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Montecito — 3x vertical
exaggeration
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A landscape built by debris flows




Flow struck early morning:
limited direct observation

https://youtu.be/INI2wUlynvY https://youtu.be/dDSAwM1nf ¢
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Boulder—-mud debris flow.
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“The patrol vehicle was elevated off . .

the road by the mudflow and was Vlscous suspension
spinning without traction. The car High concentration silt/clay
was spun 180 degrees after fifteen

seconds and was able to gain

traction.”


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

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

https://youtu.be/HALHkKcFbg8

~1lm 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

https://youtu.be/FSh5E9M3PrM?list=PLrBn8y0OHF3J0X|Jt4I2N3BFQdDtjhAGr3

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

Dense, viscous mud ponded behind


https://youtu.be/Fsh5E9m3PrM?list=PLrBn8y0HF3J0XjJt4l2N3BFQdDtjhAGr3
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12 February,

entry to San Ysidro Creek.

Looking upstream at trib.



Ssource material - mud - gravel

s

Dry rével moving into channel. Rilis cut 1nto ash and mud.

Cold Spring Creek, 6 February 2018. Trib to San Ysidro Creek, 12 Feb.



Source material - boulders

Boulders tumble down wvalley 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 1n picture 1is 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.
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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.




stimating flow depth

o Creek,2 February 2018
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Montecito debris flow zones
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Debris flow — conceptual
mode 1l

onset of turbulence

tail
1

suspension
(2 phase flow)

i

hyper-
concentrated

flow or
streamflow
with bedload

bouldery front

Dense granular flow:

precursory surge Diameter, D ~ 1 m
|

» Depth, h ~ 1-4 m
Velocity, u ~ 5-10 m/s
Stress carried by grains

fully
developed
debris flow

=

flow direction

boulder
accumulation

/

Dense, sedimenting

suspension (mudflow) :
Diameter, D < 1073 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?



Montecito debris flow — NOT a
landslide

X
[Paik, J. Hydro-env. Res. 2015]
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Raindrop __«
erosion

Sheet —-""K:\, AN
Mud-sand-gravel Sﬂﬂmh;fs '
suspension formed from .

hillslope runoff.

Channel erosion

Stream f{low

[http://www.civil.ryerson.ca/Stormwater/menu 5/index.htm]




Mudflow setup: Thomas fire

After a fire, the gas
cools and solidifies,
forming a wax-like
layer surrounding
soil particles a few
inches below the

surface. Topsoil
@
(S5iand Q) oo
'. ooling gas .'.
oy . Wax-like
.. (Y ‘.\. ’ayer
<€ a L s
particles
[Noozhawk.com] [latimes.com]

[Cerda, Fire effects on soils and restoration strategies 2009]
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Fig. 1 Water drops rer-ljntl_; on a highly reellent organic-rich soil (photo by Erik Fig. 2 Infiltration rates into water r"’¥'“““'“ and wettable soil (medified from Letey
van den Elsen). - ’ et al. 1962).


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

Mudflow trigger: 1ntense rain
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Rainfall: almost delta function

Flash flood: shallow wave
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http://cw3e.ucsd.edu/category/

[Alexander and Cooker,
Sedimentology 2016]

Boulder entrainment

Force balance on a boulder at i1nitiation of motion:

1 / aﬂ, /
—CpprAu’ + F sin(B) + ku—V,ps — F.cos = ()
5Cpps gsn(f) o P11y (B) - a ah/D
Drag Downslope-g Impulse Friction p' _ (ps — ps)gD
1] S

(Neglect 1lift force since h ~ D:)

Ps ﬂ!fD
Front moves as wave: > 5 hepiy == | — —
rr =1 * (pf )0.5OD+k

Mud reduces hCrit

water, due to density. h . as small as D/10!
Lubrication reduces p, 2x or more. erit

3x compared to

Mud reduces

29D u . 2x
Condition for 1lift: (u? _ ug) ~ g (}OS _ 1) crit Gt
Cr Pr compare o

water.




