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Erosion Threshold Awareness 

The Science 
• Boundary types and sediment mixtures 
• The good ol’ Shields parameter 
• Don’t be scared of selective mobility 
 
The Practice 
(What sometimes works, sort of, maybe…) 
• Threshold versus alluvial channel beds 
• Factors of safety 
• Uncertainty, does it matter? 
• Field verification of  erosion thresholds 

Presenter
Presentation Notes
I think of this as my erosion threshold awareness talk.  The science can be extremely sophisticated, but for better or worse, the practice largely simplified.  My goal here is to review the basic concepts of erosion thresholds for a broad audience of experts and non-experts alike.  Part of the idea being to align our expectations in terms of what the existing science is and what it is not.  We should not expect more from it then it is able to give and likewise we should be applying the science where it has something to offer.

So I will start some basic concepts about the science, and I want to get us thinking about different boundary types and sediment mixtures.  While there are numerous models that have been proposed, the balance of driving and resisting forces typically boils down to the good old Shields parameter, or some close relative. And to put sediment mixtures and Shields methods together, I want to appeal to you, not to be scared of selective mobility.

What does all mean for the practice of erosion thresholds… or only half jokingly will refer to as “what sometimes works, sort of, maybe”.  Again the science is complicated, and we have to be reasonable about what we expect from it.  I think it is important to distinguish between what are often called threshold versus alluvial channels, and I want to raise the issues of Factors of Safety, Uncertainty, and Field Verification to hopefully get some discussion going about them.



of  

Presenter
Presentation Notes
I start with this slide just to remind us when we are dealing with natural alluvial channels that there is a wide range of boundary and bed materials, here examples are all from Ontario.  My doctoral research looked the distribution of different alluvial channels regionally, and I would be happy to pass along my papers to anyone who is interested.  While natural sediments can be diverse, the science is largely focused on gravel, and it is important to keep in mind that the sediment transport theories in fine-grained and very-large cobble boulder systems can be quite different.  Of course the issue of cobble-boulder stability is important for river engineering projects. 




Credit: John Gaffney (2009) University of Minnesota Department of Civil Engineering St. Anthony Falls Lab 

Bedload Transport of Sediment Mixtures 

Presenter
Presentation Notes
I am visual person, so lets look at some laboratory videos of sediment transport.  Now, intuitively it is easier to think about a uniform grain size.  As the force of the flow increases, it reaches a critical threshold where sediment movement starts and sediment transport rates can continue to increase until the entire surface of the bed is moving.  When dealing with multiple grain sizes or sediment mixtures, we have to start accounting for armouring and hiding (where larger particles protect smaller ones) but also a single threshold for all grain sizes is less obvious, so we start thinking about averages.  The problem with averages is that the actual threshold for bed movement is not necessarily distinct, and some localized movement can occur below the average threshold (and this is can be a problem if you intend to engineer a stable bed!).  Further, depending on the sediment mixture, it has been shown that enough smaller grain sizes like sand can change and even increase sediment transport of gravel at lower shear stresses.




EROSION THRESHOLDS 
SEDIMENT MOTION 

Fluid Shear Stress = τo  
Critical Shear Stress = τc 

Presenter
Presentation Notes
So erosion thresholds for sediment motion are really a statistical problem.  And what I mean by that we are dealing with the average of a highly variable flow field, summarized as the average fluid shear stress (driving force) and by the critical shear stress (the resisting force) of the average grain size in a sediment mixture.  Two averages representing a range or probability distribution.

When the probability distributions of the flow’s shear stress and bed’s susceptibility to grain movement are separated, we get almost no movement.  If you wait long enough or look over a large enough area, there will still occasionally be the movement of a few grains.  As the shear stress increases, you start to get some threshold movement of the most susceptible grains, and when the shear stress exceeds the threshold of most of the grains then you get substantial movement.

It’s a balance between the average driving force and the average resisting force.



