh River on Vancouver Island, 

British Columbia. Significant increases in the abundance o f both species occurred in 

improved sections o f stream. Random rock clusters in channelized areas o f the St. Regis 

River in Montana created mid-channel pools which provided good trout habitat (Schaplow, 

1976 and Lere, 1982).
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Channel Characteristics

Boulder placement is most effective in higher velocity areas that lack instream cover, 

i.e., within riffles and very shallow runs (Ward and Slaney, 1979; Payne and Copes, 1988). 

These should be placed in the thalweg, where the current is swiftest. Usually in the center 

half of the channel in straight reaches, and the outside half o f the channel in bends. This will 

produce the best scour holes, and also insure that the rocks will not be left on dry land during 

periods o f low flow (Barton and Cron, 1979). Generally, large rocks are effective only where 

velocities at medium flow exceed 0.6 to 0.9 m/sec (Barton and Cron, 1979; Nunnally and 

Shields, 1985).

In addition, channels should be characterized as having large gravel or cobble bed 

material. The substrate on which rocks are placed must be stable enough to prevent large 

rocks from being buried by undercutting. Braided, unstable sections should be avoided 

because durability o f structures could be less than five years (Ward and Slaney, 1979). 

Randomly placed boulders are usually unsuccessful on streams with beds o f sand and fine 

gravel (Nxmnally and Shields, 1985). The placement of boulders in narrow channels with 

unstable banks or where diverted flow could cause erosion problems should also be avoided.

One reference does stand out in its attempt to provide guidance in evaluating the 

potential effectiveness o f fish habitat improvement structures based on stream morphology 

and characterization. Rosgen (1996) developed a stream classification system based on 

stream morphologic and hydraulic characteristics. The applied stream classification system
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incorporates four levels into the geomorphic characterization, ranging from broad-based 

valley descriptions to detailed, quantified channel parameters.

Though a majority o f Rosgen’s (1996) analyses focus on the characterization o f 

stream types, he does provide generalized rating guidelines to assist in evaluating suitability 

o f various proposed fish habitat structures for a wide range of stream types. The main 

objective o f the suitability guidelines is to bridge the gap between the”trial and error” 

methods and detailed hydraulic calculations for various installations.

Based on the author’s applied stream classification system, boulder placement is 

rated excellent for two stream types. The two stream types, B3 and B4, are systems with 

channel gradients o f 2-4 percent, width/depth ratios greater than 12, and sinuosities greater 

than 1.2. The sinuosity o f a channel is defined as the stream length divided by the valley 

length. Both stream types are moderately entrenched, having an entrenchment ratio o f 1.4 

to 2.2. The entrenchment ratio describes the degree o f vertical containment o f the river 

channel and is computed by dividing the floodprone channel width at twice the maximum 

bankfull depth by the bankfull width. Type B 3 streams have channel materials that are 

predominantly cobble with lesser amounts o f boulders, gravel, and sand, whereas, type B4 

streams have channel materials that are gravel dominated with lesser amounts o f boulders, 

cobble and sand.

Type C3 streams are rated good. The C3 stream type is a slightly entrenched 

(entrenchment ratio greater than 2.2), meandering system with a channel slope o f 2 percent 

or less, width/depth ratios greater than 12, and sinuosities greater than 1.2. Type C3 streams 

have channel materials that are predominantly cobble with lesser amounts o f gravel and sand.
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The lower gradient o f these stream types provides more opportunity for bar development up 

and downstream o f the boulder, unless placed in meander bends.

The afore mentioned channel types are most suitable for stream improvement 

utilizing random boulders. Their description and morphologic characteristics provide a 

frame work in which boulder placement is effective in producing instream fish habitat. Other 

stream types are rated from fair, to poor, to not applicable. In general, those channel types 

being rated fair require additional bank stability improvements or flow deflection to provide 

the flow conditions favorable for boulder placement, and the stream types being rated poor 

or not applicable are not suited for boulder placement.

Boulder Material, Size and Shape

Dense igneous and metamorphic rocks are preferable to sedimentary rocks such as 

sandstones and shales (Nunnally and Shields, 1985). Glacial and river boulders, talus 

fragments, quarry stone or large pieces o f rock from the roadway excavation may be used for 

stream improvement. Angular rocks are more effective than rounded ones (Payne and Copes, 

1988). Oblong boulders placed with the longest dimension perpendicular to the flow are 

most effective (Barton and Cron, 1979, Shields, 1983; Payne and Copes, 1988). Since 

exposure conditions are severe, only rocks o f known durability should be used.

Boulder size will depend on stream size, flow characteristics, and bed stability. 

Random boulders should be sized to resist movement during high flow events (i.e., 

maximum velocities) but should be no larger in their greatest dimension than one-fifth o f the 

channel width at normal summer flows (Barton and Cron, 1979; Shields, 1983). However,
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for channels that are steeper than 3 percent, some rocks may be as large as one third o f the 

width to help dissipate some o f the stream’s energy (Barton and Cron, 1979). Barton and 

Cron (1979) also present suggested sizes for random boulder structures, which provide 

shelter and refugia for aquatic species. If  the bottom is stable, a rock of 0.6 m diameter 

weighing about 450 kg will resist movement in current velocities up to 3 m/sec. A 1.2 m 

rock will be stable in velocities up to about 4 m/sec. Payne and Copes (1988) suggest using 

irregularly shaped large boulders having a volume of 0.67 m3 or larger while Ward and 

Slaney (1979) recommend using somewhat smaller boulders (greater than 0.6 m diameter = 

0.11 m3 volume).

Boulder Cluster Placement and Pattern

Boulders can be placed either randomly or selectively, in clusters or individually 

(Barton and Cron, 1979; Wesche, 1985; Barton, 1980; Payne and Copes, 1988; Swales, 

1989). Groupings often consist of upstream or downstream chevrons (V’s). When placed 

in groups, Payne and Copes (1988) recommends leaving 2 to 3 m between individual 

boulders so that debris and sediments do not get trapped. Three to five boulders in a 

triangular configuration in staggered groups or clusters along the riffle or very shallow run 

appear to be most effective because each group guides turbulent “overhead cover” into a 

downstream group (Ward and Slaney, 1979). In steep channels, boulders may be placed in 

intermittent clusters to create “stair-step” pools (Nunnally and Shields, 1985).

Rocks are better habitat when they project above the surface during low and medium 

flows (Barton and Cron, 1979). Structures should be low enough so that their effects on the
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water surface profile will be insignificant at near-capacity discharges. Structures should be 

placed to avoid creating large areas o f uniform conditions characteristics (Shields, 1983). 

As a rule o f thumb, the maximum number o f boulders placed should not exceed one per 

27 m 2 o f channel (Barton and Cron, 1979; Nurmally and Shields, 1985; Payne and Copes, 

1988). A minimum spacing of three pool lengths between structures and a maximum pool 

length o f five channel widths is recommended (Shields, 1983). The pool spacing lengths are 

based on pool and riffle spacings o f unaltered rivers. Normally, boulder placement is not 

necessary when pool-riffle ratio exceeds 20 percent pools (Payne and Copes, 1988). The 

minimum and maximum pool spacing and pool-riffle ratio referenced by Shields (1983) and 

Payne and Copes (1988) are based on characteristics o f undisturbed rivers and streams.

Bed Morphology

The two most common bed forms found near boulder clusters are gravel bars and 

scour pools (Cullen, 1991). Eddies existing in holes created downstream of boulder 

structures provide rest and feeding positions for aquatic organisms. Gravel deposits located 

downstream of the scour hole and, in some cases directly upstream of the structure, may 

provide suitable spawning gravels and food producing areas. Cullen (1991) analyzed the 

vortex mechanisms o f local scour at modeled boulders. The author initiated this research 

because instream boulders, and the stream bedforms they create, are among the types o f 

habitat used by both juvenile and adult salmonids. Preferred summer microhabitat for 

juvenile salmonids consists o f deep water in conjunction with submerged cover. Boulder
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clusters can provide both deep water and cover when a scour pool is formed that undercuts 

the rock.

In a laboratory flume, Cullen (1991) used boulders of varying geometry to induce 

scour. He found that instream boulders create scoured areas in streams by increasing local 

water velocities near the substrate, which increases the local drag and lift forces that act on 

substrate grains. This high velocity, spiraling mass o f water (a vortex) acts as the mechanism 

of local scour. Cullen (1991) concludes that the complexity o f the local scour phenomenon 

arises from the hydraulic interaction among water flow, large roughness elements, vortices, 

and deformable substrate.

Fisher and Klingeman (1984) used laboratory flume studies, field experiments and 

field observations to search for evidence o f quantifiable relationships between the variables 

involved in the scour process around boulder clusters. Flume studies were conducted in a 

4.9 m long by 1.1 m wide by 0.5 m deep rectangular flat-bed flume with once-through flow. 

Median grain size comprising the bed was 1.5 mm. Runs consisted o f establishing a uniform 

flow over the coarse sand bed and then placing a boulder on the bed surface. Two boulder 

sizes were utilized. The first boulder had a volume o f 0.0018 m3, height o f 0.13 m, width 

o f 0.19 m and length o f 0.14 m. The second boulder had a volume o f 0.0050 m3, height of 

0.17 m, width o f 0.26 m and length o f 0.23 m. Boulders were initially placed with their 

longest axis normal to the flow direction. Run durations were approximately 22 hrs. Flow 

depth varied from a depth which exposed the boulder tops to depths which submerged the

boulders.
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The scour patterns that developed in the flume experiments were horseshoe-and-wake 

types similar to those typically occurring at piers. The patterns showed scour around the 

leading edge o f the rock, where the deepest scour occurred, and a series o f successive scour 

and deposition zones (like ripples) forming a downstream “V” pattern with the rock at the 

apex. Deposition occurred downstream of the rock within the “V”.

The authors found a similar pattern developed with the artificial rocks that were 

placed in Oak Creek, a small forest stream in western Oregon. The extent o f the scour and 

deposition varied considerably, but the same general pattern as described in the flume study 

was evident in all cases. Natural rock placed in Tobe Creek, a small creek on the Oregon 

coast range, also induced a similar pattern o f scour and deposition. In this case, the scour 

was not as evident but the deposition area was clearly defined.

Fisher and Klingeman (1984) used data from the flume studies to develop the 

following relationships:

DZDsm = 0.026 F  -2-61 with R2=0.80 (I)
D_/h,=0.306 ( V / V r * with R2=0.83 (2)
V = 4.169 Dsm1-911 w ithR 2=0.91 (3)

where D - water depth (ft), Dsm = maximum depth o f scour (ft), F  = the Froude number, he 

vertical height o f rock (ft), Vs = volume of net scour (ft3), and Vr = the volume of the boulder 

(ft3). For the given coarse sand bed, with uniform flow and clearwater scour conditions, the 

authors make the following conclusions regarding boulders initially placed on a flat bed:

I) For a given water depth, the maximum scour depth varies with average channel 

velocity to the 2.61 power. Thus, if  velocity doubles (as indexed by the F), the

maximum scour will increase sixfold.
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2) For a given velocity, scour depth is maximized at a single water depth. An 

increase or decrease in depth will cause a decrease in the maximum scour depth.

3) In general, the volume o f scour varies with the maximum depth o f scour to the 

1.91 power. This relation may be dependent upon individual rock shape.

4) For a given velocity and boulder size, the volume o f scour appears to be 

maximized when the ratio o f water depth to rock height is between 0.4 and 0.6.

5) Individual fish rocks develop a horseshoe-wake scour pattern, with the maximum 

scour depth occurring at the upstream face o f the rock. Deposition occurs 

immediately downstream of the rock.

Klingeman (1984) expanded on the research o f Fisher and Klingeman (1984). The 

flume data and experimentation detailed in the previous paper were utilized in this paper. 

The author states that the maximum depth o f scour compared to the volume of scour hole is 

dependent upon the size o f the bed material. A nomograph showing the relationships o f Dsm 

vs. Vs based on laboratory flume studies with bed sediment sizes o f  1.5 and 6.8 mm was 

provided. It illustrates that for a given scour volume, the depth o f scour was greater for the 

coarser bed sediment. It was also suggested that there is an upper limit to the volume o f 

scour. A graph relating VsZVr vs. F indicated that for 0.34 m3 boulders and 1.5 mm bed 

sediment, the a maximum VsZVr ratio was approximately 4.7 at a F o f 0.25. The maximum 

VsZVr for 0.40 m3 boulders and 1.5 mm bed sediment was approximately 2.0 at a F o f 0.21. 

Froude numbers less than or greater than these values resulted in lower VsZVr ratios.

