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Presentation Objectives
• A better understanding and 

appreciation of channel 
features, fluvial processes, 
and channel dynamics at a 
road-stream crossing.Culvert Characteristics

• built in late 1950’s
• diameter 1.83 m
• length 27 m
• gradient 2.1 percent

Feb 2003

June 2007

Replacement Culvert Characteristics
•Bottomless Structure
•Span: 5.49 m; Height: 2.25 m 
•Length: 29 m
•Design channel gradient: 4.4 percent 

• Understand the importance 
of integrating fluvial 
geomorphology with 
engineering principles to 
design a road-stream 
crossing that contains a 
natural and dynamic channel 
through the structure. 

Presentation Outline

• Watershed Context

• Discharge and Channel Characteristics

• Channel Characteristics and Fluvial Processes
• Channel slope

• Channel cross section

• Channel planform and bank patterns

• Channel slope, shape, and planform

• Channel bedforms

• Channel-bed material

• Flow hydraulics and sediment transport

• Predicting Channel Adjustments/Responses and 
Evaluating Potential Site Risk
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Watershed Processes/Characteristics

-runoff volume -sediment supply

-basin gradient -basin shape

-drainage density -vegetation types/density 

-large woody debris -organic matter

Linkages between 
Landscape Controls,  
Watershed 
Processes, and 
Channel Processes

Landscape Controls

-Geology -Climate

Channel Processes/Characteristics

-Q magnitude, duration, frequency

-sediment transport and deposition

-channel gradient

-channel form (width and depth)

-channel-bed composition and bedforms

Land Use

Influence of Climate on Flow Regimes
Snowmelt dominated; Salmon River, ID.

Rainfall dominated; Mattole River, CA.

Transitional; Nooksack River, WA

(From Skidmore et al., 2009)

Influence of Geology on Flow Regimes
Groundwater dominated; Metolius River, OR.

The timing, magnitude, and 
duration of peak discharge is 
influenced by drainage shape

(From Skidmore et al., 2009)

Channel Position in Watershed

from FISRWG (1998)
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Watershed Position and Geomorphic Processes

From Montgomery & Buffington, 1993

Aa

A,B,G

B
C,E,F

Source Reach
hillslope hollow to 

debris flow channel

Transport Reach
Cascade (Aa) channel

Transport Reach
Step-pool (B) channel
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Response Reach, 
Pool-Riffle (C) channel

Watershed-Scale Processes

• Floods
• Fire
• Landslides/Debris Flows
• Debris Torrents 
• Wind Throw
• Drought
• Anthropogenic Activities/ 

Impacts

Watershed-Scale 
Processes

What it means to
the crossing design

• Water Transport

• Sediment  Transport

• Wood Transport

• Organism Passage

Spatial Scale of Stream Channels

from FISRWG, 1998

Presentation Outline

• Watershed Context

• Discharge and Channel Characteristics

• Channel Characteristics and Fluvial Processes
• Channel slope

• Channel cross section

• Channel planform and bank patterns

• Channel slope, shape, and planform

• Channel bedforms

• Channel-bed material

• Flow hydraulics and sediment transport

• Predicting Channel Adjustments/Responses and 
Evaluating Potential Site Risk
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Channel-Forming Discharges

A range of flows (2/3 bankfull to the 25-year flood) are most 
influential in forming and maintaining the channel

2/3 Qbankfull

Q25 yr

What is the Purpose/Significance of 
Identifying Bankfull Flow Conditions?

• Index of range of flows that shape the channel/floodplain
• Transports more sediment over time than other discharges
• Typically occurs on average every 1 – 3 years