Creatling a boulder dam:
Granular segregation (?)

Annual Review of Fluid Mechanics .
o (cf. Nico Gray’s talk)

Particle Segregation in Dense

Granular Flows

John Mark Nicholas Timm Gray

f Coarse-enriched
surface layer

Breaking
size-segregation

Coarse-grained
levee Fine-grained
lining

[Golick & Daniels,

Phys. Rev. E 2009]
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But granular fronts form i1n fluids too...

week endin
PRL 94, 117803 (2005) PHEINCAL, RENIEW LETTEES 25 MARCH 2005

Theory for Shock Dynamics in Particle-L.aden Thin Films

Junjie Zhou,' B. Dupuy,' A.L. Bertozzi,> and A.E. Hosoi'

' Department of Mechanical Engineering, Hatsopoulos Microfluids Laboratory, Massachusetts Institute of Tech
77 Massachusetts Avenue, Cambridge, Massachusetts 02139, USA
2UCLA Mathematics Department, Box 951555, Los Angeles, California 90095-1555, USA
(Received 20 July 2004; published 23 March 2005)

We present a theory to explain the emergence of a particle-rich ridge observed experimentally in a thin
film particle-laden flow on an incline. We derive a lubrication theory for this system which is qualitatively
compared to preliminary experimental data. [The ridge formation arises from the creation of two shocks |

\ due to the differential transport rates of fluid and particles| This parallels recent findings of double shocks
in thermal-gravity-driven flow [A.L. Bertozzi et al., Phys. Rev. Lett. 81, 5169 (1998); J. Sur et al., ibid.
90, 126105 (2003); A. Miinch, ibid. 91, 016105 (2003)]. However, here the emergence of the shocks arises
from a new‘ mechanism involving the settling rates of the speciex.‘

“Intuitively, we expect the large ridge to arise 1f the pafticle settling
velocity along the plate exceeds that of the front.”
— Invokes hindered settling in high concentrations

[Suwa, Dissertation, Kyoto University 1988]
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Granular fronts 1n mud

[Leonari et
al., Phys.

Sedimentation + shear... §Rev. E 2015]
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Mo slip at snout

Drebris Mow without or prior (o snowt effect, Conveyor bell driven by body
motion constantly and consistenty lavs down a new front from behind.

Pure slip al snout, mass of coarse
material slides at snowt velocity

Amount of particles
31%

Snout effect. Larger clasts collect at front, shutting off the conveyor.
Freezing of body occurs from front backward. Backwater also forms,

[Parsons et al., J. Geology 2001]
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Boulder front: relevant
scales

SUSpension
P Front moves as wave:

(2 phase flow)

onset of turbulence bouldery front I u 1
; r = ~
ta"\I\ body Vv gh
T ERNOGHL
e —am : ; :\:_;:‘..i"' I _4 m
[T

Precursory surge
h=1

U=5-10m/s

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

(ps — pf)Du < 100 N, = Ps(ps — pf)Dz%
nf | (1 - @S)"?f

...but collisions ~ viscosity for concentrated muds.

St — ~ 10°

Inertial ~ Confining/normal stress
2/ 0un\2
psl)(fﬁﬂ N

(ps — pf)gh

N, = L I=D(du/oh)\/(ps— py)/PP ~1



Mud phase: scales

suspension
(2 phase flow)

onset of turbulence bouldery front
Ta'i[\l\ / front
oA LA
Ll ] :' a r F . -
i'_.‘_“

Precursory surge

Boundary shear stress:
assume mud-rich flow

T, = prghS
S~0.1
P = 2000 kg/m?