𝜃𝜃𝑐𝑐 =  
τc

ρs −  ρ gD
 

τo 

Dimensionless Shields Number  

Average 𝜃𝜃𝑐𝑐 = 0.045 
0.03 – 0.06 

Range 0.01 to  >0.1 

Miller et al. 1977 

Buffington and 
Montgomery 1997 

Bed-State: Church 1978 
Slope: Lamb et al. 2008  

Field-Measurements: Petit et al. 2015 
Also 𝜃𝜃𝑐𝑐 varies with: 

Presenter
Presentation Notes
This balance between the average driving force, shear stress to initiate movement, and the average resisting force, say the submerged weight of the sediment (typically the average size D50), is essentially the Shields parameter.  It is a dimensionless coefficient of proportionality.  And with a century of research we are pretty confident that 0.045 is a good average for gravel bed rivers (Miller 1977 and Buffington-Montgomery 1997 are good references).  But the average can be vary for different river conditions and local conditions within a river channel can vary around the average.

Church 1978 argued the Shields number as an Adjustable Bed State Parameter, with weak, normal ( 𝜃 𝑐 = 0.02 – 0.06) and strong structure ( 𝜃 𝑐 > 0.06) (varying from what he called “overloose” to ‘underloose”)
Lamb et al. 2008 demonstrated that the Shields number varies with channel slope
Petit et al. 2015 summarized a large collection of field based measurements showing the variability of average Shields numbers and ranges, including differences in definitions between partial and full mobility.



Adapted from Stewardson and Rutherford (2008), based on data from Buffington and Montgomery (1997)  

Gravel = 6.4 cm 
Average 𝜏𝜏𝑐𝑐 = 48.2 N/m2 

Mean’s 95% Confidence 
Interval: 46.2 – 50.3 N/m2 

± 4.5% 
 

± 1 Standard Deviation  
14.8 – 81.6 N/m2 

 
95% of Data  

11.7 – 140.4 N/m2 

Monte Carlo Simulation 

𝜃𝜃𝑐𝑐 treated as a random variable with log-normal distribution 
mean = 0.045,  standard deviation = 0.03,    n = 1000 (per size, D) 

τc = 𝜃𝜃𝑐𝑐  ρs −  ρ gD 
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Presentation Notes
So I wanted to assess the worst case scenario of all this uncertainty about the Shields parameter.  Even if we have confidence in the average value for some cases, local variation in the channel still leave us with a lot of uncertainty.  To test this out I tried a vary simple Monte Carlo Simulation, similar to that of Stewardson and Rutherford (2008), where I treated the Shields number as a random variable with a log-normal distribution, and based on the data compiled by Buffington and Montgomery (1997), the random distribution had a mean of 0.045 and a standard deviation of 0.03.  Then for each grain size from sand to gravel and cobble, I calculated the critical shear stress 1000 times using the randomly generated Shields number.  So if you take the reorganized Shields equation and calculate the critical shear stress for movement of each grain size using the average shields number of 0.045 (as many of you have done many times), you get this bold white line in the centre.  As the average grain size increases the average critical shear stress of the sediment mixture increases.  To assess the uncertainty, we’ll use the example of gravel with a diameter of 6.4 cm.  The average critical Shields stress is 48.2 N/m2.  Based on the statistical sample the mean’s 95% confidence interval is 46.2 – 50.3 N/m2     This is about +/- 4.5%.  This is all good for the average channel erosion threshold, but to get an idea of how this value could vary locally, +/- 1 standard deviation ranges from 14.8 – 81.6 N/m2 (the thicker dashed line) and 95% of the data falls between 11.7 – 140.4 N/m2 (the outer dotted lines).  A worst case scenario test based on the compiled data of Buffington and Montgomery, but if we don’t pay attention to the assumptions about the Shields number we could be over or underestimating the critical shear stress by a factor 2-3.