Qbankfull2/3 Qbankfull

Q25 year

Physical Effects of Road-Stream 
Crossings Less than Bankfull Width

culvert 
inlet

Physical/Biological Effects of Road-Stream 
Crossings Less than Bankfull Width
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Channel Changes in Response to 
Undersized Culverts  

from FISRWG, 1998

• Long-term ecological /geomorphic continuity

• Minimal or no maintenance costs over life of structure

• Flood resiliency

Properly Designed Structures Sized to 
Bankfull Flow Width or Greater

Pre-Irene July 2011 Post TS Irene  September 2011 

Flood 
Stage

Presentation Outline

• Watershed Context

• Discharge and Channel Characteristics

• Channel Characteristics and Fluvial Processes
• Channel slope

• Channel cross section

• Channel planform and bank patterns

• Channel slope, shape, and planform

• Channel bedforms

• Channel-bed material

• Flow hydraulics and sediment transport

• Predicting Channel Adjustments/Responses and 
Evaluating Potential Site Risk

Channel Slope Considerations: Geomorphic Processes

From Montgomery & Buffington, 1993

Aa

A,B,G

B
C,E,F
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Channel Slope 
Considerations: 

Longitudinal Profile

Channel Slope Considerations:
Longitudinal Profile Shapes, Assessment

concave

uniform convex

concave/convex

potential 
headcut 

Zone of 
deposition

potential 
headcut 

Zone of 
deposition

ideal, preferred setting 

vertical offset

Channel Slope Considerations:
Longitudinal Profile Shapes, Assessment

Inflection point
Zone of deposition

Channel Slope Considerations:
Longitudinal Profile Shapes
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Potential 
headcut

Channel Slope Considerations: 
Longitudinal Profile Shapes

Channel Slope Considerations: 
Longitudinal Profile Shapes, 
Assessment

Vertical 
offsetQbankfull

Qbankfull

Channel Slope 
Considerations: 

Longitudinal Profile 
Assessment

Channel Slope 
Considerations: 

Longitudinal Profile 
Assessment

Bedform spacing, key grade controls, gradient variability, 
range of scour depths
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Channel Slope Considerations: 
Longitudinal Profile Assessment

Local degradation and aggradation

Channel Slope Considerations: 
Longitudinal Profile, Design

The longitudinal profile is used to develop the design channel 
profile and spacing of bedforms through the structure.

Presentation Outline

• Watershed Context

• Discharge and Channel Characteristics

• Channel Characteristics and Fluvial Processes
• Channel slope

• Channel cross section

• Channel planform and bank patterns

• Channel slope, shape, and planform

• Channel bedforms

• Channel-bed material

• Flow hydraulics and sediment transport

• Predicting Channel Adjustments/Responses and 
Evaluating Potential Site Risk

Channel Shape Considerations

• Establishes the natural dimensions of the channel
• Delineates the width and depth of low flow, the 

streambed, bankfull flow, floodplain inundation, 
and channel/slope interactions 

Qbf
Qbw

Qfp

Qlf
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Channel Confinement Considerations

From Knighton, 1998

Confined channels
•High energy
•Straight, high gradient channels 
•minimal floodplain development
•Channel migration low 
•Slope/channel interactions high

Unconfined channels
• low energy
•Sinuous, low-gradient channels 
•Well-developed floodplain
•Channel migration high
•Slope/channel interactions low

Channel Entrenchment Considerations

Entrenched Channel
Step-pool (A) channel Moderately Entrenched 

Pool-Riffle (C) channel
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Slightly Entrenched, Pool-Riffle (C) channel Confinement/Entrenchment Considerations:
Floodplain Connectivity/Conveyance

Presentation Outline

• Watershed Context

• Discharge and Channel Characteristics

• Channel Characteristics and Fluvial Processes
• Channel slope

• Channel cross section

• Channel planform and bank patterns

• Channel slope, shape, and planform

• Channel bedforms

• Channel-bed material

• Flow hydraulics and sediment transport

• Predicting Channel Adjustments/Responses and 
Evaluating Potential Site Risk

Channel Planform Patterns
Where would you prefer to put a road-stream crossing?