Further, Klingeman (1984) states that more o f the scour volume occurs at the 

upstream side o f the boulder than downstream. It was also observed that when severe scour
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first occurred, is caused the boulder to rotate upstream and to partially sink into the scour 

hole. Most likely due to the small bed sediment size as compared to the size of the modeled 

boulders.

St. Regis River Studies

Schaplow (1976) assessed the effects o f stream channelization and habitat 

improvement structures on the St. Regis River, Montana. The study reach extended from the 

convergence o f Borax Creek (approximately 5 km downstream from the St. Regis Lakes) to 

Saltese, Montana. Electrofishing techniques were used in sampling trout populations in 

unaltered, partially altered, altered with mitigating structures (step dams, random rocks, and 

jetties), and “old” altered sections. The step dams, random rocks and rock jetties were 

installed in 1972 and 1973. Mitigative devices (i.e., boulders and rock jetties) designed to 

alleviate the adverse effects o f channelization were effective. Following two spring runoff 

events, Schaplow found that average trout populations in the mitigated sections were 

significantly greater in number and equal in weight when compared to unmitigated altered 

areas.

The author stated that morphological parameters, with the exception of thalweg 

deviation (the standard deviation o f thalweg depths), suggest more trout habitat available in 

the random rock area than in the control and other mitigated areas. Scouring in the random 

rock section resulted in the greatest depth diversity in the study area. Pools in the control 

sections were spaced at 7.1 and 8.6 channel widths. Pools in the random rock section were 

spaced at 3.6 channel widths. Schaplow (1976) concluded that pools created around each
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boulder and rock jetty are probably the most important factor in maintaining trout 

populations in altered stream sections.

Lere (1982) evaluated randomly placed boulders, rock jetties, and log step dams that 

have been in Montana streams for at least five years. The author’s objectives were to 

evaluate the changes in physical habitat associated with these improvement structures, to 

evaluate the persistence and integrity of these structures, and analyze the response o f trout 

population to the habitats created by these structures. The author found that random boulders 

and rock jetties placed in channelized sections of the St. Regis River appeared to have 

restored habitat for cutthroat trout (Salmo clarki) and brook trout (Salvelinus fontinalis) 

populations. A 3 km reach of the St. Regis River located upstream o f Saltese, Montana was 

studied. T otal numbers of trout were least in a control section, greatest in a section mitigated 

with random boulders, and intermediate in a section mitigated with rock jetties. Sections 

with mitigative structures had greater pool frequencies than the control.

Boulders clusters created a pool frequency that was comparable to frequencies found 

in unaltered sections. Boulders were grouped in clusters that created a series o f cascades and 

“stair-step pools’’ throughout a 455 m length of the study section located 2.5 km upstream 

of Saltese, Montana. Lere (1982) found that the number of boulders in the channel had not 

significantly changed since installation. However, the positions o f these boulders had 

apparently been altered to some extent. The author did not provide a description of the 

altered boulder positions.

The expense o f installing instream structures for enhancement and mitigation makes 

it imperative that placement produce effective and long-lasting results. Lere (1982) found
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the boulders installed in the St. Regis River were functionally stable 8 years following their 

installation. Twelve o f the 18 rock jetties were functionally intact 7 years following 

installation. Lere (1982) stated that boulder stability is primarily a function of the boulder 

volume and size o f the bed material upon which it is placed. However no guidance of proper 

boulder volume or bed material size was provided. Boulders utilized in this reach of the 

St. Regis River exceeded 0.6 m3 and were placed on rubble bed material (89.8 percent o f the 

bed material were greater than 6.4 cm).

Literature Summary

Attaining the requisite depth and velocity distributions to ensure a healthy aquatic 

ecosystem in modified channels often requires the use o f instream boulder clusters; which, 

by virtue of their effect upon flow configuration, create depth and velocity diversity in an 

otherwise monotypic channel. A requirement o f these features is that they facilitate “natural” 

channel conditions during low flow, but permit the channel to convey flood flows without 

an appreciable increase in depth.

A literature review was conducted to identify design guidance and instream 

restoration techniques utilizing boulder clusters. The literature review provides indicators 

o f potentially successful methods and practices. The available design guidance utilizing 

boulder clusters to enhance aquatic habitat are briefly summarized in Table I . It should be 

noted that the information in the table was derived from gravel bed stream projects.

Care must be taken when applying the guidelines presented in Table I . The existing 

design guidance for instream features is largely biological in nature and o f limited practical
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Table I. Summary o f Boulder Placement Criteria (based on cited literature)

Design
Parameter

Literature-Based Criteria References 
(see footnotes)

Objective - increase instream cover, improve and restore pool- 
riffle and meandering patterns, and increase flow 
diversity

c , f

Stream Type - areas that lack instream cover, i.e., within riffles 
and very shallow runs

- wide, shallow, and high-velocity stream channels

4 g

- avoid braided, unstable sections g

Bed - large gravel or cobble bottom types. g
Composition

Stream - exceeds 0.6 or 0.9 m/sec b, c
Velocity

Boulder - angular igneous and metamorphic rocks c, d
Type - rocks o f known durability

Stream - where the current is swiftest, usually in the center b
Position half o f the channel in straight reaches, and the 

outside half in bends
- avoid diverting the current into soft or unstable 

banks
C

- project above the surface during low and medium 
flows

b

Pattern - placed either randomly or selectively, in clusters 
or individually

a, b, d, f, h

- a minimum spacing o f three pool lengths between 
structures and a maximum pool length of five 
channel widths

e

- place oblong boulders with the longest dimension 
perpendicular to the flow

b, d, e

Size - not greater than one fifth the width of the channel b, e
at normal summer flows

- greater than or equal to 0.6 m in diameter g

Frequency - one boulder per 27 m2 o f channel b, c, d
a. Barton, 1980 e. Shields, 1983
b. Barton and Cron, 1979 f. Swales, 1989
c. Nunnally and Shields, 1985 g. Ward and Slaney, 1979
d. Payne and Copes, 1988 h. Wesche, 1985
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use to the design engineer. Criteria that provide engineering guidance compatible with both 

flood conveyance and low-flow habitat enhancement objectives are lacking. A study by 

Fisher and Klingeman (1984) which was expanded on by Klingeman (1984) provided 

predictive correlations relating scour volume and maximum scour depth to boulder volume, 

boulder height and depth o f flow. However, these correlations were developed in a sand bed 

flume and have not been verified by field analysis.

The lack o f field-verified impacts o f boulder size and placement on channel 

morphology and channel roughness results in a project designer relying on his/her experience 

or the successes and failures o f other projects for guidance. Field-verified relationships are 

needed to expand the work of Fisher and Klingeman (1984) and quantify the impacts on 

channel roughness.

This research addresses two particular areas in the design and implementation o f 

boulder clusters for stream rehabilitation that are lacking in current literature and design 

guidance. These two areas are: I) the lack o f field-verified predictive equations relating 

boulder cluster size/configuration and the resultant effects on bed morphology, and 2) the 

effects boulder clusters have on channel carrying capacity. The identification of an 

appropriate field site was required for these analyses. Additionally, detailed channel and 

boulder cluster surveys were required to quantify morphologic characteristics and resultant 

scour/deposition related to the cluster placement. This topographic data, in conjunction with 

detailed velocity measurements over a range o f discharges, were required to quantify the 

channel hydraulic performance.
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Chapter 3

DATA COLLECTION 

. Description of Study Area

The St. Regis River in west-central Montana, USA was selected as the field site to 

study hydraulic and geomorphic factors affecting boulder structure performance on a steep- 

gradient cobble-bed river system (Figure I). The St. Regis River has its headwaters at the 

upper St. Regis Lake on the east slope o f the Bitterroot Mountains in the northwestern comer 

of Mineral County, Montana, USA. The headwater is at an elevation o f 1,707 m above mean 

sea level and the river flows southeasterly for 59 km to its confluence with the Clark Fork 

River at an elevation o f805 m above mean sea level near St. Regis, Montana. Mean annual, 

minimum, and maximum discharges measured near the town o f St. Regis over a 17 year 

period ending in 1975 were 16.4, 1.2, and 273 mVsecond, respectively (U. S. Geological 

Survey, 1976). A channel forming discharge was calculated at approximately 

118.3 mVsecond using a two year return interval discharge (Q2yr).

The narrow valley o f the St. Regis River (Figure 2) has been used as a transportation 

corridor since the late I SOO's. Much of the river has been channelized or encroached upon 

as a result o f railroad and highway construction. The Montana Department o f Transportation 

was required to place structures in various locations along an approximate 24 km reach of
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this river between 1972 and 1982 to mitigate, in part, increased channelization o f the river 

due to construction o f a limited access highway.

Little information is available which detail the objectives and design of the boulder 

cluster mitigation project. A report by the Lolo National Forest and Montana Fish and Game 

Department (1972) described an approach by which the physical habitat of the St. Regis 

River could be developed to enhance its physical environment for salmonid fishes. It was 

indicated that the river lacks quality pools and overhead cover. The report recommended the 

random placement of boulder groups, single large boulders, and offsetting jetties (rock jetties 

placed along the channel banks, alternating form left to right banks) for habitat rehabilitation. 

Boulders placed in groups were to consist o f 4 to 6 boulders with the size of
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individual boulders in the range of 3-5 m3, Placement o f the habitat development structures 

were to be designed to create a meandering flow pattern which will encourage areas of 

cutting and deposition. Exact placement o f boulder structures was to be supervised during 

construction by Forest Service personnel.

Two specific river lengths, approximately 1.4 km apart were selected as the primary 

study area. The more upstream reach contained a cluster set (set D) containing six boulder 

clusters spaced approximately 28 m apart. The six clusters (numbered consecutively from 

upstream) have three to six boulders per cluster. The downstream section contained a control 

reach (without boulder clusters) approximately 152 m  long located immediately upstream 

of the downstream cluster set E . Cluster set E also has six clusters placed approximately 22 

m apart constructed from three to six boulders each. All reaches are characterized by a 

relatively natural left bank (looking downstream) and a right bank which is confined by a 

nearly vertical wall from an abandoned railroad grade. The boulder clusters were placed in 

these two reaches between 1980 and 1982.

Data Collection

Field visits were conducted in October 1995, May, July, and August 1996, and May 

1997. Hydrologic and hydraulic data collected during these field visits included water 

surface elevations and velocity measurements. Morphologic data o f the river channel and 

boulder clusters included channel topography surveys (T), bed material Samples (BM), and 

a photographic record. Table 2 details the information collected on specific visits.
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Table 2. Data collected at Set D, the control, and Set E Reaches for specific visits.

Reach Oct. 1995 May 1996 July 1996 Aug. 1996 May 1997

Set D T3 WSE3 V3 
P

Control T, WSE, V, 
BM3P

WSE3P T3 WSE3 V3 
P

WSE3 V3 P

Set E T5WSE3V,
BM3P

WSE3P T3 WSE3 V3 
P

WSE3 V3 P

T5 channel topography BM5 bed material samples
WSE5 water surface elevation P5 photographic record
V5 velocity measurements

Thirty-six, nine, and thirty-two cross sections were established throughout boulder 

set D, the control, and boulder set E. Cross sections were established to characterize the 

channel geometry. Channel characteristics throughout the control reach varied little and 

cross section transects were established at approximately 30m increments. The downstream 

cross section was labeled as CXSl and the cross section numbers increased to CXS9 in the 

upstream direction. Throughout the boulder cluster reaches, cross sections were established 

immediately upstream and downstream of each cluster and through the centerline o f each 

cluster. Two additional cross section lines were established between each cluster and 

downstream of the last cluster o f each reach. The downstream cross section o f boulder set 

D was labeled as X Sl and increased in value in the upstream direction to XS32. The 

upstream cross section (same as CXS I) o f boulder set E was labeled as X Sl and increased 

in the downstream direction to XS32.

Cross sections were surveyed using a total station. A local reference elevation was 

established as 33.3 m at the first instrument location. Transects were established

perpendicular to the flow with wooden stakes and cross section identifiers located on the
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right top bank. Cross sections covered the entire active river width, from left top bank to 

right top bank. Approximately 15 to 20 survey points were collected along each cross 

section. Survey points were collected along the channel bed at slope changes. Survey points 

were collected at the left bottom, left top, right bottom and right top o f boulders when 

encountered by cross sections.

Detailed surveys o f the bed and boulder morphology were also collected at each 

cluster of boulder cluster sets D and E.. Approximately 4 to 8 survey points were collected 

around the top perimeter and around the bottom perimeter of each individual boulder. 

Approximately 20 additional survey points were collected o f the bed morphology. O f these 

points approximately 6 to 8 points were collected delineating the extent o f scour (change in 

slope from the original bed to scour hole). The remaining points were collected to 

characterize variation in scour depth. In addition to these points, survey points were 

collected throughout boulder set D to characterize the extent o f the gravel bar.

