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Mass wasting

» Mass wasting: sediment movement by
collapse, sliding and flowage without the
intervention of a fluid transporting medium.

» Material that can fail in mass wasting is called
regolith. It can be soil (colluvium), saprolite,
or weathered or fractured bedrock.

Concerns about mass wasting in
Watershed Analysis

» Processes: failure, sliding, and flow

» Characteristics and avoidance of hazard

» Contribution to watershed sediment budget

The range of mass failures

» Mass wasting occurs in a variety of forms
(slides, flows) and thicknesses from cm. to
tens of meters

Gros Ventre rockslide, WY




Madison Canyon, MT rockslide

Landslide
(debris slide) in Teton
foothills, WY

Head of debris slide in S. Alps, NZ

The range of mass failures

» Mass wasting occurs in a variety of forms (slides,

flows) and thickness, --- from cm. to tens of meters

» Thick rockslides/avalanches behave in more or less

the same way as thinner debris slides in colluvium,
but are usually the subject of geotechnical hazard

control (e.g. along major highways and reservoirs,

rather than objects of watershed analysis

» Therefore, here | will discuss thinner, colluvial (soil)

failures




Failures on Planar and Convergent slopes

» Theory which follows indicates that instability
of soil is favored by high soil thickness and
high water pressures (all other things being
equal)

» Landslides will occur preferentially in parts of a
landscape with these characteristics

* i.e. where colluvium and water (both of which
move downhill) are forced to converge by
convergent hillslope shape

Convex (low Alw), concave (high A/w) and planar (A/w = x)
hillslopes, Vermont

Bedrock hollow (zero-order basin), Central California
Convergent topography with high A/w favors high pore pressures, soil
accumulation, and mass wasting

Bedrock hollows in Central California




Channel scour by repeated landslide/debris
flow, central California [W. E. Dietrich]

Debris slides on high A/w parts of recently logged steep slopes that
drain into a tributary of the Chehalis River (NYT Jan 3, 2008)

Landslides from bedrock hollows, Southern Alps, NZ.

(A.J Pierce for scale)

Recently evacuated
hollow, Oregon
Coast Range




Evacuated hollow: debris-slide source of debris
flow, Oregon Coast Range

Debris flow deposited
“frozen” midway out of
scoured zero-order
basin, Oregon Coast
Range

Debris flow deposit downslope of evacuated
bedrock hollow, Oregon Coast Range

Evolution from
a recently
evacuated

landslide scar
to a deep

colluvial fill,
vulnerable to
repeated
landsliding
(Dietrich et al.
1982)




Evolution of
bedrock
hollows

Deep colluvial soils
accumulate through
biogenically driven
soil creep in bedrock
hollows

Cross sections of
bedrock hollows,
Oregon Coast Range
(T.C. Pierson)

Water-table changes during
a rainstorm in bedrock
hollows, Oregon Coast
Range (T.C. Pierson)




Deep colluvial soils
accumulate through
biogenically driven
soil creep in bedrock
hollows

Analysis of soil stability on the slope.
Consider a unit-wide strip of hillslope

Disturbing force on a soil on a unit area of slope is gravity

(the weight of soil per unit area of slope)

Soil surface

Bedrock

Analysis of soil stability on the slope:

Weigh =(soilvolum¢)* (densit )* ( gravitaticnalacceleation)

W = zcosar .g

|

Bedrock

Downslope component of wet soil’s (i.e. at field ca  pacity) weight per
unit area generates a gravitationally induced shear stress (a force per
unit area tending to shear the soil over the underl  ying surface)

= gravitational shear stress = (weight/volume) * (v olume/area) * sine

W sina = T J9zc0sa sina

Soil surface

Bedrock




Trigonometry

Wsin

w

Wcos

7

If the soil stays on the slope despite the gravitat  ional force, there must
be an even stronger force per unit area that resist s breaking its bonds

with the underlying surface: the soil's shear resis tance, S

Soil surface

Bedrock

Shear resistance is caused by frictional strength and cohesive strength (both
forces per unit area)