(From Skidmore et al., 2009)
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Channel Planform Considerations
• If possible, locate 
crossings on straight 
channel segments 

• Accept small skews in 
channel-road 
alignment and 
reinforce banks if 
necessary

• Interpret and predict 
the natural planform 
pattern at the crossing

• May need to perform 
channel restoration to 
recreate natural 
geometries

Channel Planform Considerations

Scour zone
Riprap reinforcement

Channel Planform Considerations

point 
bar

pool along 
outer bend

upstream view of XS in culvert

Channel migration

Channel Planform
Considerations

berm

pond

Interpreted 
channel 
pattern

pond
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Channel-Bank Patterns

bankline
bankline

step

step

step

step

Channel-Bank Patterns

lateral 
scour pool

pool

riffle

bankline

bankline

Presentation Outline

• Watershed Context

• Discharge and Channel Characteristics

• Channel Characteristics and Fluvial Processes
• Channel slope

• Channel cross section

• Channel planform and bank patterns

• Channel slope, shape, and planform

• Channel bedforms

• Channel-bed material

• Flow hydraulics and sediment transport

• Predicting Channel Adjustments/Responses and 
Evaluating Potential Site Risk

From Rosgen 1996

Channel Slope, Shape, and Planform

Cascade

Step-Pool Plane Bed
Step-Pool

Pool-Riffle
Pool-Riffle Pool-Riffle

Step-Pool

Braided
Anasta-
mosing
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Channel Slope, Shape, and Planform

from FISRWG, 1998

channel bends
straight channel

Channel Slope, Shape, 
and Planform

from FISRWG, 1998

• Fluvial processes in 
meandering, 
pool-riffle channels

Pool-Riffle Channel
Flow Patterns and Energy Dissipation

Profile View

Plan Viewpool riffle

bar deposit

bar deposit

Step-Pool Channel
Flow Patterns and Energy Dissipation

Profile View

Plan View
pool

step stepstep
pool
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Presentation Outline

• Watershed Context

• Discharge and Channel Characteristics

• Channel Characteristics and Fluvial Processes
• Channel slope

• Channel cross section

• Channel planform and bank patterns

• Channel slope, shape, and planform

• Channel bedforms

• Channel-bed material

• Flow hydraulics and sediment transport

• Predicting Channel Adjustments/Responses and 
Evaluating Potential Site Risk

Channel Bedforms Considerations
• Are the bedforms significant along the 

longitudinal profile? 
• Are the bedforms stable, permanent 

features or are they temporary 
features? 

• Do the bedforms form step-pool or 
riffle-pool sequences along the 
channel?

• How do the bedforms affect channel 
roughness?  

• Are the bedforms important for 
dissipating flow energy during floods?

step

step

step

step

pool

pool

pool

pool

riffle

riffle

pool

riffle crest

pool

riffle

riffle crestpool
transverse rib

particle
cluster

Channel Bedforms
• Steps and Pools

• Riffles and Pools

• Large Woody Debris

• Transverse Ribs

• Particle Clusters

• Gravel Bars

step

step

step

step

pool

pool

pool

pool

riffle

riffle

pool

riffle crest

pool

riffle

riffle crestpool
transverse rib

particle
cluster

Channel Bedforms: Steps and Pools

bankline
bankline

step

step

step

step

pool

pool

pool

pool
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Channel Bedforms: Riffles and Pools

riffle

riffle

poolriffle crest

pool

riffle

Channel Bedforms: Steep Riffles, 
Transverse Ribs, and Particle Clusters

riffle crestpool

transverse rib

particle
cluster

Channel Bedforms: Large Woody Debris Channel Bedforms: Gravel Bars, Riffles, Pools

riffle

pool
gravel bar
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Presentation Outline

• Watershed Context

• Discharge and Channel Characteristics

• Channel Characteristics and Fluvial Processes
• Channel slope

• Channel cross section

• Channel planform and bank patterns

• Channel slope, shape, and planform

• Channel bedforms

• Channel-bed material

• Flow hydraulics and sediment transport

• Predicting Channel Adjustments/Responses and 
Evaluating Potential Site Risk

Channel-Bed Material 
Considerations
• Does channel-bed substrate 

size vary spatially between 
and within channel units 
(i.e., pools versus steps, 
riffles versus pools, within 
riffles)?

• Is the channel-bed substrate 
well sorted or poorly sorted 
(uniformly or non-uniformly 
graded)?