TERRAMODEL (Plus 3 Software, Inc., 1996) was used to develop contour maps o f 

boulder set D, the control and boulder set E for each field visit that topographic surveys were 

collected, quantify channel and boulder morphologic characteristics, and develop cross 

sections for backwater modeling and discharge computation. Linear interpolation was used 

to generate elevation contours. The HEC-RAS (Hydrologic Engineering Center, 1995) 

backwater model was utilized to calibrate a Manning’s n roughness coefficient for each 

measured discharge and to quantify the hydraulic characteristics o f these discharges.

Velocity measurements were taken using a MMI Model 2000 Flo-Mate portable 

flowmeter manufactured by Marsh-McBimey, Inc. during the October 1995, July and August
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1996 surveys. During the May 1997 survey, a Price type AA flowmeter attached to a 

standard 50 lbs. weight was used.

In addition, a photographic characterization o f an approximate 15 km section o f the 

river containing eight distinct cluster sets and approximately 60 individual boulder clusters 

was conducted in October 1995. This photographic survey was repeated on the study reach 

in May, July and August 1996, and May 1997.

The bed material composition for the control and boulder set E reaches was 

characterized in October, 1995. Bed material samples were collected by either the WoIlman 

pebble count method (Wollman, 1954) or by collecting a bulk sample and sieving the 

material. The method o f sampling was dependent on the bed material size. Areas dominated 

by coarse gravel, cobble or larger rock were sampled using the Wollman pebble count. 

Areas with a high percentage o f finer material were sampled and sieved in the lab.

Bed material samples were collected at cross sections CXS9, XS I, and XS32. Each 

cross section was divided into sub-sections with visually similar bed material sizes. Each 

sub-section was characterized by one of the methods described above and a weighted average 

was determined using the sub-section length as a weighting factor. Gradation curves for the 

three cross sections are found in Appendix A. The d35, d50, and dg4 of cross sections CXS9, 

XS I, and XS32 were 275,357, and 529 mm, 153,188,448 mm, and 164,256, and 498 mm, 

respectively.

Pressure transducers were placed inNovember 1995 at three cross-sections; upstream 

of the control reach (CXS9), between the control and boulder set E reach (XSl), and 

downstream of set E reach (XS32). Once placed securely in the river, their positions were
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surveyed as controls. The transducers were Telog WLS-2109e Level Tracker™ recorders 

manufactured by Telog Instruments, Inc. These transducers use strain gage pressure sensors 

to record differences in hydraulic pressure due to water depth. These transducers were 

programmed to record the minimum, average, and maximum hydraulic pressures on five 

minute intervals and average these values over a six hour period. These quarter-day average 

hydraulic pressure recordings had to be converted to depth of water above each transducer 

to compute the water surface elevation.

The July 1996 field survey revealed that the three gages had moved as a result o f the 

three high flow events during the fall and spring months. The “moved” positions were 

surveyed for adjustment calculations. The gages were then more securely anchored in the 

approximate same location and resurveyed as new July 1996 locations. The previous data 

had to be correlated to the new more permanent positions.

The recorder data were compared with a permanent downstream U.S. Geological 

Survey (USGS) gage located approximately 30 km downstream near the town of St. Regis, 

MT. The gage is no longer maintained by the USGS, however, the U.S. Weather Service 

does continue to compile stage data for flood prediction. An analysis to determine the date 

and time at which each pressure transducer moved was unsuccessful. The stage data 

collected by the pressure transducers were therefore not utilized in the hydraulic and 

geomorphic analysis of this research.

The stage data were used to develop a representative plot o f the stage over time for 

each pressure transducer to approximate the discharge hydrograph. The movement o f the 

pressure transducers was accounted for by adding the difference between the November 1995
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and “moved” July 1996 surveys to the new transducer positions established in July, 1996. 

The upstream, middle and downstream adjustments were 0.20, 0.30, and 0.26 m, 

respectively. Due to the unsuccessful determination of the time at which each transducer 

moved, the entire data set o f each transducer prior to the July 1996 survey was adjusted in 

this manner.

The July 1997 field visit revealed that the upstream pressure transducer had again 

moved. The “moved” position o f the upstream pressure transducer was surveyed and the 

transducer was again securely replaced in the channel and resurveyed. The survey indicated 

that the upstream pressure transducer elevation had not changed by more than 0.05 m 

between the July 1996 and July 1997 survey even though the location had changed. 

Therefore no adjustment was made to the data set.

This method provided water surface elevations that varied from the water surface 

elevations measured in May and July 1996, and May 1997 by not more than 0.03 m during 

the low flow surveys and not more than 0.15 m at the two high flow measurements. The 

0.15 m discrepancy between the measured water surface elevation and the adjusted gage 

water surface elevation is considerably higher than the discrepancy at the low flows. 

However, the error in measuring the water surface elevation during the higher discharge 

events is increased due to greater wave action and turbulence.

The adjusted stage recordings for the three transducers are shown in Figure 3. The 

transducers located at CXS9, X SI, and XS32 are labeled as US Gauge, MD Gauge and DS 

Gauge, respectively. Note the four high flow events. Approximate return intervals for these 

events were determined to be a 21 year event on November 30, 1995, a 37 year event on
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February 9, 1996, a 4 year high spring runoff on May 18, 1996, and a 38 year event on May 

16, 1997. The frequency distribution curve was reported by the Montana Department of 

Transportation ( 1992)(Appendix B).

St.Regis River Stage Readings

4 yr

— 29
US Gauge

MD Gauge

DS Gauge

Feb 96 Feb 97

Figure 3. St. Regis stage readings from November, 1995 to July, 1997.
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Chapter 4

RESULTS

Channel Morphology

The St. Regis River, from DeBorgia downstream to the confluence with Ward Creek 

(a 25 km section which includes the study reaches), was characterized using the stream 

classification system proposed by Rosgen (1996). Field surveys o f this reach resulted in the 

following characteristics:

- channel slope, 0.004;
- entrenchment ratio, 1.4;
- width/depth ratio, 18.1;
- channel material, cobbles.

The geomorphic characterization o f the St. Regis River, resulted in a Type B3c stream. The 

moderate entrenchment ratio and moderately steep valley type o f the St. Regis River more 

closely fit the Type B stream than the Type C stream. The postscript c on the B3 stream type 

indicates slopes that are less than 0.02. The Type B streams exist primarily on moderately 

steep to gently sloped terrain, with the predominant landform seen as a narrow and 

moderately sloping basin. "B" stream types are moderately entrenched, have a cross section 

width/depth ratio greater than 12, display a low channel sinuosity value, and exhibit a
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Table 3. Stream characteristics o f boulder sets D5 the control reach and boulder set E.
Stream Characteristics Boulder Set D Control Reach Boulder Set E

Reach Length 198 m 152 m 150 m

Slope o f  min. bed ele. 0.007 0.002 0.007

Radius o f  Curvature 664 m 386 m 168 m

# o f Boulder Clusters 6 0 6

- associated bedform large gravel bars, 
small and large 
scour holes

N/A large scour holes, small 
downstream gravel bars

"rapids" dominated bed morphology. Table 3 summarizes reach length and relevant slopes 

for the upstream boulder set D5 the control reach and boulder set E.

Initial observations along the St. Regis River indicate that either scour holes or 

dominant bars are the two bedforms most often associated with the boulder cluster sets. 

Many sets in place on the St. Regis River5 including set D5 appear to have large bars and 

relatively small scour holes associated with the clusters (see Figure 4 and 5). Other sets have 

boulder clusters with large scour holes and small downstream submerged bars. Set E5 with 

dominant scour holes, both upstream and downstream of the boulder clusters, is typical o f 

this morphology (Figures 6 and 7). Sets D and E have nearly identical flow rates and bed 

Composition5 yet the bed morphology of these reaches is very different.

The bed morphology o f boulder set D changed significantly between the October 

1995 and July 1996 site visits, apparently due to one or more of the intervening high flow 

events. Very different bar patterns were evident at these visits, though the location o f the 

individual boulders was visually constant over the time period. Interestingly, the July 1993
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I Gravel Bar, August 1996

Figure 4. Topographic view of boulder set D.



32

Figure 5. Boulder set D looking upstream.

aerial photographs show a pattern very similar to the July 1996 pattern, indicating bar 

patterns are very dynamic and perhaps cyclic.

Over the duration of the study and the intervening high flow events, little geomorphic 

change in either set E or the control reach was visually noted. No significant changes in 

channel width or depth were measured between the Oct. 1995 and July 1996 surveys. 

However, the detailed surveys revealed changes in boulder position and the extent and 

location o f scour.

The different morphology of the boulder set D reach as compared to the control and 

boulder set E reaches raises a question as to the correct stream classification o f the individual 

study reaches. Using Rosgen’s (1996) stream classification methodology, the boulder set D, 

control, and boulder set E reaches are all B3c stream types. However, there are differences
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Figure 6. Plan view of control reach and boulder set E.
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Figure 7. Boulder set E looking upstream.

in channel morphology not included in Rosgen’s technique which may explain why there 

are prominent gravel bars throughout the boulder set D reach and not in the control and 

boulder set E reaches.

The radii of curvature o f the control and boulder set E are 60 and 25 percent o f the 

radius o f curvature of boulder set D reach. The sharper bend associated with the control 

reach and especially boulder set E reach would provide higher velocities and sediment 

transport though these reaches.

Additionally, comparing the W/D ratio and shear stress (quantified later in this 

chapter) of the set D reach to that of the control and set E reaches may also provide some 

insight as to why bars have developed through the set D reach and not the other two reaches 

analyzed. The W/D ratio o f the boulder cluster set D reach is more than twice that of the



35

control or boulder cluster set E reaches. The higher W/D ratio increases channel area and 

reduces average channel velocities. The reduced channel velocities and flow depths combine 

to reduce average channel shear stress. The average channel shear stress in the boulder 

cluster set D reach is about half that o f either the control or boulder cluster set E reaches. 

Reduction o f velocity, flow depth and shear stress combine to reduce the sediment transport 

capacity o f the set D reach.

The channel morphology analysis o f the three reaches indicates that the difference 

in channel bedform between boulder set D and that of the control and boulder set E is due 

to the reach-wide channel morphologic characteristics (e.g., WZD ratio, average channel 

velocity, and average channel shear stress) and not due to the placement o f the boulders. The 

channel morphologic characteristics o f boulder set D, combined with the current hydrologic 

regime, results in the deposition o f mid-channel bars that shift position during high flow 

events. The channel morphologic characteristics o f boulder set E, combined with the current 

hydrologic regime, results in a more stable bedform that passes the incoming sediment load. 

The placement of boulder clusters in either o f these reaches did not affect the sediment 

capacity o f the channel.

Aerial photographs taken in September, 1977 of the three reaches prior to boulder 

cluster placement also verify this observation. The boulder set D reach had prominent mid

channel bars prior to the placement of boulder clusters. The control and boulder set E 

reaches appear very similar to the current channel.
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Cluster Morphology and Stability

The detailed surveys o f boulder set D, conducted in August, 1996 and o f boulder set 

E, conducted in October 1995 and repeated in July 1996 were used to quantify the channel 

bed and boulder cluster morphology and configuration o f individual boulders. Plan views 

of boulder clusters D1-D6 are illustrated in Figures 8 through 10. Bed elevations are 

contoured at 0.3 m intervals and are shaded to illustrate differences in bed elevation. The 

survey elevations are referenced to an arbitrary 33.3 m datum established near boulder set E 

(the initial instrument location o f the October, 1995 survey). The individual boulders are 

also contoured at 0.3 m increments, increasing from the elevation o f the bed surrounding the 

boulders.

Placement and configuration of boulder cluster D l i s  shown in Figure 8. Cluster D I 

is placed in the center o f the channel. The channel thalweg is to the right of the cluster. 

Three boulders are associated with this cluster. Two 1.7 m boulders are located immediately 

upstream o f a 3.5 m boulder. The scour associated with this cluster is found primarily 

immediately downstream of the largest boulder, however shallower areas o f scour are found 

along the sides o f the cluster. The maximum depth o f scour is also located downstream o f 

the largest boulder.

Boulder cluster D2 is comprised o f four boulders (Figure 8), resembling a diamond 

shape. The boulders range in size from 2.0 to 2.8 m  in the longest dimension. This cluster 

is located to the left of center channel, approximately 16m downstream from D I . The scour 

around cluster D2 resembles the horseshoe pattern as described by Fisher and Klingeman



SetDl Set D2

Bed Elevation 31.1-31.4 m I l  31.4-31.7 m 31.7-32.0 m 32.0-32.3 m

Boulders are contoured at 0.3 m intervals.