VELOCITY (m/s)

1000 -
Flow resistance estimate of u:
Viu' = 0.4 (hid50) [Phi lips & Davies,
100 1 MR, Viu*= § (HlS0)"*Manning e gébmorphology 1991]
20
5 u 53 o 0 -""'//"f'f/ L - : .
0l B Y L S et [ 0 1 > 3 4 5 6
B v L b DEPTH (m)
1 e,
1 I [Julien & Paris,
R yl= wa./gh log h/D ghS ~ 10m/s  am. soc. civil
0.10 : : Eng. 2010]

Iog hid 5I.'r



Mud phase:

suspension
(2 phase flow)

onset of turbulence

tail
g

—— T

“Mud”: D < 1 mm
Viscous
20
N, = Os(ps — pf) D gy b 1
(1- ﬁi’S)’Of
Fricti;nal
2 2
_ psD (E)_}i) 6
NS — ~ 10
(ps — pf)gh

Herschel-Buckley rheology:

T =19+ k"

Yield stress Viscosity (if n = 1)

v1iscous,

frictional flow

h~ 0.2 mmud
‘frozen’ on S ~ 0.04

T0 = prghS

Yield stress:
70 ~200 Pa

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

(Tb — TO)/"}/ = Neff ~ 300 Pa-s
— viscosity > 10° water

Re = prhu/n.s s ~ 10 2
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[Phillips & Davies,
Geomorphology 1991]
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Mud phase comparison: your sink
Froude number

u
> 1

gh

h~0.001 m
— u~0.1m/s

Reynolds number
ﬂJ Re = prhu/n. ¢ ~ 102




Mud phase: scales

¥
y 3
.’ﬂ' - u-. - -

VELOCITY (m/s)

» Energy balance
fargument for ;
'wall jet height |

[Phi11lips & Davies,

‘118
(no backwater) : 1 ﬂ%e/omorphology 1991]
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—u =9m/s



Mud phase: rheology and

[Boyer et al,

Phys. Rev. Lett. 2011] SOlidS COntel’]t

[Houssais et al,

Phys. Rev. E 2017 . 1 |V| ]
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— JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 115, F03005, doi:10.1029/2009JF001514, 2010

Inferred debris flow i
Article
properties similar to
The perfect debris flow? Aggregated results from 28 large-scale
I verson experiments

Richard M. Iverson,' Matthew Logan,' Richard G. LaHusen,' and Matteo Berti'?

peﬁj%Fnts/theo§6
ég % pf 00 kg/m [109] Our data demonstrate that a key feature of debris-

flow behavior is development and persistence of dilated,
1 ~ 1001:) . high-friction, coarse-grained flow fronts, pushed from
I I I S T ~ a S behind by nearly liquefied, finer-grained debris. In our ex-

debris porosities and bulk densities. Measured ratios of basal
normal stress to flow thickness imply that the leading edges
of the experimental debris-flow fronts are highly dilated,
reinforcing the inference that collisional momentum
exchange is significant. Following passage of dilated fronts,
bulk densities stabilize near ~2000 kg/m®, consistent with
expectations for typical debris-flow slurries [Major and
Pierson, 1992]. Variation of bulk density affects the bal-

- NDa’r — nf ~ 105

40 |- - SGM mixture L — —
Emm Mean | T g ® & p S 7
w — Standard T = -0 L |
o deviation | % 10 E ..". *
£ 30} i W - . % u EXPLANATION D # .
] | T 10t L ® A @ Sand and gravel mix arcy .
§ | .l a g ° " u ] A } 3 % Loam and gravel mix ' ' '
S ol | | 2 1.;,—12E J u A o | Mount St. Helens, 1980 Slgnlflcant
= = = u 3 A Osceola Mudflow '
= _ DA
?_’1 | E 10-13 e o O Mount St. Helens < 10mm f l u l d-
& | B ] = EFLII A A E A\ Osceola <10 mm
Br - 1 & 10-14 [ A ] pressures
I z E N 5
g,;x-v;q—x—rl—rl—l{{ & ol L —
0 e e e e e e e 0.20 0.30 0.40 0.50 0.60

0 .002.004.008.016.031.062.125.25 5 1 2 4 8 16 32 64
Mesh size (mm) POROSITY

[Iverson, Rev. Geophys. 1997]



Outstanding problems 1:

polydilsperse suspensions
Sand breaks contact networks of clay/silt?

Clay/silt lubricates sand?