• Does the channel-bed 
substrate vary vertically (i.e., 
surface layer versus the 
subsurface layer)?

step

step

step

step

pool

pool

pool

pool

riffle crestpool
transverse rib

particle
cluster

Channel-Bed Material: Steps and Pools

bankline
bankline

step

step

step

step

pool

pool

pool

pool

Channel-Bed Material: Riffles and Pools

riffle

riffle

poolriffle crest

pool

riffle
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Channel-Bed Material: Transverse Ribs 
and Particle Clusters

riffle crestpool

transverse rib

particle
cluster

Channel-Bed Material: Vertical Variability

particle size

p
e

rc
e

n
t 

fi
n

e
r

surface 
layer

subsurface 
layer

surface 
layer

subsurface 
layer

from Bunte and Abt, 2001

Surface layer
• Typically coarser than the 

subsurface layer because of the 
scour of fines between the larger 
particles

Subsurface layer
• Finer than the surface layer because 

fines are present in the voids 
between the larger particles

• Winnowing flows do not scour fines

Presentation Outline

• Watershed Context

• Discharge and Channel Characteristics

• Channel Characteristics and Fluvial Processes
• Channel slope

• Channel cross section

• Channel planform and bank patterns

• Channel slope, shape, and planform

• Channel bedforms

• Channel-bed material

• Flow hydraulics and sediment transport

• Predicting Channel Adjustments/Responses and 
Evaluating Potential Site Risk

Flow Hydraulics and Sediment Transport

step

step

step

step

pool

pool

pool

pool

riffle

riffle

pool

riffle crest

pool

riffle

riffle crestpool
transverse rib

particle
cluster

• Boundary Resistance
• Particle roughness 

(particle size, sorting, etc.)
• Vegetation roughness

• Channel Resistance
• Slope variability
• Bedform sequences 
• (step-pool, pool-riffle, etc.)
• Bank irregularity
• Channel alignment

• Free Surface Resistance
• Surface waves
• Hydraulic jumps
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Channel Type, Particle Size, Bed Mobility

From Montgomery & Buffington, 1993

Aa

A,B

B
C,E,F

Size and Mobility of Bed Sediments

Large Particles;
Mobility Low

Small Particles;
Mobility High

Flow Hydraulics and Sediment Transport:
Channel Roughness versus Culvert Roughness

Culvert roughness 
0.023 – 0.027

Natural channel

Culvert

Flow Hydraulics and Sediment 
Transport: Velocity Profiles

Natural channel

Culvert

Flow Hydraulics and Sediment Transport: 
Natural Channels and Culverts

Increasing Flow 

In
cr

ea
si

n
g

 
S

h
ea

r 
S

tr
es

s

Initiation of 
particle movement

Bankfull Q
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Presentation Outline

• Watershed Context

• Discharge and Channel Characteristics

• Channel Characteristics and Fluvial Processes
• Channel slope

• Channel cross section

• Channel planform and bank patterns

• Channel slope, shape, and planform

• Channel bedforms

• Channel-bed material

• Flow hydraulics and sediment transport

• Predicting Channel Adjustments/Responses and 
Evaluating Potential Site Risk

Channel Adjustments and Responses

• Channels adjust their bedform configuration, width, 
depth, slope, and meander pattern in response to 
changes in discharge, sediment supply, and/or base 
level changes

• Channel adjustments occur in response to naturally 
occurring events such as floods, landslides, etc. or 
land-use activities such as logging/road building, 
mining, urbanization, dam building, etc.

• The rate of channel adjustment varies spatially and 
temporally along the channel in response to a 
disturbance; this reflects watershed- and local-scale 
differences in geomorphic setting, fluvial processes, 
channel characteristics, and past disturbances 

Channel Type and Potential Change to Disturbance

From Montgomery & Buffington, 1993

Aa

A,B

B
C,E,F

Potential Channel Change to Disturbance
(width, depth, lateral migration, gradient)

LOW HIGH

Relationship Between Channel Type, 
Bed Mobility, and Potential 

Changes to Disturbance

Size of Bed 
Sediment

Relative 
Mobility 
of Bed 

Material

Potential Channel 
Changes to Disturbance 

(width, depth, lateral 
migration, gradient) Channel Type

Boulder 
Cobble

LOW LOW Rosgen A 

Cascade

Step Pool

Gravel 
Cobble

Rosgen B C

Plane Bed

Pool Riffle

Sand

HIGH HIGH

Rosgen C E

Regime
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Timescales of adjustment

from Knighton, 1998

Service life 
of structure

Understanding and Predicting Channel 
Responses/Adjustments

Dynamic, Stable Channels:  Steady State Equilibrium

Time

C
ha

nn
el

 D
im

en
si

on
(w

id
th

, 
d

e
p

th
, g

ra
d

ie
n

t, 
e

tc
.)