Erosion Thresholds and Scale 

Single particle or  
uniform grain-size 

scale 
Average Channel Scale 

Presenter
Presentation Notes
I keep nagging you all about the problem of averages, so I just want to revisit that again.  Intuitively we can think about that single particle on the bed (or a uniform grain size).  The idea of a distinct local threshold is easy, before the threshold there is no movement, after threshold there is full movement. We can contrast that with the case of no threshold where there is just a constant linear increase in bedload transport as shear stress increases.  But we need to translate our intuitive thinking up to the average channel scale.

Out standard model is really what I would call near equal mobility, where we thinking of an average threshold for the channel in terms of the average flow field and the average grains size distribution and structure, and there is strong threshold behaviour for when most of the bedload transport starts.  But we shouldn’t lose sight that in the average sense, some material will move below the threshold and some material will not initially move.  This sort of average threshold assumes that the amount that moves at smaller shear stress is not significant enough to worry about.  But sometimes it is, whether we are concerned with the stability of a engineered riffle or with the sediment transport of finer materials in the channel.

So this is when we need to start thinking about selective mobility, where individual particles sizes will have a critical threshold of there own, but on average there is not a strong threshold behaviour at the channel scale.



Sediment Mobility Theory 

(Distribution graphs adapted from Venditti et al., In Press) 

Presenter
Presentation Notes
So we can look at these ideas again in a different way.  We start with equal mobility and if we can measure the channel substrate and the bedload they are the same.  In other words all of the bed material sizes move, and they start moving at the same time.  Armouring and hiding are important, and this has been demonstrated for many gravel bed channels.

But selective mobility has been demonstrated to be important, especially with increasing factions of very fine gravel and sand.  In this case, on average the bedload is finer then the substrate.  In other words, the finer grain sizes start moving first and move more frequently then the coarser grain sizes.



Sediment Mobility Theory 

(Distribution graphs adapted from Venditti et al., In Press) 

Presenter
Presentation Notes
From there we can imagine cases where essentially some fraction of the substrate is so large that it does not (or rarely) moves, in other words it is, relatively speaking, immobile.  While there are certainly natural channels that exhibit this condition, this case seem particularly relevant to many channel engineering projects where the idea is to install bed material that does not move.  The problem is the current science, and especially its application, does not represent this condition very well.



M OBIL IT Y  

𝜃𝜃𝑐𝑐𝑐𝑐 = 𝑎𝑎
𝐷𝐷𝑖𝑖
𝐷𝐷50

𝑏𝑏

 

𝑎𝑎 = 𝜃𝜃𝑐𝑐50 ≈ 0.045 

𝑏𝑏 = −1  Equal Mobility 

−1 < 𝑏𝑏 < 0  Selective Mobility 

𝜃𝜃𝑐𝑐𝑖𝑖  𝑏𝑏 ≈ −0.6    Average 

𝜏𝜏𝑐𝑐𝑖𝑖  

Selec t  referenc es  
• Parker (1990) 
    http://hydrolab.illinois.edu/people/parkerg/default.asp 
• WILCOCK { CROWE (2003)  
    http://www.stream.fs.fed.us/publications/bags.html 

𝑏𝑏 = −1 

𝜃𝜃𝑐𝑐𝑐𝑐 = 0.0375
𝐷𝐷𝑖𝑖
𝐷𝐷50

−0.872

 

Example: 

Komar (1987, 1996) 