[Ancey, J. Rheology 2001]

A direct application of the present results concems the physics of debris flows in
mountain areas. To explain the striking mobility of these natural flows involving a wide
range of materials (fine sediment, boulders, etc.), geologists usually evoke the pore-fluid
pressure as the key mechanism. In this article it was shown that a fluid-like state is
reached for very concentrated slurries when contact between coarse particles is lubricated
by the interstitial fluid. Such an explanation appears to the author to be better founded.
Moreover, it should be possible to predetermine bulk behavior of natural slurries depend-

ing on its composition, at least in simple cases. This would be a result of primary
importance in engineering.

(cf. Sarah Hormozi talk)

J. Fluid Mech. (2015), vol. 776, R2, doi:10.1017/jfm.2015.329 2
£y
S (a) 10

rheology/tribology of

WATER RESOURCES RESEARCH, VOL. 45, W03412, doi:10.1029/2008 WR006920, 2009

Rheology of concentrated granular suspensions and possible
implications for debris flow modeling

Rosanna Sosio' and Giovanni B. Crosta’

JFM RAPIDS

journals.cambridge.org/rapids

Rheology of dense suspensions of

— 10/ F(¢)

I
non-colloidal spheres in yield-stress fluids Ty.s L

Simon Dagois-Bohy', Sarah Hormozi?, Elisabeth Guazzelli' and
Olivier Pouliquen'

109

T =1,,()T, + ky(d)ky" ;

Debris flow: dense non-colloidal suspension 1in yield
stress fluid? - Graln polydispersity 1s challenging!

¢

¢
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Outstanding problems 2: phase
separation/segregation of particles and
fluids

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

DEM
N

L

N A
DL A

LBM—"1:0

(&) fluid-particle
{d} Front transition

o & Zzw
Unsaturated boulder front: P ﬁ%%ﬁ
— Very destructive = i mmfgi
— Enhances flood levels behind

,X _,,fl
&)

Formation depends on:

— Shear rate

— Fluid viscosity (?)
—x & NS .Content 2 )boce, 2011]

. [Zhou et al,
8" Phys. Rev. Lett.

R 2005)




Outstanding problems 3: gradual
liquefaction and continuous failure by

e N [Gabet, FEarth Surf.
IR N » Proc. Landforms 1998]
[Wijdenes & Ergenzinger,
Catena 1998]
Shear—-induced liquefaction 1s reasonably well studied.

Rainfall-induced landslides commonly reported.

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



Conclusions: how do we make this flow?

Current models that i1nclude pore pressure,
PROCEEDINGS A depth-averaged debris-flow T B
—4%——: model that includes the effects  COMPressibility and granular rheology

THE ROYAL ) ]
SOCIETY of evolving dilatancy. reproduce important features of debris
D —— II. Numerical predictions and flows.

experimental tests
David L. George and Richard M. Iverson

Research CromMark
Byl US Geological Survey, 1300 SE Cardinal Ct. Vancouver, L 3 3 t t 3 o
Cite this article: George DL, lverson RM. 2014 WA 98683, USA lml a l On S .
A depth-averaged debris-flow model that . . .
includes the Eﬁﬂlls ":'[eml“ingd”"_m"“" We evaluate a new depth-averaged mathematical ]_ . D O n O t :I_ n C l u de g r a_ :I_ n - S :I_ Z e / p h a. S e
Il Numerical predictions and experimental model that is designed to simulate all stages of
tests. Proc. & Soc A 470: 20130820. debris-flow motion, from initiation to deposition.

~segregation — no boulder front.

- 2. Sensitivity to initial conditions:
- “...a fundamental bifurcation of behaviour (runaway
5., acceleration versus slow, regulated motion) can

result from rather minor @Fﬁe@brj@%@tijﬁv%ﬁé initial
state.” 1. Determine how

initially-dry
hillslopes “liquified”
—~ rills, mud.

2. Understand
entrainment of
boulders and front
formation.

75 80 85 90 95 100 105 110 115
distance, x (m)

| How?
Materials
~haracrteriat10on

0 depth, i icm) 18
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