F igure 8. Boulder cluster sets Dl and D2 configuration and bed topography surveyed in August, 1996.



Set D3 Set D4

Bed Elevation 31.4-31.7 m H  31.7-32.0 m 32.0-32.3 m Q  32.3-32.6 m

Boulders are contoured at 0.3 m intervals.

F ig u re  9. Boulder cluster sets D3 and D4 configuration and bed topography surveyed in August, 1996



Set D5 Set D6

8 9 m I

Bed Elevation: 30.8-31.1 m 31.1-31.4 m HJJJJJ 31.4-31.7 m

32.0-32.3 m Q  32.3-32.6 m

Boulders are contoured at 0.3 m intervals.

6 7 8 9m

Q  31.7-32.0

F ig u re  10. Boulder cluster sets D5 and D6 configuration and bed topography surveyed in August, 1996.
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(1984). The maximum scour depth is found just to the river left o f the cluster. A prominent 

depositions! area is found immediately downstream of the cluster.

Boulder cluster D3, shown in Figure 9 is placed in the center o f the channel, 

approximately 35 m downstream from cluster D2. The cluster consists o f four boulders 

ranging in diameter from 1.2 to 2.8 m. The cluster is not as compact as the other clusters in 

this set. Minimal scour is associated with cluster D3 and is found primarily between the 

individual boulders comprising the cluster. The areal extent o f the scour is small compared 

to clusters D l and D2.

The bed and boulder morphology of cluster D4 is shown in Figure 9. The cluster 

consists of five boulders. The lengths o f the longest axis range in size from 0.9 to 2.0 m. 

Cluster D4 is placed approximately 17 m downstream from cluster D3, in the right third o f 

the channel. The channel thalweg is to the right o f the cluster. The scour around cluster D4 

resembles a horseshoe pattern, however the depth o f scour is not great. Bed scour is found 

immediately behind the cluster and extends along the sides of the cluster with the maximum 

depth o f scour located along the right side o f the cluster.

Cluster D5 is illustrated in Figure 10. The cluster consists o f two boulders. The 

smaller boulder is approximately 0.9 m in the longest dimension and the larger boulder is 

approximately 1.8 m in  the longest dimension. Cluster D5 is located to the right of channel 

center, 25 m downstream o f cluster D4. The scour is located primarily along the sides and 

downstream of cluster D5. Cluster D5 is surrounded by a gravel bar during the August 1996 

survey and the extend o f scour was minimal.
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The morphology and configuration o f boulder cluster D6 is shown in Figure 10. 

Cluster D6 is located in the thalweg to the right of channel center. Cluster D6 is 

approximately 53 m downstream of cluster D5. Four boulders are associated with this 

cluster. Boulders range in diameter from 1.7 to 2.3 m. Scour resembles a horseshoe pattern, 

beginning upstream and trailing along the sides and downstream of the cluster. A prominent 

scour hole is present with the deepest areas o f scour found immediately downstream of the 

cluster and downstream and to the left of the cluster.

Plan views of detailed surveys comparing the stability and morphology of boulder 

clusters E1-E3, E5 and E6 between October, 1995 and July, 1996, are illustrated in 

Figures 11 through 15. A comparison of cluster E4 is not included in this analysis as a 

detailed survey was only conducted in July, 1996. Bed elevations are contoured at 0.3 m 

intervals and are shaded to illustrate changes in scour and patterns. The survey elevations 

are referenced to an arbitrary 33.3 m datum established at the first instrument station. The 

individual boulders are also contoured at 0.3 m increments, increasing from the elevation of 

the bed surrounding the boulders.

Placement and configuration o f boulder cluster E l is shown in Figure 11. Cluster E l 

is placed in the thalweg to the right o f channel center. Five boulders are associated with this 

cluster. Boulders range in diameter from 0.6 to 2.0 m. Scour depths up to 0.3 m dominate. 

The scour pattern surveyed in October, 1995 formed an approximate "horseshoe" around the 

cluster. The July 1996 survey revealed that the scour was now predominately left and

downstream of the cluster.
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F ig u re  12. Boulder cluster E2 bed elevations surveyed in October 1995 and July 1996.
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47

Two of the boulders o f cluster E I show signs o f movement. The boulder on the left 

rotated clockwise, most likely as a result of the increased scour to its left. The downstream 

boulder rotated counter-clockwise and moved downstream 0.4 m. The largest boulder, on 

the right side o f the cluster, and the two smaller boulders near it show no signs of movement.

Boulder cluster E2 is comprised o f four boulders (Figure 12). One extremely large 

boulder (3.1 m in  length in its longest dimension) is placed perpendicular to the flow. Three 

smaller boulders, with diameters ranging from 0.8 to 1.2 m, are placed upstream and to the 

left o f the dominant large boulder. This cluster is also right o f center channel, in the outside 

half o f the bend, 24 m downstream from cluster E l . Scour around the cluster is the primarily 

downstream and to the left. No significant change in scour pattern has been measured 

between the October 1995 and July 1996 surveys. The boulders also show sound stability. 

No movement or rotation o f any of the boulders was measured.

Boulder cluster E3, shown in Figure 13, is placed just left of center channel, 31m  

downstream from cluster E2. The cluster consists o f five boulders ranging in diameter from 

1.2 m to 2 .1 m. The October 1995 survey shows that the cluster is not a compact cluster but 

is elongated in the flow direction. This may be an indication that the cluster has experienced 

movement in the past. The July 1996 survey illustrates this clusters instability with the 

movement o f two boulders 3 m downstream. The boulders are now streamlined with the 

flow, having spacings from I to 2 m between boulders. Interestingly, the three upstream 

boulders never moved during these high flows.

The two surveys show little scour associated with cluster E3, most likely due to its

streamlined configuration. Scour up to 0.3 was measured in the October 1995 survey
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downstream from the cluster. Otherwise, the bed elevation is consistent with the surrounding 

planform. This is also the only cluster not in the thalweg.

The October 1995 and July 1996 surveys o f cluster ES is shown in Figure 14. The 

cluster consists of four large boulders. The longest axis lengths range in size from 1.4 to 

2.3 m. Cluster E5 is placed 17 m downstream from cluster E4, in the right third of the 

channel along the thalweg. Three o f the boulders, including the two largest are placed close 

to one another (less and 0.2 m apart). The fourth boulder is approximately 3 m from the 

other three towards the right bank.

No movement or rotation was measured between the October 1995 and July 1996 

surveys. Scour up to 0.5 m was measured in a horseshoe pattern around the three primary 

boulders. The scour hole was more dominant after the three high flow events. The fourth 

boulder offset to the right was ineffective in creating measurable scour.

Cluster E6 is illustrated in Figure 15. The cluster consists o f six boulders ranging in 

size from 1.1 to 2.1 m in  diameter. Cluster E6 is placed to the right o f center channel, 21m  

downstream of cluster E5. Little significant movement was measured. The two most 

upstream boulders on the left side o f the cluster have rotated counter-clockwise as a result 

of the three high flow events. The area o f scour had greatly increased between October, 1995 

and July, 1996 and became concentrated upstream of the cluster and downstream to the right 

of the cluster.

Cluster E4, which was only surveyed in July 1996, has a unique boulder placement, 

different than the commonly used "diamond" or "V" configuration. One extremely large 

boulder (1.7 m in the longest dimension) is placed perpendicular to the flow and 3 m
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downstream from the rest o f the cluster (Figure 16). This arrangement seems to enhance the 

depth and size of the scour hole when compared to the other clusters o f set E. Boulder 

cluster E4 had scour up to 0.5 m in depth. The primary scour hole initiates between the 

upstream boulders and the large downstream boulder and extends 6 m downstream o f the 

cluster. It is apparent that deeper scour is developed when the predominant boulder axis is 

perpendicular to the flow. In addition, the flow approaching this boulder has been 

accelerated as the streamlines bend around and over the top of the upstream boulders of this 

cluster. As a result, larger vortexes are created, enlarging the resultant scour hole.

The topographic data just described were used to develop a set of quantitative 

measures o f the boulder clusters, resultant scour holes and their relation with the channel. 

These are summarized in Table 4. The cluster width (Wc) is the maximum width of the 

cluster perpendicular to the flow (Figure 17). Cluster protrusion (he) is defined as the vertical 

height o f the cluster above the average bed elevation at each cluster. The average bed 

elevation at a cluster is determined by averaging the surveyed elevations along the edge of 

the scour hole. The edge o f the scour hole was delineated in the cross section surveys and 

the detailed bed topographic surveys as the change in slope from the channel bed to the scour 

hole. Survey points (points P and P ’ in Figure 17) were taken at the change in slope from 

the channel bed to the scour hole. The maximum depth elevation was also measured in the 

bed topographic surveys.

The cluster protrusion is calculated by multiplying the height of each individual 

boulder that obstructs the flow and contributes to the Wc by the weighted width o f each 

boulder (see Figure 17). Shorter boulders located upstream or downstream of a taller boulder
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Figure 16. Boulder cluster E4 bed elevations.
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would not be included. The planimetric area o f each individual boulder is determined 

utilizing TerraModel software. The planimetric cluster area (Ac) is also determined using 

the T erraModel software. The Ac is assumed to be the area enclosed by a trace of the furthest 

extent of the boulders constituting the cluster. A cluster compaction factor (C) representing 

the tightness of the cluster is calculated by dividing the planimetric cluster area by the sum 

of the individual boulder areas.

The cluster volume (Vc) is calculated by multiplying the planimetric cluster area by 

the cluster protrusion. The area of the cluster perpendicular to the flow (Ap) is calculated by 

multiplying the cluster width by the protrusion. The flow obstruction created by the boulder 

cluster, measured in percent obstruction (0), is determined by dividing the Ap by area of the 

cross-sectional two year return interval discharge (Q2yr).

Table 4 also includes calculated scour volumes (Vs) and maximum scour depths (Dsin) 

for the boulder clusters o f set D (August, 1996 survey) and set E (October, 1995 and July, 

1996 data). Both parameters are referenced to the average bed elevation at each cluster as 

described above. TerraModel software was utilized to calculate the Vs around each cluster. 

The Dsm is calculated by subtracting the lowest bed elevation from the average bed elevation.

Regression analysis was used to develop relationships between the dependent scour 

outcomes and independent design parameters. Dependent variables considered were scour 

volume and maximum scour depth, and dimensionless representations of these; scour 

volume/cluster volume, maximum depth of scour/protrusion, and maximum scour 

depth/depth o f flow at the channel forming discharge (Q2yr). Considered independent cluster 

morphologic characteristics include percent obstruction, protrusion, area perpendicular to
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Table 4. Cluster morphology, scour volume and scour depth characteristics.

Set/Cluster Wc'
(m)

Ac2
(m2)

C3
(m2/m2)

he4
(m)

Vc5
(m3)

A /
(m2)

O7
(m2/m2) 14

Dsm9
(m)

Set D (August 1996)

D l 4.4 8.3 0.78 LI 7.4 5.0 1.75 3.0 0.3

D2 5.1 14.2 0.71 1.3 12.9 6.4 2.93 2.4 0.3

D3 8.0 16.7 0.42 0.5 3.4 3.4 1.92 1.1 0.3

D4 4.1 9.7 0.69 0.8 5.3 3.6 2.12 1.7 0.2

D5 1.9 2.2 0.95 0.7 1.5 1.4 0.93 0.2 0.2

D6 6.4 9.1 0.85 1.0 7.7 6.3 4.2 7.7 0.2

Set E (October 1995)

E l 4.5 9.5 0.80 1.0 7.6 4.2 2.57 3.1 0.3

E2 4.5 6.8 0.81 0.7 4.0 3.2 2.12 0.9 0.5

E3 4.1 7.1 0.77 0.8 4.4 3.2 1.85 2.4 0.3

E5 4.7 16.9 0.54 1.0 9.1 4.1 2.76 2.8 0.4

E6 5.4 18.6 0.59 0.9 5.5 4.6 2.88 2.7 0.3

Set E (July 1996)

E l 4.7 9.9 0.74 1.0 7.3 4.7 2.84 2.8 0.2

E2 4.6 7.2 0.81 1.0 5.8 4.8 3.17 2.2 0.3

E4 3.9 13.1 0.42 1.0 5.5 4.1 2.41 5.0 0.5

ES 4.7 16.5 0.54 1.1 9.8 6.3 4.2 5.3 0.5

E6 5.5 10.4 0.61 0.9 5.7 4.8 2.99 5.3 0.4
1 Cluster width
2 Planview cluster area
3 Compaction (planview cluster area/sum of area of individual boulders)
4 Protrusion (width averaged height of cluster)
5 Cluster volume (sum of individual boulders multiplied by protrusion)
6 Vertical cluster area perpendicular to the flow
7 Percent obstruction (Q2yr flow area/vertical cluster area perpendicular to flow)
8 Scour volume
9 Maximum scour depth
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flow, cluster volume, and protrusion/depth o f flow at the channel forming discharge 

(Table 4). Regression tools found in Microsoft Excel and MiniTab were used in the data 

analysis. Relationships utilizing linear, power, exponential, logarithmic, and first and second 

order polynomial curve-fitting techniques were developed.

