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Landscapes:: creeping ↔ flowing

Santa Barbara, 9 January 2018

CREEP?CREEP?



  

Montecito – 3x vertical 
exaggeration

A landscape built by debris flows



  

Flow struck early morning: 
limited direct observation

https://youtu.be/JNl2wUIynvY

0 – 0:40.
3:10 – end

Boulder-mud debris flow.

“The patrol vehicle was elevated off 
the road by the mudflow and was 
spinning without traction. The car 
was spun 180 degrees after fifteen 
seconds and was able to gain 
traction.” 

0:21 – 0:30.
2:07 – 2:21

https://youtu.be/dDSAwM1nf_c

Viscous suspension
High concentration silt/clay

https://youtu.be/JNl2wUIynvY
https://youtu.be/dDSAwM1nf_c


  

Surges continued for hours
(cf. Nico Gray’s talk)

https://youtu.be/HALHkKcFbg8

~1m deep, mud-rich flow pushing ~1m boulders. 
Speed is ~5 m/s.

“2 phases”: boulder-rich front → dense granular flow, makes a “dam”.
Mud-rich flow behind: a visco-plastic (non-Newtonian) fluid(?) 

https://youtu.be/HALHkKcFbg8


  

Debris flow - Ilgraben

Boulder-rich “dam” front, up to car-sized.

Dense, viscous mud ponded behind 

https://youtu.be/Fsh5E9m3PrM?list=PLrBn8y0HF3J0XjJt4l2N3BFQdDtjhAGr3

https://youtu.be/Fsh5E9m3PrM?list=PLrBn8y0HF3J0XjJt4l2N3BFQdDtjhAGr3


  

Headwaters – burned hills

Looking upstream at trib. entry to San Ysidro Creek. 12 February, 2018



  

Source material – mud → gravel

Dry ravel moving into channel. 

Cold Spring Creek, 6 February 2018. 

Rills cut into ash and mud. 

Trib to San Ysidro Creek, 12 Feb. 



  

Source material - boulders

Boulders tumble down valley walls, accumulate in channels.
Looking upstream, bedrock headwater trib. to San Ysidro Creek. 

12 February, 2018



  

The aftermath - canyon

Looking downstream in Cold Spring 
Creek canyon. 

Flow in picture is result of 
ruptured water line.

Note blown out channel, with 
boulders and debris. 
Many trees were cleared out. 



  

The aftermath – top of fan

A new “boulder 
field” left 
behind by the 
debris flow. 

Glen Oaks 
neighborhood, 
Montecito.

2 February, 
2018.



  

The aftermath – top of fan 

Glen Oaks neighborhood, 
Montecito.

2 February, 2018.



  

The aftermath – down fan 

An avocado grove on San 
Leandro Drive.
San Ysidro Creek.

2 February, 2018.

~20 cm mud drape, still wet 
3 weeks after deposition. 



  

Estimating flow depth

Damage 
on 
bridge 
bottom.
 
~4 m
flow 
depth

San Ysidro Creek,2 February 2018

Mudline on trees.

Mud/gravel mix on 
~1.5m boulder
~3m above channel



  

Montecito debris flow zones

BOULDERS

MUD/GRAVEL

BED SCOUR

BOULDER 
DEPOSITION

MUD DEPOSITION



  

Debris flow – conceptual 
model

Dense granular flow:
Diameter, D ~ 1 m
Depth, h ~ 1-4 m
Velocity, u ~ 5-10 m/s
Stress carried by grains 

Dense, sedimenting 
suspension (mudflow):
Diameter, D < 10-3 m
Depth, h ~ 1-4 m
Velocity, u ~ 5-10 m/s
Stress carried by fluid
Mud/sand
High concentration → laminar 

How do we create this flow?



  

[Paik, J. Hydro-env. Res. 2015]

Montecito debris flow – NOT a 
landslide

[http://www.civil.ryerson.ca/Stormwater/menu_5/index.htm]

[science-art.com]

Mud-sand-gravel 
suspension formed from 
hillslope runoff.



  

Mudflow setup: Thomas fire

[Noozhawk.com]

[Cerda, Fire effects on soils and restoration strategies 2009]

[latimes.com]

http://www.civil.ryerson.ca/Stormwater


  

Mudflow trigger: intense rain

[http://cw3e.ucsd.edu/category/
precipitation-event/]

Rainfall: almost delta function

Flash flood: shallow wave

To do: determine hydrograph
 (Tom Dunne), IC for mudlow

[Loczy et al., 
Flash flood hazards 2012]



  

Making mudflows on hillsides

Rills cut all the way to ridge 
→ no water accumulation
Some lobate and mild levee features 
→ viscous flow deposits
Laboratory experiments: 
→ sediment concentration = f(slope) 
[Aksoy et al., Hydro. Sci. J. 2013; Chen et al., PLoS ONE 2014]

http://cw3e.ucsd.edu/category/


  

Boulder entrainment

Force balance on a boulder at initiation of motion:

Drag FrictionImpulse

(Neglect lift force since h ~ D:)

h D

a ~ gh/D

Mud reduces h
crit

 3x compared to 
water, due to density. 
Lubrication reduces μ

f
 2x or more. 