long-term
average

Sediment
(LOAD) X (SIZE)

Stream
(SLOPE) X (DISCHARGE)

from Lane, 1955; in FISRWG, 1998

Channel Adjustments and Responses Channel Responses to an Undersized Culvert

Inlet 
Constriction 

Ratio
=

Culvert Span
Bankfull Width

=
2.1 m
9.7 m

= 0.22

Save Creek
Olympic NF, WA

Sediment 
Wedge

Save Creek
Olympic NF, WA

Sediment 
Wedge

Eroded Portion 
of Sediment 
Wedge
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Channel Responses to an Undersized Culvert

Outlet
Expansion 

Ratio
=

Plunge Pool 
Scour Width

Bankfull Width
= 12.8 m

9.7 m
= 1.3

Save Creek
Olympic NF, WA

Sediment 
Wedge

Rate of Channel Adjustment  

1998 – Siegel Ck, LNF

1979 – Siegel Ck, LNF

Recognizing Channel Instability 
and Disequilibrium

Unstable Channels:  Disequilibrium

Time

C
h

a
n

n
e

l D
im

e
n

si
on

 
(w

id
th

, 
de

pt
h,

 g
ra

di
en

t, 
et

c.
)

Headward migration of knickpoints stopped by 
twin road culverts (Mississippi)

Photo courtesy of Bill Dickson)
• Important to recognize channel instability and disequilibrium

• Climate change, base-level changes, land-use practices, etc. can 
cause local and system-wide channel degradation and aggradation

Recognizing Channel Instability
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Recognizing Channel Instability
• Channel Evolution 
Model 

from FISRWG, 1998

Recognizing Channel Instability

from FISRWG, 1998

• Channel Evolution Model 

Recognizing 
Channel 

Instability
• Johnson et al. 

(1999)

Site Risk Assessment: Channel Responses to 
Consider at road-stream crossings
• Channel stability: Is the overall channel stable or unstable 

because of system-wide degradation and aggradation? 
• Vertical adjustment potential: What is the potential range of 

channel-bed elevations over the service life of the structure 
from scour and fill processes during floods, sediment and 
wood inputs from debris flows and/or debris torrents, loss 
or formation of debris jams, land-use changes, etc.? 

• Headcut potential: What are the ecological implications for 
allowing headcutting to occur as the channel adjusts to 
establish a new equilibrium condition?

• Lateral adjustment potential: Can channel migration or 
lateral shifting over the service life of the structure affect 
stream/culvert alignment?                                                            

• Floodplain conveyance/connectivity: Is floodplain function 
and connectivity ecologically important? What is the depth 
and extent of flow in floodplain above bankfull conditions?
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Site Risk Assessment: Channel Responses to 
Consider at road-stream crossings
• Channel stability: Is the overall channel stable or 

unstable because of system-wide degradation 
and aggradation? 

– Longitudinal Profile Shape
• Vertical offset

– Channel Entrenchment / Floodplain Disconnect
• Entrenchment ratio differences

– Bank Instability
• Channel evolution model, other rapid channel/bed 

stability assessments
– Sediment deposition on floodplains
– NEED TO DETERMINE WHAT IS CAUSING INSTABILITY

Site Risk Assessment
CHANNEL STABILITY: Save 
Creek, Olympic NF, WA Example

Vertical 
offsetQbankfull

Qbankfull

Site Risk Assessment
CHANNEL STABILITY: Save Creek, 
Olympic NF, WA Example

Vertical 
offset

Site Risk Assessment
CHANNEL STABILITY: Save Creek, 
Olympic NF, WA Example

Vertical 
offsetQbankfull

Qbankfull
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Site Risk Assessment: Channel Responses to 
Consider at road-stream crossings
Vertical adjustment potential: What is the potential 
range of channel-bed elevations over the service 
life of the structure from scour and fill processes 
during floods, sediment and wood inputs from 
debris flows and/or debris torrents, loss or 
formation of debris jams, land-use changes, etc.? 