In general, poor correlations were obtained between the dependent variables and 

independent morphologic variables. The correlation coefficients (R2) were below 0.5 in most 

cases. The most favorable relationships were found between scour volume vs. percent 

obstruction (Figure 18), scour volume vs. vertical area perpendicular to the flow (Figure 19), 

and scour volume vs. cluster volume (Figure 20). All three o f these relationships are power 

functions.

Scour Volume vs. Percent Obstruction

D Set E, Oct. 1995 

O Set E. July 1996 

O Set D, Aug. 1996
I 8945

r  0.6945

— O

I

Percent Obstruction

Figure 18. Scour volume vs. percent obstruction.
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Scour Volume vs. Vertical Area
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Figure 19. Scour volume vs. vertical area.
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Figure 20. Scour volume vs. boulder cluster volume.

□ Set E Oct. 1995 

o  Set E July 1996 

O Set D, Aug. 1996

The correlation coefficients for the power functions relating Vs to 0 , Vs to Ap, and Vs to Vc 

are 0.69, 0.75, and 0.61, respectively.
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A multiple linear stepwise regression was also utilized to develop predictive 

relationships. Again, the best relationship was found for predicting the resultant scour 

volume. The resultant equation

Vs = -2.765+ 3.3e+ 0.87Aperp + 1.11% O bstr-IJlComp-  0.5VC (4)

has an R2 value o f 0.68.

Channel morphology investigations were inconclusive in determining a reliable 

predictive bedform response to the placement o f instream boulder clusters. However, 

general predictive trends can be identified. The data suggest that as any boulder cluster 

morphologic characteristic increases in magnitude, the scour volume and maximum scour 

depth also increase. Additional data are required to more accurately predict a bed 

morphologic response to the placement o f instream boulder clusters.

Generally scour patterns in boulder cluster set D resembled an approximate 

"horseshoe" around the cluster as noted by Fisher and Klingeman (1984) (see Figures 8 and 

9). Scour was observed immediately upstream and along the downstream edges o f the 

clusters o f set E, however, the patterns did not resemble the "horseshoe" observations o f 

Fisher and Klingeman (1984). Extent and location o f the scour associated with the set E 

clusters shifted between surveys, though the majority of the scour was constant. This 

suggests that the scour characteristics will shift and future designs should design for a scour 

"envelope" taking this into account. Boulder clusters should only be utilized when it is 

determined that the scour envelope will not compromise bed and bank stability or risk other

structures.
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Fisher and Klingeman (1984) developed three equations (Equations I, 2, and 3, 

pg 12) predicting scour characteristics induced by single boulders in a sand bed flume. 

Equation I requires quantifying the resultant scour from individual steady, uniform flow 

events of varying magnitude (i.e, scour as a function of Froude number). The data collected 

for this thesis do not allow for a field verification o f this laboratory finding, and therefore can 

not be applied. The data collected in this analysis can be applied and compared to Equations 

2 and 3. Equation 2 expresses Fisher and Klingeman’s (1984) finding that the ratio o f the 

maximum scour depth to vertical height o f the boulder varies with the ratio o f scour volume 

to boulder volume raised to the 0.459 power. Equation 3 states that the volume o f scour 

varies with the maximum depth o f scour to the 1.91 power. However, Fisher and Klingeman 

(1984) state that this relation may be dependent upon the individual rock shape.

Figure 21 plots the maximum scour depth/protrusion (relative depth) versus scour 

volume/cluster volume relationship o f the St. Regis River data. A power regression provided 

the best fit trend, though the correlation was very poor (R2=O. I). The relation (Equation 2) 

developed by Fisher and Klingeman’s (1984) is provided for comparison. The St. Regis data 

set suggests that the ratio o f maximum scour depth/protrusion does not increase as quickly 

as Fisher and Klingeman (1984) predict when correlated with an increasing scour 

volume/cluster volume ratio. The St. Regis data also predict greater relative depth per scour 

volume.

The larger DsmZhe values o f the St. Regis boulder cluster data may be due to 

differences in computing the protrusion. Fisher and Klingeman (1984) used the vertical 

height o f the rock (measured prior to placement in the flume) as the protrusion. The cluster



58

Dsm/e vs. Vs/Vr

□ Set a  Oct. 1995
O Set E, July 1996
O Set D, Aug. 1996
------ St. Regis Best Fit

- - F&K (1984) Regression

Vs/Vr

Figure 21. Maximum scour depth/protrusion versus scour 
volume/cluster volume.

protrusion for the St. Regis boulder clusters was calculated by subtracting the average bed 

elevation without scour from the weighted average height of the cluster. With reference to 

the cluster volume, the St. Regis boulder clusters have less protrusion than Fisher and 

Klingeman (1984) laboratory rocks.

The greater maximum depth of scour may also be attributed to the larger bed material 

of the St. Regis River. For a given volume o f scour, the larger substrate material (d5o ranging 

from 153 to 448 mm) has a greater angle of repose and would develop a deeper hole with 

less areal extent. The sand bed material (d5o equaling 1.5 mm) utilized by Fisher and 

Klingeman (1984) would develop a shallower scour hole with a greater areal extent.

Differences in the hydro-dynamics of the flume studies by Fisher and Klingeman 

(1984) and those modeled in the analysis o f the St. Regis River data may also have attributed 

to the greater relative depth per volume of scour. Hydro-dynamic variables such as the 

Froude number and stream power are not incorporated into Equation 2. Differences in flow
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characteristics may have transposed the relative depth of the St. Regis River data above the 

predictive regression of Equation 2.

Figure 22 plots the scour volume vs. the maximum depth o f scour. A power 

regression provided the best fit trend, though the correlation was poor (R2=0.2). The relation 

(Equation 3) developed by Fisher and Klingeman’s ( 1984) is provided for comparison. The 

St. Regis data set suggests that scour volume does not increase as sharply as Fisher and 

Klingeman (1984) predict when correlated with an increasing maximum depth of scour.

The St. Regis data set may have developed less scour volume as compared to the 

laboratory analysis due to a number of reasons. The St. Regis boulder clusters, not being as 

compact as a single boulder, may partially diffuse the resulting vortices and impinging 

velocities due to flow between the individual boulders. The flow between the individual

Vs vs. Dsm
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Figure 22. Scour volume versus the maximum depth o f scour.
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boulders may increase turbulence and energy loss downstream o f the cluster, reducing 

erosive forces.

The bed material size of the St. Regis River reaches may be larger compared to the 

clusters than the sand in the flume experiments was to the modeled boulders. Having a 

higher ratio o f bed material size versus cluster may decrease the clusters ability to induce 

scour. This suggests that for a higher bed material size/cluster size ratio, increased velocities 

would be required to induce equal bed scour volume. As discussed earlier, the larger bed 

material size o f the St. Regis River would also tend towards deeper scour holes for a given 

scour volume due to the greater angle o f repose o f the bed material.

Hydraulic Performance

Stage and velocity data collected from the October 1995, July and August 1996, and 

May 1997 site visits were combined with bed survey data taken in October 1995 and July 

and August 1996 to assess the effects o f boulder clusters on energy gradients and channel 

roughness.

Topographic data was combined with measured velocities collected along cross 

sections XS2, X S13, and XS35 to calculate the discharge at each cross section for boulder 

set D and at cross sections CXS9, X SI, and XS32 to calculate the discharge at each cross 

section for the control and boulder set E . The discharges calculated at each cross section 

were averaged to determine the discharge utilized for hydraulic computation. Discharges for 

each respective site visit were: 7.2 m3/s during the October, 1995 visit; 9.7 m3/s during the 

July, 1996 visit; 3.3 m3/s during the August, 1996 visit; and 146.5 m3/s during the May, 1997
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Table 5. List o f calculated cross sectional and mean discharges for various site.

Site Visit Q

(nrVsec)

Q

(nrVsec)

Q

(m3/sec)

Qave

(m3/sec)

Max. % 
Deviation 
about Qave

Set D XS2 XS13 XS35

Aug. 1996 3.8 3.0 3.0 3.3 16

Control/Set E CXS9 XSl XS32

Oct. 1995 5.4 7.9 8.4 7.2 25

July 1996 9.5 9.9 9.6 9.7 2

May 1997 150.0 141.5 151.0 146.5 3

visit. The calculated discharges at each respective cross section, the mean discharge, and the 

maximum percent deviation about the mean discharge for each site visit are listed in Table 5.

The calculated discharges at each cross section were within five percent o f the 

calculated mean discharge for July 1996 and May 1997 site visits. The calculated cross 

sectional discharges for the October 1995 and August 1996 visits varied about the mean by 

up to 25 and 16 percent, respectively. The variation in these discharge calculations may have 

been due to discrepancies in the velocity data. Inaccurate reading and recording of the 

velocity meter output do to unfamiliarity with the velocity meter most likely led to these 

discrepancies during the October 1995 visit. The separated flow conditions due to the mid

channel bars o f set D during the August 1996 visit most likely contributed to the 

discrepancies o f these discharge calculations.

Reach-averaged Manning’s n values were calibrated for each discharge by varying 

the Manning’s n value in the HEC-RAS backwater model and minimizing the error between 

measured and predicted water surface elevations. The channel slope was utilized as the
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downstream control for the HEC-RAS modeling. The two most downstream cross sections 

(first two steps in the backwater step procedure) were not used in the Manning’s n calibration 

or the following reach-wide hydraulic characterization. These two cross sections Were input 

to reduce the effects of specifying a downstream control on upstream water surface 

elevations.

Initial Manning’s n values o f0.033,0.035, and 0.037 were modeled using HEC-RAS 

and the resulting water surface elevations quantified. The root mean square (RMS) error for 

the reach was calculated by comparing the difference between the measured and the 

computed water surface elevations at each cross section. The resulting RMS errors 

calculated for these three runs indicated whether to increase or decrease the n value for 

additional iterations. Manning’ s n values were incrementally changed by 0.002 in HEC-RAS 

until the calculated RMS errors were minimized. The Manning’s n value was then changed 

by ±0.001 in the backwater model and the respective RMS errors between the measured and 

calculated water surface elevations computed. The n value with lowest RMS error was 

identified as the reach-averaged Manning’s n value. The results o f this analysis are found 

in Table 6.

During low flow events (Oct 1995 and July 1996) the control reach Manning’s n was 

found to be 0.042 on both occasions. During the high flow event measured in May 1997, the 

channel roughness value decreased to 0.037. The boulder set E reach had Manning’s n 

values o f 0.055 and 0.056 during the low flow events of Oct. 1995 and July 1996, 

respectively. A value of 0.034 was calculated for the high flow May 1997. Similarly,
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Table 6. Calculated control and boulder reach Manning’s n values.

Manning’s n

Discharge (Date) Boulder Set D 
Reach

Control
Reach

Boulder Set E 
Reach

7.2 mVsec (October 1995) — 0.042 0.055

9.7 mVsec (July 1996) — 0.042 0.056

3.3 m3/sec (August 1996) 0.057 — —

146.5 m3/sec (May 1997) — 0.037 0.034

boulder set D reach had Manning’s n value o f 0.057 during low flow o f August 1996. High 

flow data was not collected on this reach.

Each reach behaved as expected o f channels with steep banks and little bank 

vegetation. Due to the decrease in relative roughness of the bed material size and bedforms, 

resistance to flow, as expressed by the Manning’s n roughness coefficient, decreased as the 

water surface elevation increased.

Table 6 also illustrates that the boulder clusters in set D and E increased the channel 

roughness during low flow as compared to the control reach. The boulder set D and set E 

reach Manning’s n low flow values were approximately one and a third greater than those 

of the control reach. During the high flow event the control and boulder set E reach 

Manning’s n values were nearly equal. In May 1997 the n values were 0.037 and 0.034 for 

the control and boulder set E reaches, respectively. This is important to note for the designer 

incorporating boulder clusters in a channel improvement proj ect. The boulder clusters placed 

in the St. Regis river at this site did not increase channel roughness during high flow events. 

Boulder clusters placed in a similar configuration and density could be placed in similar



64

streams types without increasing the high flow water surface elevation and thus the 

probability o f overbank flows.