Front moves as wave:

[Alexander and Cooker, 
Sedimentology 2016]

h
crit

 as small as D/10!

β

Downslope-g

Condition for lift:

Mud reduces 
u
crit

 2x 
compared to 
water.  



  

Creating a boulder dam: 
Granular segregation(?)

[Golick & Daniels, 
Phys. Rev. E 2009]

(cf. Nico Gray’s talk)



  

But granular fronts form in fluids too...

Clear-water flood waves over gravel
“[A] larger boulder attains a higher 
terminal velocity on a steep slope and 
focuses faster to the front”

[Suwa, Dissertation, Kyoto University 1988]

“Intuitively, we expect the large ridge to arise if the particle settling 
velocity along the plate exceeds that of the front.” 

→ Invokes hindered settling in high concentrations



  

Granular fronts in mud

[Parsons et al., J. Geology 2001]

[Leonari et 
al., Phys. 
Rev. E 2015]Sedimentation + shear...



  

Boulder front: relevant 
scales

Front moves as wave:

h = 1-4 m
U = 5-10 m/s

Collisions >> viscosity if fluid is clear water...

Inertial ~ Confining/normal stress

...but collisions ~ viscosity for concentrated muds.



  

Mud phase: scales

Boundary shear stress: 
assume mud-rich flow

~ 103 Pa

S ~ 0.1
   ≈ 2000 kg/m3

[Phillips & Davies, 
Geomorphology 1991]

Flow resistance estimate of u:

[Julien & Paris, 
Am. Soc. Civil 
Eng. 2010]



  

Viscous

Frictional

“Mud”: D < 1 mm

10-6

Mud phase: viscous, frictional flow

Herschel-Buckley rheology:

Yield stress Viscosity (if n = 1)

h ~ 0.2 m mud 
‘frozen’ on S ~ 0.04 

~ 200 Pa

VISCOSITY: Bingham: n = 1 for high shear rates (??)

Yield stress: 

[Phillips & Davies, 
Geomorphology 1991]

→ transitional flow

2
→ viscosity > 105 water

1



  

Mud phase comparison: your sink

Froude number

2
Reynolds number

h ~ 0.001 m
→ u ~ 0.1 m/s



  

Mud phase: scales

~ 103 Pa
[Phillips & Davies, 
Geomorphology 1991]

[Riviere et al., J. Hydraulic Eng. 2017]

h
jet

Energy balance 
argument for 
wall jet height 
(no backwater):

Mudlines indicate h
jet
 up to ~4 m(!!)

→ u   = 9 m/s



  

Mud phase: rheology and 
solids content

~ 10-6

High solids content

[Houssais et al, 
Phys. Rev. E 2017]

[Boyer et al, 
Phys. Rev. Lett. 2011]



  

u = 10 m/s

Inferred debris flow 
properties similar to 
Iverson 
experiments/theory:

Darcy #:
Significant 
fluid 
pressures

[Iverson, Rev. Geophys. 1997]



  

[Ancey, J. Rheology 2001]

Outstanding problems 1: rheology/tribology of 
polydisperse suspensions

Sand breaks contact networks of clay/silt? 
Clay/silt lubricates sand?

Debris flow: dense non-colloidal suspension in yield 
stress fluid? → Grain polydispersity is challenging!

(cf. Sarah Hormozi talk)



  

Outstanding problems 2: phase 
separation/segregation of particles and 

fluids
[Leonardi et al, Phys. Rev. E 2015]

[Zhou et al, 

Phys. Rev. Lett. 

2005]

Unsaturated boulder front:
→ Very destructive
→ Enhances flood levels behind

Formation depends on:
→ Shear rate
→ Fluid viscosity(?)
→ Fines content(?)[Kaitna et al., Int. Conference, 2011]



  

Outstanding problems 3: gradual 
liquefaction and continuous failure by 

wetting
https://youtu.be/Rd6W2aP2dkA

Shear-induced liquefaction is reasonably well studied.

Rainfall-induced landslides commonly reported.

Gradual, viscous failure: physics are un(der)studied
→ Pore pressure vs. lubrication, material controls

[Wijdenes & Ergenzinger,
Catena 1998]

[Gabet, Earth Surf. 
Proc. Landforms 1998]



  

Conclusions: how do we make this flow?
Current models that include pore pressure, 
compressibility and granular rheology 
reproduce important features of debris 
flows.

Limitations:
1. Do not include grain-size/phase 
segregation → no boulder front.

2. Sensitivity to initial conditions:
“...a fundamental bifurcation of behaviour (runaway 
acceleration versus slow, regulated motion) can 
result from rather minor differences in the initial 
state.”

Our objectives:
1. Determine how 
initially-dry 
hillslopes “liquified” 
→ rills, mud.

2. Understand 
entrainment of 
boulders and front 
formation.

How?
Materials 
characterization, 
rheology, surveying.
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