Hiding functions 

Presenter
Presentation Notes
Now we are going get a bit more mathematical, but if this is not familiar to you, bare with me and I hope you will get something out of it.  We do have mathematical approaches to deal with selective mobility, often referred to as hiding functions.  I am giving Komar as a reference here.  So we can ask the question, how does the mobility of finer and coarser sediments vary relative to the average grain-size (D50)?  Or we can think of it in terms of a grain size specific Shields number, that is a function of the ratio of the grain size to D50, with an empirical coefficient and exponent, a and b respectively.  Now, I hope you are not surprised that the coefficient a for the D50 grain size is on average 0.045.  But also if b = -1 then this means equal mobility.  For example, for completely selective mobility if the Shield number is the same for every grain size, then following the critical shear stress equation, if theta is constant then Tc will increase as D increases, as seen in the second graph.  But for equal mobility, all grain sizes must start moving at the same shear stress and this can occur when b = -1.  But going back to the first graph, if Tc has to be constant for equal mobility, then as grain size increases there is a commensurate decrease in the Shields number for each grain size (see graph).  What we end up with is that any empirically derived relationship where b is between -1 and 0, this represents some degree of selective mobility, and the average from decades of scientific study is actually around -0.6, meaning most sediment mixtures show some selective mobility (not full equal mobility).  A common example you might see for applying a hiding function is this, but coefficient and exponent depend on the dataset.  If you are looking for some computation assistance with selective mobility and hiding functions I’d recommend Parker 1990 and Wilcock and Crowe 2003.



CROWE (2003) 

𝜃𝜃𝑐𝑐𝑐𝑐 = 𝜃𝜃𝑐𝑐𝑐𝑐 
𝐷𝐷𝑖𝑖
𝐷𝐷50

𝑏𝑏

 

Fractional (selective) sediment transport of sediment mixtures  
• Non-linear effect of sand on gravel transport rates 

• Two-part hiding function for more sandy and less sandy gravel mixtures 

• Increases θc for fine fractions (reducing sediment transport rates) 

• Decreases θc for course fractions (increasing sediment transport rates) 

• As sand content increases, sediment transport rate increases for all grain sizes 

𝜃𝜃𝑐𝑐𝑐𝑐 = 0.021 +  𝑒𝑒 −20𝐹𝐹𝑠𝑠  

𝑏𝑏 =  0.67

1+ 𝑒𝑒 1.5 − 𝐷𝐷𝑖𝑖 𝐷𝐷50⁄    

M OBIL IT Y  

Hiding functions 

Presenter
Presentation Notes
Now the Wilcock and Crowe model should not be seen as the only model, but it is frequently cited and it deals with some important issues related to selective mobility of sand and gravel mixtures.  You can see it starts with our typical hiding function for Shields stress.  In this case the exponent b varies between the coarser and finer factions and the coefficient a varies with the fraction of sand in the mixture.  Leaving the mathematics behind a this point, this model highlights some important observations about “Fractional (selective) sediment transport of sediment mixtures”
Non-linear effect of sand on gravel transport rates
Two-part hiding function for more sandy and less sandy gravel mixtures
Increases Shields number for fine fractions (reducing sediment transport rates)
Decreases Shields number for course fractions (increasing sediment transport rates)
As sand content increases, sediment transport rate increases for all grain sizes




Engineered Threshold Channel ‘Natural’ Alluvial Channel 

Entrainment threshold (force/area) 
Forced riffles-pools and/or runs 
Armouring (equal mobility or immobility) 
Factors of safety for design stone sizing 

River engineering: 
“Most” channel designs, including stream 
restoration and rehabilitation in Ontario 

Sediment load (mass/time) 
Dynamic bed morphology 
Fractional sediment transport (selective mobility) 
Sediment mixture gain-size distributions 

River assessment and channel design: 
“Some” natural channel designs in Ontario 
Watershed impacts, sediment yield 
Stormwater erosion control targets 