– Longitudinal Profile Shape
• Concave (deposition and erosion cycles)
• Convex (potential headcutting)
• Vertical offset (potential headcutting) 

– Large Woody Debris, Debris Torrents
– Mass Wasting Potential
– Presence of Bedrock

Site Risk Assessment
VERTICAL ADJUSTMENT POTENTIAL: 
Tahoe  NF, California Example

Site Risk Assessment
VERTICAL ADJUSTMENT POTENTIAL: 
Unnamed Trib, Lolo NF, MT Example

Deposition zone

Inflection point

Site Risk Assessment
VERTICAL ADJUSTMENT POTENTIAL: 
Siuslaw NF, Oregon Example
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Site Risk Assessment: Channel Responses to 
Consider at road-stream crossings
• Headcut potential: What are the ecological 

implications for allowing headcutting to occur as 
the channel adjusts to establish a new 
equilibrium condition?

– Almost always have headcutting through the sediment 
that has accumulated at the inlet

– Longitudinal Profile Shape
• Extent of vertical offset and size of bed material in 

the upstream channel will control the depth and 
upstream extent of headcutting/channel incision 

Site Risk Assessment
HEADCUT POTENTIAL: Save Creek, 
Olympic NF, WA Example

Vertical 
offset

Site Risk Assessment
HEADCUT POTENTIAL: Save Creek, 
Olympic NF, WA Example

Vertical 
offsetQbankfull

Qbankfull

Site Risk Assessment
HEADCUT POTENTIAL: Save Creek, 
Olympic NF, WA Example

Vertical 
offsetQbankfull

Qbankfull

A.Do nothing
B.Partial control
C. Total control
D.Downstream 
restoration
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Site Risk Assessment: Channel Responses to 
Consider at road-stream crossings
• Lateral adjustment potential: Can channel 

migration or lateral shifting over the service life of 
the structure affect stream/culvert alignment?          

– Unconfined channels
– Sinuous channels 
– Existing channel/structure alignment is already skewed
– Composition and stability of bed and bank material
– Can potential sediment/debris inputs from floods/mass 

wasting processes force lateral channel shifting

Site Risk Assessment
LATERAL ADJUSTMENT POTENTIAL: 
Unnamed Stream, Mississippi
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Site Risk Assessment
LATERAL ADJUSTMENT POTENTIAL: 
Newbury Creek, Olympic NF, CO Example

Site Risk Assessment 
Channel Responses to Consider at road-
stream crossings
• Floodplain conveyance/connectivity: Is floodplain 

function and connectivity ecologically important? 
What is the depth and extent of flow in floodplain 
above bankfull conditions?

– Is the floodplain/riparian migration corridor important 
for terrestrial animals?

– Unconfined channels with large floodplains
– Flashy flow regimes that can cause floodwaters to 

pond  behind the roadfill
– Any evidence of past large floods?
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Site Risk Assessment
FLOODPLAIN CONVEYANCE/CONNECTIVITY: 
Unnamed Stream, Lolo NF, MT Example

Site Risk Assessment
FLOODPLAIN CONVEYANCE/CONNECTIVITY: 
Peavine Creek, Tahoe NF, CA Example

Summary
• Watershed-scale and local-scale processes influence 

channel conditions at the crossing; consideration of 
these processes at both scales are needed for 
understanding channel conditions, fluvial processes, 
and channel responses at the road-stream crossing.

• The gradient, planform pattern, dimensions, bedforms, 
and sediment size of the natural channel must be 
evaluated at the road-stream crossing in order to design 
a structure that contains a natural and dynamic channel.  

• A road-stream crossing channel design that has 
dimensions and characteristics similar to those in the 
natural channel will ensure that the design channel will 
be able to laterally and vertically adjust its form to a wide 
range of floods and sediment/debris inputs without 
compromising the movement and habitat needs of fish 
and other aquatic organisms. 
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