B ackwater profiles were computed using the channel geometry, calculated discharge 

and calibrated Manning’s n values for each site visit. The output files for these runs are 

found in Appendix C. The output files contain the discharge, downstream channel length, 

minimum channel elevation (thalweg elevation), water surface elevation, energy grade 

elevation, energy grade slope (Sf), channel velocity (V), flow area (A), flow top width (W), 

hydraulic depth (D), channel shear (t), and Froude number (F) for each cross section. The 

channel shear is calculated in HEC-RAS by multiplying the unit weight of water, the 

hydraulic radius and the slope of the energy grade line.

HEC-RAS was utilized to model the control and boulder set D and E reaches at the 

channel forming discharge (Q2yr or 118.3 m3/s). The control and boulder set E reaches were 

also modeled at the July, 1996 discharge (9.7 m 3/s) and May, 1997 discharge (146.0 m3/s). 

Individual cross section values were weighted by their relative length (longitudinal channel 

length representative o f the cross section divided by the reach longitudinal length) and 

averaged to determine reach averaged values o f energy grade slope, channel velocity, flow 

area, flow top width, hydraulic depth, width/depth ratio, channel shear and Froude number. 

This data is summarized in Table 7.

Table 7 presents the reach-wide hydraulic characteristics o f boulder set D, the 

control, and boulder set E reaches. This data is presented to give the reader insight into the 

channel and flow characteristics at two calculated discharges representing low flow and high 

flow conditions. The data also presents the hydraulic characteristics modeled with the 2 year
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return interval discharge ( the approximate channel forming discharge). The Q2yr hydraulic 

characteristics were utilized in the morphologic relationships presented earlier in this chapter.

Table 7. Reach averaged hydraulic characteristics.

Reach
S0

(m/m)
Sf

(m/m)
V

(m/s)
A

(m2)
W

(m)
D

(m)
WZD

(m/m)
T

(N/m2)
F

Channel Forming Discharge - 118.3 m3/s

Set D 0.0052 0.0038 2.21 55.91 45.5 1.32 39.35 46.52 0.62

Control 0.0038 0.0050 2.44 49.00 29.12 1.70 17.40 80.18 0.60

SetE 0.0061 0.0049 2.35 50.57 30.90 1.64 18.91 74.51 0.59

July, 1996 - 9.7 m3/s

Control 0.0040 0.0035 0.85 11.70 22.45 0.53 43.17 16.19 0.38

SetE 0.0068 0.0066 0.87 11.26 22.32 0.51 43.76 30.21 0.40

May, 1997 - 146.0 m3/s

Control 0.0035 0.0049 2.76 53.78 29.65 1.82 16.29 85.73 0.64

Set E 0.0053 0.0037 2.56 57.29 32.20 1.78 18.09 62.41 0.61
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Chapter 5

SUMMARY AND CONCLUSIONS

River and stream channelization has degraded aquatic habitat for centuries, 

converting diverse riverine ecosystems into monotypic channels, lacking a wide range o f 

depths, velocities and substrates. Instream habitat improvement structures are believed to 

be effective in modifying stream morphology, making them particularly suitable for habitat 

restoration in altered rivers. However, as comprehensive design guidance based upon 

physical processes has not been developed, the selection, layout and design o f these instream 

features have typically been accomplished by subjective analyses.

This thesis contains original data on the effects that instream boulder clusters have 

had on the morphologic and hydraulic performance of the St. Regis River, MT. A specific 

study reach containing two distinct boulder cluster sets and a control reach (without 

structures) o f similar shape was identified. Pressure transducers installed in November 1995 

have continuously recorded river stage differences over a boulder cluster reach as compared 

to the upstream control reach. The data includes two runoff events in excess of a 35 year 

return interval. These data, in conjunction with detailed bed surveys and velocity 

measurements (October 1995, July and August 1996, and May 1997), assess the impacts o f 

boulder clusters on channel morphology and hydraulic performance.
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Boulder cluster morphologic characteristics were quantified for each cluster 

(Table 4). Morphologic characteristics included: cluster width, plan view cluster area, 

compaction (ratio o f the sum of the plan view areas of the individual boulders of a cluster 

to plan view cluster area), protrusion (extent cluster extends above channel bed), cluster 

volume, cluster area perpendicular to the flow, and percent obstruction (cluster area 

perpendicular to the flow divided by the Q2yr flow area). The boulder cluster morphologic 

characteristics were correlated with the resultant scour characteristics (scour volume and 

maximum scour depth) quantified from the October 1995, July 1996, and August 1996 

surveys.

Poor correlations were found in relating any singly measured cluster morphologic 

characteristic and scour characteristic. The scour volume/percent obstruction, Scour 

volume/cluster vertical area perpendicular to flow and scour volume/cluster volume 

relationships ( Figures 18, 19 and 20, respectively) provided predictive regressions with 

some reliability (R2>0.60). In general, scour volume and maximum scour depth increase 

with increases in the magnitude of cluster percent obstruction, cluster protrusion, cluster 

vertical area perpendicular to flow, and cluster volume. Similarly, a multiple stepwise linear 

regression (Equation 4, pg 54) of the dependent variables of protrusion, area perpendicular 

to the flow, percent obstruction, cluster compaction, and cluster volume provided only a 

marginal correlation when predicting scour volume (R2=O.68).

Applicable data collected from the St. Regis River was applied to Equations 2 and 

3 developed by Fisher and Klingeman (1984), based on modeled individual boulders in a 

sand bed flume. The field data failed to verify the relationships developed from flume data.
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Equation 2 relates the ratio of the maximum scour depth over vertical height of the cluster 

to the ratio o f scour volume over cluster volume. Applied to the St. Regis data set, the 

equation under-predicted the DsmZhe ratio. Possible explanations for the difference may be 

in the calculation o f the cluster height, differences in bed material size, and flow 

characteristics.

Equation 3 (Fisher and Klingeman, 1984) indicates that the scour volume is related 

to the maximum depth o f scour to the 1.91 power. Equation 3 greatly over-predicted the 

scour volume as a function o f scour depth for the St. Regis River data (Figure 22). The over

prediction may be due to a combination o f the energy losses associated with cluster 

configuration, the ratio of bed material size to cluster height, and the angle o f repose of the 

bed material.

The boulder clusters of set E were analyzed over a two-year period to measure 

changes in boulder position and cluster stability. Five o f the six boulder clusters experienced 

slight boulder movement or rotation. Cluster E3 (Figure 13) experienced considerable 

boulder movement resulting in destabilization and cluster failure. The cluster is now 

ineffective in creating scour due to the streamlined pattern.

Additionally, the scour patterns were analyzed over the two-year period. The scour 

patterns o f boulder clusters D l , D2, D3 and D4 somewhat resembled the "horseshoe" pattern 

described by Fisher and Klingeman (1984), the remaining boulder clusters did not. 

Generally, the majority o f the scour volume was found along the sides and downstream of 

the clusters. A relatively deep scour hole was measured immediately upstream of many of 

the clusters, however, the areal extent was small.
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The scour pattern shifted over the period o f analysis for each cluster. The scour 

volume and maximum scour depth also varied over the two-year period. Designs of stream 

rehabilitation proj ects utilizing instream boulder clusters must account for the stability o f the 

boulders being placed and the "envelope" o f scour that will develop.

The Manning’s n roughness coefficient and impacts on discharge carrying capacity 

were also analyzed (Table 6). Manning’s n values were seventy-five percent less in the 

control reach as compared to boulder set E during low flow events. During high flow events 

both the control and boulder set E reaches had Manning’s n values o f approximately 0.036. 

The instream boulder clusters placed in the St. Regis River do not increase channel 

roughness during high flow events.

Conclusion

This research addressed the lack of comprehensive design guidance available in the 

planning and design of boulder cluster enhancement features. The objective of this thesis 

was twofold:

1) characterize physical changes in channel morphology due to boulder cluster 

placement

2) quantify the impact o f instream boulder clusters on channel carrying capacity. 

The impact of the instream boulder clusters placed in the St. Regis River on flow

conveyance was negligible during high flow events. Manning’s n values calculated for a 

control reach and downstream reach rehabilitated with boulder clusters were nearly identical 

at high discharges.
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The boulder clusters placed in the St. Regis River created scour holes in the 

immediate local area. The scour volume and maximum depth varied at individual clusters 

over a two-year period. Predictable relationships between cluster morphology and scour 

characteristics were found to be unreliable. Two relationships, vertical cluster area to scour 

volume and cluster volume to scour volume, were found to have the best correlation between 

cluster morphology and scour characteristics. However, the error in predicting scour volume 

with this data set is too great to be a beneficial design guide.

Future work is needed to tighten the variation in the data. The morphologic 

characteristics and associated scour o f other boulder clusters need to be quantified and added 

to this data set. In addition, bed material and bed load samples should be collected at each 

site to quantify sediment transport relationships and the effects of bed material on scour 

characteristics.

Boulder cluster morphologic characteristics and associated scour should continue to 

be quantified at boulder sets D and E and at an additional site (preferably one with different 

channel morphology than either set D or E). Data collection over an extended time period 

(i.e, greater than the two-year period o f this study) may provide the necessary data to develop 

predictable scour relations for the St. Regis River. Additionally, detailed data like that 

collected in this study should be collected on rivers o f varied channel morphologies and flow

regimes.
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APPENDIX A

Bed material gradation curves.
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APPENDIX B

Frequency distribution curve for the St. Regis River gage, St. Regis, MT.



St. Regis Gage Discharge Rating Curve
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Figure 24. St. Regis River frequency distribution curve (from Montana Department of Transportation, 1992).
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APPENDIX C

HEC-RAS modeling results for the control and boulder sets D and E reaches.



Table 8. Boulder set D HEC-RAS output file with a 3.14 m3/s (111 ft3/s) discharge and Manning's n=0.057.
Reach Cross Sect. Q Total C S. Length Min Chnl Elev W.S. Elev E.G. Elev E.G. Slope Vel Chnl Flow Area Top Width Hydr Depth Chnl Shear Froude#

(m3/s) (m) (m) (m) (m) (m/m) (m/s) (m2) (m) (m) (N/m2)
SelD 36 3.14 32.13 32.17 32.73 32.76 0.008524 0.75 4.19 13.26 0.32 26.32 0.43
SetD 35 3.14 15.91 31.9 32.61 32.62 0.002377 0.5 6.26 13.76 0.45 10.49 0.24
SetD 34 3.14 11.98 32.03 32.53 32.56 0.006774 0.7 4.47 12.97 0.34 22.61 0.38
Set D 33 3.14 1.65 31.91 32.48 32.5 0.00388 0.56 5.63 15.33 0.37 13.88 0.29

3.14 2.01 31.61 32.48 32.49 0.002402 0.49 6.48 13.45 0.48 9.99 0.22
SetD 31 3.14 3.51 31.49 32.48 32.49
SetD 30 3.14 5.43 31.46 32.48 32.48 0.000966 0.35 9.02 17.45 0.52 4.84 0.15
SetD 29 3.14 2.59 31.83 32.46 32.47 0.003329 0.48 6.58 20.24 0.33 10.58 0.27
SetD 28 3.14 2.23 31.82 32.45 32.46 0.003763 0.47 6.64 22.55 0.29 10.77 0.28

3.14 3.26 31.37 32.44 32.46 0.003044 0.46 6.87 17.41 0.39 9.7 0.23
SetD 26 3.14 12.07 31.42 32.45 32.45 0.000502
SetD 25 3.14 8.63 31.59 32.43 32.44 0.002572 0.41 7.58 23.5 0.32 8.02 0.23
SetD 24 3.14 8.17 31.76 32.39 32.41 0.005343 0.57 5.52 18.28 0.3 15.49 0.33
Set D 23 3.14 2.04 31.75 32.35 32.37 0.004318 0,57 5.48 14.94 0.37 14.88 0.3

3.14 3.63 31.76 32.34 32.36 0.003992 0.52 6.05 17.62 0.34 12.57 0.28
SetD 21 3.14 2.5 31.76 • 32.33 32.34
SetD 20 3.14 3.78 31.79 . 32.32 32.33 0.00477 0.53 5.89 19.93 0.3 13.68 0.31
SetD 19 3.14 3.23 31.71 32.28 32.31 0.009 0.68 4.6 17.25 0.27 23.23 0.42
SetD 18 3.14 1.95 31.67 32.26 32.28 0.006339 0.62 5.11 17.14 0.3 18.19 0.36