Two Different Applications 

Presenter
Presentation Notes
Now lets switch gears and talk more about the implications of erosion threshold concepts on our practice.  First I want to emphasize an important distinction between two different applications.  What we will call “Engineered Threshold Channels” and “Natural Alluvial Channels.”  Natural is in quotations here because both of these photos are from Highland Creek where the hydrology is clearly not natural, but the alluvial bed material in this reach on the right is very mobile.  But is it important to note that dynamic bedload transport can be a normal condition on many natural channels.  There are some important differences about how we should “think” about these two channels.
Eng: Entrainment threshold (force/area) vs. Alluvial: Sediment load (mass/time)
Eng: Forced riffles-pools and/or runs  vs. Alluvial: Dynamic bed morphology
Eng: Armouring (equal mobility or immobility)  vs. Alluvial: Fractional sediment transport (selective mobility)
Eng: Factors safety stonesizing vs.Alluvial: Sedimentmixture gain-size distribution
River engineering:
I am going to go out on a limb here and say this describes “Most” channel designs, including stream restoration and rehabilitation in Ontario
River assessment and channel design:
“Some” natural channel designs in Ontario (some agricultural and stream corridor restoration, but many still do not full respect the floodplain material, despite the efforts of Paul Villard ).
Watershed impacts, sediment yield, Stormwater erosion control targets





http://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/water/manage/restoration/ 

E.g., USDA 

Chapter 8: 
Threshold Channel 
Design 
 
Allowable shear stress 
techniques (𝜃𝜃𝑐𝑐 = 0.045) 
 
Factors of safety 
x 1.2‒1.3  (Fischenich) 
 
Notes: 
Adjustments for 
mixtures 
 
 
 
 
Chapter 9: 
Alluvial Channel Design 

𝜃𝜃𝑐𝑐𝑐𝑐 = 0.0834
𝐷𝐷𝑖𝑖
𝐷𝐷50

−0.872
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Presentation Notes
To support my distinction I like to refer to the USDA Stream Restoration Design handbook that distinguishes between Threshold and Alluvial channel design.

Recommended methods for Threshold design are given in Chapter 8 (for boundary material larger than sand), and essentially boil down to what they call the “allowable shear stress techniques” where the average Shields number of 0.045 is typically used, but most of the methods also incorporate implicit factors of safety or explicit factors in the range of 1.2 to 1.3.

The handbook does suggest that a hiding function can be used to adjust the Shields number for sediment mixtures.

But most importantly the handbook distinguishes “alluvial channel design” for projects with significant sediment load and movable channel materials.



Factor of Safety and Uncertainty 

Stone Sizes for River Engineering 
• References (e.g., USDA, NCHRP, AASHTO) 
• Factor of Safety = 1.1 to 1.5 
• Common recommendation is 1.2 
 
Erosion Threshold Uncertainty 
(does it matter?) 
• Threshold channel design – depends… 
• Natural channels, alluvial channel design – yes! 

 
‘Natural’ Alluvial Channels 
• Equal mobility (threshold) assumptions need to 

be justified.  
• Selective mobility to estimate sediment load 
• Sediment yield, connectivity, land use impact 

Presenter
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Now I just want to say a few things about factors of safety and uncertainty
I have not recently gone through an exhaustive list of references, but Factors of Safety for stone sizing are often applied in the range of 1.1 to 1.5, with a common recommendation being about 1.5.  But there are a plethora of ways to recommend “conservatively” large grain sizes to “ensure” stability, including using of less frequent return periods – e.g., using the 5-year or even 100-year flood as the design discharge instead of a bankfull or Q2.  In a scientific sense, these methods are ultimately crude, and partially reflect the oversimplification of using average Shields numbers and assuming equal mobility.  Does all this uncertainty matter?
Well for engineered Threshold channels it depends…  In one sense the use of explicit and implicit factors of safety make accuracy less of an issue.  On the other hand, in cases where selective sediment transport causes problems in engineered channels, maybe we should be thinking more about sediment load rather than over-simplified thresholds. 
For Natural and alluvial channels, yes I would say it does matter.  If you want to know how much sediment is moving, might be able to keep the average Shields number error down below 5%, but if we are not careful with the selective transport and the variability of local channel conditions, we might be off by a factor of 2 or 3!
When it comes to Natural Alluvial Channels, I would ask the audience to consider these recommendations:
Equal mobility (threshold) assumptions need to be justified. 
Consider Selective mobility is appropriate to estimate sediment load
Potential applications include Sediment yield, connectivity, land use impact










Field Verification of Thresholds 
Schneider et al., 2014 

w
w

w
.fs.fed.us 

Lam
arre et al., 2005 

Belleudy et al. 2010 

Field Bedload Measurements 
• Tagging, tracing  
• Trapping, detention 
• Impact, acoustics 
• Sediment budgets 
 
Need Standard Definitions 
• What measurement technique? 
• Threshold stone sizes versus sediment load estimates? 
• Length of monitoring period, quality of hydrographs? 
 