3.14 2.16 31.59 32.26 32.27 0.00355 0.5 6.27 17.89 0.35 ■ 11.56 0.27
SetD 16 3.14 5.12 31.69 32.25
SetD 15 3.14 10.18 31.74 32.22 32.24 0.009192 0.69 4.59 17.39 0.26 23.45 0.43
SetD 14 3.14 5.91 31.69 32.1 32.13 0.013011 0.76 4.11 17.21 0.24 30.16 0.5
Set D 13 3.14 7.62 31.46 32.04 32.06 0.008976 0.7 4.51 15.72 0.29 23.86 0.41
SetD 12 3.14 14.78 31.49 32.01 32.02 0.003338 0.45 7 23.62 0.3 9.66 0.26
SetD 11 3.14 11.25 31.48 31.96 31.97 0.002961 0.46 6.78 19.94 0.34 9.82 0.25
SetD 10 3.14 10.52 31.46 31.92 31.93 0.004951 0.55 5.68 18.87 0.3 14.58 0.32
SetD 9 3.14 7.01 31.41 31.86 31.88 0.005362 0.55 5.67 19.93 0.28 14.92 0.33
SetD 8 3.14 3.6 31.27 31.85 31.86 0.001393 0.36 8.62 20.62 0.42 5.68 0.18

3.14 2.38 31.1 31.84 31.85 0.00227 0.43 7.39 18.07 0.41 8.07 0.21
SetD 6 3.14 8.87 31.03 31.84 31.85
SetD 5 3.14 13.69 31.2 31.83 31.84 0.001921 0.4 7.92 21.13 0.37 6.98 0.21
SetD 4 3.14 15.76 31.26 31.8 31.81 0.002493 0,43 7.39 21.7 0.34 8.27 0.23
Set D 3 3.14 14.87 31.26 31.75 31.76 0.003172 0.44 7.19 24.15 0.3 9.16 0.26

0.006594 0.55 5.74 24.06 0.24 15.4 0.36
SetD I 3.14 30.85 31.35



Table 9. Control reach HEC-RAS output file with a 61.53 m3/s (2173 cfs) discharge and Manning's n=0.035.
Reach Cross Sect. Q Total 

(m3/s)
C.S. Length Min Chnl Elev W.S. Elev 

(m) (m) (m)
E.G. Elev 

(m)
E.G. Slope 

(m/m)
Vel Chnl 

(m/s)
Flow Area Top Width 

(m2) (m)
Hydr Depth 

(m)
Chnl Shear 

(N/m2)
Froude #

Control 9 61.53 27.22 27.61 29.34 29.63 0.004912 2.35 26.16 19.53 1.34 61.31 0.65
Control 8 61.53 15 27.71 29.24 29.48 0.00484 2.18 28.26 24.22 1.17 54.4 0.64
Control 6 61.53 15.15 27.65 29.25 29.4 0.002648 1.75 35.23 26.58 1.33 33.63 0.48
Control 4 61.53 31 27.58 29.15 29.35 0.00414 2 30.81 26.75 1.15 45.98 0.59
Control 3 61.53 30.42 27.58 29.04 29.22 0.003547 1.86 33.05 28.39 1.16 39.82 0.55
Control 2 61.53 29.44 27.65 28.86 29.08 0.006051 2.08 29.55 32.24 0.92 53.81 0.69
Control I 61.53 13.56 27.25 28.68 28.91 0.005493 2.1 29.32 29.17 1.01 53.15 0.67

OOO



Table 10. Boulder set E HEC-RAS output file with a 61.53 m3/s (2173 ft3/s) discharge and Manning's n=0.037.
Reach Cross Sect. Q Total 

(m3/s)
C.S. Length Min Chnl Elev W.S. Elev 

On) On) (m)
E.G. Elev 

(m)
E.G. Slope 

(m/m)
Vel Chnl 

(m/s)
Flow Area Top Width 

(m2) (m)
Hydr Depth 

(m)
Chnl Shear 

(N/m2)
Froude#

Set E I 61.53 13.56 27.25 28.71 28.92 0.005662 2.04 30.11 29.34 1.03 55.93 0.64

Set E 2 61.53 6.46 26.94 28.56 28.83 0.007105 2.32 26.57 25.23 1.05 71.4 0.72

Set E 3 61.53 2.1 27.16 28.55 28.78 0.005943 2.1 29.25 28.32 1.03 59.12 0.66

SetE 4 61.53 1.86 26.91 28.53 28.76 0.007219 2.12 29.02 29.51 0.98 62.8 0.68

61.53 4.54 26.94 28.54 28.74 0.005877 2.01 30.57 29.67 1.03 55.19 0.63

SetE 6 61.53 7.89 26.94 28.53 28.71 0.004126

Set E 7 61.53 5.97 27.07 28.43 28.67 0.006319 2.16 28.51 27.86 1.02 62.39 0.68

Set E 8 61.53 2.07 26.94 28.41 28.63 0.005129 2.04 30.12 27.17 1.11 54.54 0.62

SetE 9 61.53 2.38 26.76 28.29 28.6 0.010469 2.46 25 27.39 0.91 86.21 0.82

10 61.53 5.18 26.52 28.37 28.55 0.00383 1.86 33.11 27.79 1.19 44 0.54

SetE 11 61.53 5.49 26.79 28.33 28.52 0.004365

SetE 12 61.53 7.62 26.64 28.29 28.5 0.004805 2.04 30.2 26.16 1.15. 53.45 0.61

Set E 13 61.53 6.43 26.64 28.25 28.46 0.004965 2.04 30.13 26.76 1.13 54.06 0.61 a ,

Set E 14 61.53 2.23 26.76 28.23 28.42 0.00462 1.96 31.44 28.19 1.12 49.83 0.59
61.53 2.65 26.7 28.22 28.41 0.004612 1.97 31.21 27.01 1.16 50.35 0.59

SetE 16 61.53 5.03 26.64 28.2 28.4 0.005051

Set E 17 61.53 5.64 26.67 28.19 28.37 0.003912 1.89 32.49 26.82 1.21 45.49 0.55

SetE 18 61.53 9.75 26.67 28.17 28.35 0.004016 1.88 32.71 27.97 1.17 45.34 0.56

Set E 19 61.53 1.58 . 26.18 28.11 28.3 0.004828 1.96 31.37 27.34 1.15 ■ 50.55 0.58
61.53 3.96 26.15 28.1 28.3 0.004337 1.95 31.61 27.08 1.17 48.65 0.58

SetE 21 61.53 4.63 26.09 28.09 28.28 0.003965
SetE 22 61.53 4.82 26.24 28.05 28.26 0.004477 2.01 30.68 25.78 1.19 51.27 0.59

SetE 23 61.53 2.16 26.24 28.05 28.23 0.00391 ■ 1.91 32.18 26.28 1.22 46.14 0.55

SetE 24 61.53 2.96 25.88 27.92 28.21 0.008402 2.38 25.82 24.17 1.07 77.72 0.74

25 61.53 5.33 26.15 27.96 28.17 0.004395 2.06 29.86 23.6 1.27 53.17 0.58

Set E 26 61.53 5.79 . 26.27 27.95 28.14 0.003797
Set E 27 61.53 4.85 26.24 27.94 28.12 0.003742 1.86 33.01 27.03 1.22 43.93 0.54

Set E 28 61.53 1.74 26.12 27.92 28.1 0.003734 1.85 33.24 27.38 1.21 43.45 0.54

SetE 29 ■ 61.53 1.83 25.97 27.81 28.08 0.008755 2.28 27.03 27.25 . 0.99 73.32 0.73

SetE 30 61.53 3.9 26.12 27.84 28.05 0.00529 2.03 30.25 26.87 1.13 54.62 0.61

Set E 31 61.53 5.27 26.09 27.78 28.03

SetE 32 61.53 . 0 26.27 27.77 27.99 0.005001 2.07 29.78 25,95 1.15 55.14 0.62



Table 11. Control reach HEC-RAS output file with a 9.68 m3/s (342 cfs) discharge and Manning's n=0.042._______________________
Reach Cross Sect. Q Total C.S. Length Min Chnl Elev W.S. Elev E.G. Elev E.G. Slope Vel Chnl Flow Area Top Width Hydr Depth Chnl Shear Froude #

(m3/s) (m) (m) (m) (m) (m/m) (m/s) (m2) (m) (m) (N/m2)
Control 9 9.68 27.22 27.61 28.53 28.57 0.002212 0.85 11.33 16.68 0.68 14.46 0.33
Control 8 9.68 15 27.71 28.45 28.49 0.003415 0.91 10.68 20.16 0.53 17.62 0.4
Control 6 9.68 15.15 27.65 28.43 28.45 0.001528 0.66 14.57 24.02 0.61 9.04 0.27
Control 4 9.68 31 27.58 28.39 28.42 0.002991 0.83 11.69 22.92 0.51 14.89 0.37
Control 3 9.68 30.42 27.58 28.32 28.34 0.001957 0.71 13.69 24.76 0.55 10.56 0.3
Control 2 9.68 29.44 27.65 28.18 28.23 0.007974 1.07 9.04 25.26 0.36 27.95 0.57
Control I 9.68 13.56 27.25 27.93 27.99 . 0.00856 1.1 8.84 25 0.35 29.43 0.59

8



Table 12. Boulder set E HEC-RAS output file with a 9.68 m3/s (342 ft3/s) discharge and Manning's n=0.056.
Reach Cross Sect. Q Total C.S. Length Min Chnl Elev W.S. Elev E.G. Elev E.G. Slope Vel Chnl Flow Area Top Width Hydr Depth Chnl Shear Froude #

(m3/s) (m) (m) (m) (m) (m/m) (m/s) (m2) (m) (m) (N/m2)
SetE I 9.68 13.56 27.25 28 28.04 0.008471 0.91 10.68 25.83 0.41 34.03 0.45
SetE 2 9.68 6.46 26.94 27.88 27.93 0.008808 0.96 10.09 22.98 0.44 37.45 0.46
SetE 3 9.68 2.1 27.16 27.82 27.87 0.009817 0.98 9.84 23.5 0.42 39.95 0.49
SetE 4 9.68 1.86 26.91 27.8 27.85 0.009351 0.97 10 22.04 0.45 38.52 0.46
Set E 5 9.68 4.54 26.94 27.78 27.83 0.009061 0.93 10.36 24.18 0.43 36.24 0.46
SetE 6 9.68 7.89 26.94 27.76 27.79 0.005024 0.79 12.28 24.69 0.5 24.24 0.36
Set E 7 9.68 5.97 27.07 27.67 27.73 0.013766 1.09 8.86 23.41 0.38 , 50.83 0.57
SetE 8 9.68 2.07 26.94 27.6 27.65 0.011534 1.03 9.37 23.51 0.4 44.76 0.52
SetE 9 9.68 2.38 26.76 27.55 27.62 0.015689 1.19 8.12 19.64 0.41 59.95 0.59
SetE 10 9.68 5.18 26.52 27.56 27.59 0.003859 0.76 12.82 22.6 0.57 21.27 0.32
Set E 11 9.68 5.49 26.79 27.54 27.57 0.004751 0.81 12.01 22.31 0.54 24.69 0.35
Set E 12 9.68 7.62 26.64 27.51 27.54 0.005237 0.84 11.47 21.52 0.53 27.14 0.37
SetE 13 9.68 6.43 26.64 27.46 27.5 0.005748 0.87 11.13 21.48 0.52 29.05 0.39 oo
SetE 14 9.68 2.23 ■ 26.76 27.42 27.46 0.006571 0.89 10.87 22.36 0.49 ■ 31.11 0.41 W
SetE 15 9.68 2.65 26.7 27.41 27.45 0.005879 0.86 11.3 22.21 0.51 28.53 0.38
SetE 16 . . 9.68 5.03 26.64 27.39 27.43 0.006961 0.91 10.59 21.2 0.5 32.84 0.41
Set E 17 9.68 5.64 26.67 27.36 27.4 0.004803 0.81 12.02 22.69 0.53 24.75 0.35
Set E 18 9.68 9.75 26.67 27.33 27.37 0.006068 0.86 11.25 22.97 0.49 28.99 0.39
SetE 19 9.68 1.58 26.18 27.26 27.3 0.006928 0.9 10.78 21.16 0.51 31.91 0.4
SetE 20 9.68 3.96 26.15 27.25 27.29 0.005903 0.88 11 21.1 0.52 29.75 0.39
Set E 21 9.68 4.63 26.09 27.24 27.27 0.003933 0.79 12.2 20.24 0.6 23 0.33
SetE 22 9.68 4.82 26.24 27.21 27.25 0.004643 0.84 11.52 19.88 0.58 26.14 0.35
Set E . 23 9.68 2.16 26.24 27.2 27.23 0.003403 0.77 12.63 19.76 0.64 . 21.09 0.31
SetE 24 9.68 2.96 25.88 27:16 27.21 0.009793 1.06 9.11 16.8 0.54 44.84 0.46
SetE 25 9.68 5.33 26.15 27.16 27.19 0.003237 0.76 12.81 19.71 0.65 20.37 0.3
SetE 26 9.68 5.79 26.27 27.15 27.17 0.003354 0.74 13.13 21.62 0.61 19.8 0.3
SetE 27 9.68 4.85 26.24 27.12 27.15 0.003694 0.75 12.94 22.38 0.58 20.74 0.31
Set E 28 9.68 1.74 26.12 27.11 27.13 0.003577 0.74 13.12 22.68 0.58 20.15 0.31
SetE 29 9.68 1.83 25.97 27.07 27.12 0.010128 1.01 9.6 19.57 0.49 41.78 0.46
SetE 30 9.68 3.9 26:12 27.07 27.1 0.00523 0.83 11.72 21.34 0.55 26.26 0.36
Set E 31 9.68 5.27 ■ 26.09 27.05 27.09 0.004232 0.81 11.93 20.16 0.59 24.25 0.34
SetE 32 9.68 0 26.27 27.03 27.06 0.004006 0.78 12.35 21.19 0.58 22.72 0.33



Table 13. Control reach HEC-RAS output file with a 146 m3/s (5156 cfs) discharge and Manning's n=0.037.
Reach Cross Sect. Q Total 

(m3/s)
C.S. Length Min Chnl Elev W.S. Elev 

(m) (m) (m)
E.G. Elev 

(m)
E.G. Slope 

(m/m)
Vel Chnl 

(m/s)
Flow Area Top Width 

(m2) (m)
Hydr Depth 

(m)
Chnl Shear 

(N/m2)
Fronde #

Control 9 146 27.22 27.61 30.13 30.73 0.007475 3.44 42.49 22.14 1.92 130.71 0.79

15 27.71 30.07 30.51 0.005521 2.95 49.5 26.81 1.85 96.37 0.69

Control 6 146 15.15 27.65 30.09 30.41
31 27.58 29.96 30.34 0.004704 2.72 53.69 29.3 1.83 81.96 0.64

Control 3 146 30.42 27.58 29.86 30.19 .
Control 29.44 27.65 29.75 30.06 0.004186 2.44 59.76 35.37 1.69 67.8 0.6

Control I 146 13.56 27.25 29.61 29.93 0.004208

%



Table 14. Boulder set E HEC-RAS output file with a 146 m3/s (5156 ft3/s) discharge and Manning's n=0.034.
Reach Cross Sect. Q Total 

(m3/s)
C.S. Length Min Chnl Elev W.S. Elev 

(m) (m) (m)
E.G. Elev 

(m)
E.G. Slope 

(m/m)
Vel Chnl 

(m/s)
Flow Area Top Width 

(m2) (m)
Hydr Depth 

(m)
ChnI Shear 

(N/m2)
Froude#

S et R I 146 13.56 27.25 29.55 29.89 0.003956 2.61 55.98 32.44 1.73 64.95 0.63

SetE 2 146 6.46 26.94 29.31 29.81 0.007067 3.13 46.68 31.64 1.48 98.6 0.82

SetE 3 146 2.1 27.16 29.36 29.73 0.004496 2.72 53.74 32.39 1.66 71.29 0.67

SetE 4 146 1.86 26.91 29.36 29.72 0.004777 2.63 55.49 34.15 1.62 68.97 0.66

SetE 4.54 26.94 29.36 29.71 0.004106 2.59 56.55 33.8 1.67 64.91 0.63

SetE 6 146 7.89 26.94 29.35 29.69

Set E 7 146 5.97 27.07 29.27 29.65 0.004416 2.72 53.6 33.23 1.61 71.28 0.67

Set E 8 146 2.07 26.94 29.26 29.62 0.003963 2.64 55.58 33.09 1.68 66.01 0.64

Set E 9 146 2.38 26.76 29.19 29.6 0.005428 2.86 51.21 32.33 1.58 80.58 0.71

SetE 5.18 26.52 29.25 29.56 0.003081 2.46 59.61 32.74 1.82 55.77 0.57

S et R 11 146 5.49 26.79 29.2 29.54

Set E 12 146 7.62 26.64 29.16 29.52 0.003957 2.66 55 32.43 1.7 ; 66.89 0.64

SetE 13 146 6.43 26.64 29.14 29.48 0.003685 2.6 56.23 31.33 1.8 63.37 0.62

S et R 14 146 2.23 26.76 29.14 29.45 . 0.003236 2.47 59 31.95 1.85 57.08 0.58 LA
2.65 26.7 29.11 29.44 0.003505 2.54 57.46 31.15 1.84 60.58 0.6

SetE 16 146 5.03 26.64 29.11 29.43

Set E 17 146 5.64 26.67 29.1 29.41 0.00315 2.49 58.74 30.79 1.91 57.07 0.57

SetE 18 146 9.75 26.67 29.09 29.39 0.002958 2.41 60.7 32.01 1.9 53.49 0.56

Set E 19 146 1.58 26.18 29.04. 29.36 0.003383 2.48 58.78 30.95 1.9 58.05 0.58

SetE 146 3.96 26.15 29.03 29.35 0.00319 2.49 58.63 30.87 1.9 57.42 0.58

S e t R 21 146 4.63 26.09 29.02 29.34

Set E 22 146 4.82 26.24 29 29.32 0.003318 2.52 57.92 30.93 1.87 59.05 0.59

S et R 23 146 2.16 26.24 29 29.3 0.002994 2.43 60.11 31.45 1.91 54.43 0.56

Set E 24 146 2.96 25.88 28.92 29.28 0.004611 2.68 54.39 31.21 1.74 70.46 0.65

SetE 25 146 5.33 . 26.15 28.92 29.26 0.003588 2.58 56.5 30.78 1.84 62.51 0.61

Set E 26 146 5.79 26.27 28.94 29.23
S et R 27 146 4.85 26.24 28.95 29.21 0.002722 2.24 65.15 36.02 1.81 47.12 0.53

Set E 28 146 1.74 26.12 28.92 29.19 0.002633 2.29 63.78 32.9 1.94 48.23 0.52

S et R 29 146 1.83 25.97 28.88 29.18 0.003844 2.45 59.62 33.35 1.79 58.67 0.58

SetE 30 146 3.9 26.12 28.89 29.17 0.003004 2.34 62.28 33.18 1.88 51.66 0.55

31 146 5.27 26.09 28.8 29.15 0.003669

SetE 32 146 o 26.27 28.81 29.12 0.003002 . 2.43 60.01 31.23 1.92 54.61 0.56



Table 15 . Control reach HEC-RAS output file with a 8.13 m3/s (287 cfs) discharge and Manning’s n=0.042.______________________
Reach Cross Sect. Q Total C.S. Length Min Chnl Elev W.S. Elev E.G. EIev E.G. Slope Vel Chnl Flow Area Top Width Hydr Depth Chnl Shear Froude #

(m3/s) (m) (m) (m) (m) (m/m) (m/s) (m2) (m) (m) (N/m2)
Control 9 8.13 27.22 27.52 28.37 28.4 0.002143 0.77 10.61 18.17 0.58 12.17 0.32

8 8.13 15 27.61 28.3 28.33 0.003131 0.83 9.76 19.64 0.5 15.17 0.38
Control 6 8.13 15.15 27.43 28.25 28.28 0.003536 0.84 9.66 20.45 0.47 15.89 0.39

4 8.13 31 27.55 28.2 28.23 0.002962 0.77 10.58 22.99 0.46 13.26 0.36
Control 3 8.13 30.42 27.55 28.1 28.13 0.003485 0.76 10.63 0.4 13.72 0.38

2 8.13 29.44 27.43 28.02 28.05 0.002283 0.66 12.26 27.47 0.45 9.96 0.32
Control I 8.13 13.56 27.19 27.89 27.94 0.006454 0.93 0.51

oo



Table 16. Boulder set E HEC-RAS output file with a 8.13 m3/s (287 ft3/s) discharge and Manning’s n=0.055.
Reach Cross Sect. Q Total 

(m3/s)
C.S. Length Min Chnl Elev W.S. Elev 

(m) (m) (m)
E.G. Elev 

(m)
E.G. Slope 

(m/m)
Vel Chnl 

(m/s)
Flow Area Top Width 

(m2) (m)
Hydr Depth 

(m)
Chnl Shear 

(N/m2)
Froude#

SetE I 8.13 13.56 27.19 27.95 27.98 0.006649 0.8 10.17 25.34 0.4 25.8 0.4
SetE 2 8.13 6.46 27.07 27.85 27.89 0.00803 0.85 9.57 24.95 0.38 29.63 0.44
SetE 3 8.13 2.1 27.07 27.8 27.84 0.007143 0.84 9.64 23.59 0.41 28.48 0.42
SetE 4 8.13 1.86 26.97 27.76 27.81 0.013322 1.02 7.95 21.59 0.37 44.44 0.54
SetE 5 8.13 4.54 26.94 27.77 27.79 0.003784 0.68 12.03 25.42 0.47 17.42 0.31
SetE 6 8.13 7.89 26.88 27.75 27.77 0.004658 0.73 11.19 24.69 0.45 20.46 0.34
Set E 7 8.13 5.97 27.1 27.68 27.72 0.008774 0.89 9.12 23.96 0.38 32.56 0.46
SetE 8 8.13 2.07 27.13 27.56 27.64 0.025029 1.25 6.51 22.72 0.29 70.21 0.74
SetE 9 8.13 2.38 26.76 . 27.55 27-6 0.008837 0.9 8.99 22.31 0.4 33.32 0.45
SetE 10 8.13 5.18 26.61 27.55 27.58 0.004728 0.76 10.71 22.37 0.48 21.92 0.35
SetE 11 8.13 5.49 26.79 27.53 27.55 0.004371 0.73 11.17 23.35 0.48 20.19 0.34
Set E 12 8.13 7.62 26.82 27.49 27.52 0.00669 0.84 9.62 22.28 0.43 28.08 0.41
SetE 13 8.13 6.43 26.73 27.43 27.47 0.006383 0.87 9.38 19.64 0.48 28.84 0-4 *
SetE 14 8.13 2.23 26.76 27.41 27.44 0.004289 0.72 11.35 24.2 0.47 19.61 0.33 ^4
SetE 15 8.13 2.65 26.7 ' 27.39 27.42 0.005971 0.82 9.92 21.53 0.46 26.06 0.39
SetE 16 8.13 5.03 26.49 27.38 27.41 0.004041 0.73 11.21 22.25 0.5 19.7 0.33
SetE 17 8.13 5.64 26.73 27.35 27.38 0.005612 0.8 10.13 22.19 0.46 24.88 0.38
SetE 18 8.13 9.75 26.67 27.32 27.35 0.005612 0.78 10.38 23.62 0.44 24 0.38
Set E 19 8.13 1.58 26.43 27.25 27.29 0.007579 0.87 9.32 21.31 0.44 30.37 0.42
SetE 20 8.13 3.96 26.27 27.25 27.28 0.004496 0.73 11.2 22.16 0.51 20.24 0.33
Set E 21 8.13 4.63 26.12 27.23 27.26 ' 0.003542 0.73 .11.13 19.83 0.56 19.26 0.31
SetE 22 8.13 4.82 26.27 27.22 27.24 0.002859 0.69 11.82 19.63 0.6 16.68 0.28
Set E 23 8.13 2.16 26.27 27.2 27.23 0.003696 0.73 11.17 19.85 0.56 19.37 0.31
SetE 24 8.13 2.96 26.18 27.19 27,22 0.004038 0.77 10.6 18 0.59 21.39 0.32
SetE 25 8.13 5.33 26.12 27.19 27.21 0.002736 0.65 12.45 20.8 0.6 15.26 0.27
SetE 26 8.13 5.79 26.3 27.18 27.19 0.001801 0.55 14.87 24.35 0.61 10.53 0.22
SetE 27 8.13 4.85 26.3 27.16 27.18 0.002561 0.63 12.87 21.78 0.59 14.28 0.26
SetE 28 8.13 1.74 26.18 27.15 27.17 0.002549 0.62 13.18 22.8 0.58 13.77 0.26
Set E 29 8.13 1.83 26.15 27.14 ' 27.16 0.002997 0.66 12.39 21.11 0.59 15.71 0.27
SetE 30 8.13 3.9 26.18 27.14 27.16 0.002334 0.6 13.61 23.01 0.59 12.83 0.25
SetE 31 8.13 5.27 26.33 27.13 27.15 0.002173 0.61 13.4 21.91 0.61 12.89 0.25
SetE 32 8.13 0 26.3 . 27.11 27.13 0.003 0.66 12.32 21,92 0.56 15.87 0.28
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