Project Expectations 
• Not standard practice, cost and schedule limitations 
• Practitioners that do “field truthing” should be: 

• Clear about scope and limitations 
• Open to Publication and peer-review 

 

Reliable field truthing is easier said then done! 

Presenter
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I also want to quickly raise the issue of Field Verification of Thresholds and Sediment Transport
There are various tools to measure bedload transport in the field, such as:
Tagging, tracing 
Trapping, detention
Impact, acoustics
Sediment budgets
But reliable field measurements are hard!

So in practice we need standard definitions – what I mean is if you want field verification and/or you evaluating someone else's work, we all need to clear about:
What measurement technique?
Threshold stone sizes versus sediment load estimates?
Length of monitoring period, quality of hydrographs?

In terms of project expectations:
Not standard practice, and lets be clear there are some serious cost and project schedule limitations
Practitioners that do “field truthing” should be:
Clear about scope and limitations
Open to Publication and peer-review
My message is:
Reliable field truthing is easier said then done!






Erosion Threshold Awareness 

The Science and Practice 
• Understand limitations of Shields number 
• Don’t be scared of selective mobility 
• Threshold versus alluvial channels 
• Factors of safety and uncertainty 
• Expectations for Field Verification 
 
Selective Mobility Applications 
• Sediment load, yield, budgets, monitoring 
• Stormwater management erosion criteria 

Presenter
Presentation Notes
So to summarize my message today, I want people to:
Understand (the power and) limitations of (the good ol’) Shields number
Don’t be scared of selective mobility
Think differently about Threshold versus alluvial channels
I want people to start talking more about:
Factors of safety and uncertainty
Field Verification Standards

There are applications for Selective Mobility, including assessments of:
Sediment load, yield, budgets, monitoring
As well as, Stormwater management erosion criteria for ‘sandy-gravel’ alluvial channels





THE SCIENCE AND PRACTICE OF 
EROSION THRESHOLD THEORY 
in Applied Geomorphology 

Roger TJ Phillips and Peter Ashmore 

Thank You! 
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Presentation Notes
And to finish I want to thank Peter Ashmore for his continued support of my Erosion Threshold awareness initiative.



More Wilcock and Crowe (2003) 

𝜃𝜃𝑟𝑟𝑟𝑟∗  

𝜏𝜏𝑟𝑟𝑟𝑟
𝜏𝜏𝑟𝑟𝑟𝑟

 

𝐷𝐷𝑖𝑖 𝐷𝐷50⁄  

Uses reference shear stress (𝜏𝜏𝑟𝑟) and 
Shields number (𝜃𝜃𝑟𝑟𝑟𝑟∗ ) 

Non-linear relation between sand 
content and sediment transport rates 

As   𝐹𝐹𝑠𝑠 ↑,  𝜃𝜃𝑟𝑟𝑟𝑟∗  and 𝜏𝜏𝑟𝑟 ↓  thus increasing 
sediment transport rates for all sizes 

Two-part trend in hiding function relative 
to 𝜏𝜏𝑟𝑟 for single-sized sediment (1:1 line) 
 
Hiding function acts to: 
Finer fractions:  
𝜏𝜏𝑟𝑟 ↑   (↓ sediment transport) 
 
Coarser fractions:  
𝜏𝜏𝑟𝑟 ↓   (↑ sediment transport) 
 

*Sand changes gravel sediment transport 



The Science and Practice of Erosion Threshold Theory in Applied Geomorphology 
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