Frictional strength is caused by the component of the soil's weight that acts

normal to the potential failure surface and the material properties that cause
particle interlocking and sliding friction (represented by a measurable friction
coefficient, tan )

is called the angle of internal friction, and represents material properties,
such as grain size, jointing, and angularity

s=W cosa tanf =Ir (gzcosa cosa tanf =/rsgzcosza tanf

S = Wocos tan

Soil surface

Bedrock

Force balance on steepest slope on which
the wet soll is stable

Condition for failure for material with frictional strength only:

Downslope component of weight = Shear resistance of material

r (9zcosa sina =/rsgzcosza tanf

tana = tanf

°is the steepest stable slope for a material with frictional strength °




Analysis of soil stability on the slope in the pres ence of
saturation (i.e. positive pore pressure below awat  er
table, indicated by rise of water level in a piezom  eter)

piezometer

S~
~<

~ Soil surface
~~~~~~
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Bedrock

Positive pore pressure, p, at potential failure surface
provides a buoyancy that supports part of the soil’ s
weight

s=(Wcosa- p)tarﬁ‘=(/rsgzcosza— p)tanf

piezometer
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~~~~~
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-
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Bedrock

e Water pressure decreases the effective weight of the soil
per unit area of slope, and therefore its frictional strength

* Places where subsurface flow accumulates and
increases the pore pressure will favor instability

e Pore pressure is related to water table height where the
flow is along the slope

e Pore pressure can exceed the static value due to water
table height if flow is towards the surface (see earlier
lecture on seepage erosion where flow converges
upward)

e |tis possible to calculate the pore pressure on the
potential failure surface for flow along the slope (see ppt
slides deriving the relation)

Calculation of pore pressure on base of soil for fl ow

along a slope

Equipotential

~~ Soil surface
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Need to know water
pressure here at
base of soil

Bedrock
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Calculation of throughflow discharge yields
h(x) = mz (From throughflow notes)
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Convert height of water table, mz, to a
water pressure ( p) at base of soil
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On an equipotential, values of head ( H)
are equal

=<
~a
~<

~~
~<
-~

=~ | Water table

Bedrock

Elevation head at
water table
= mzcos ?

mzco$
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Calculation of pressure head from H1 and H2

» Total head (H) = elevation head + pressure head

« HL=H2

» Define the elevation head at the failure surface to
be 0

e H2 =0 + pressure head at failure surface (p/ wQ)
» H1 = elevation head at water table + 0

e H1 =mzcos2 +0

* 0+p/ wg=mzcos? +0

e p=mzcos? g

Pressure head is a
length: the height =94
to which water will
risein a
piezometer at soil
base = mzcod .

The pressure
there is

p = wgmzcos

Stability of a block of soil with dimensions
1meter x 1 meter X z meters

=~ | Water table

= gravitational shear stress s = shear strength of s oil

Stability of a block of soil with dimensions
1meter x 1 meter x z meters

=~ | Water table
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Steepest stable slope, , for a soil
saturated to thickness h(x) = mz

Wsina =<

r.gzcosasina =[ r gzcos a - r,gmzos a ] tanf

r.-mr
tana= —S— W tanf
r

tana » 27 form=10

i.e. the larger is m, the lower is the stable hills  lope angle. m will rise with
increasing distance downhill, in large storms/melt periods, and on convergent
hillslopes (such as bedrock hollows.)

Soil also has a cohesive component of shear
strength cs, due to particles sticking together

S=cg+ [/rsgzcos2 a- /ngmzcos2 altanf

Cs is small in all soils except clays

Soil also has an “apparent cohesion” ¢, due to roots
binding particles to one another, to the stable sub strate,

and to stable soil at the margin of a potential ins  tability
s= [Cs +C, ]+[/rsgzcos2 a- /ngmzcos.2 altanff

Neither cs nor c, are reduced by water pressure
Only frictional strength is reduced by pore pressure

cr is a very important component of strength that varies with the
depth and thickness of root mats, and therefore with plant
species

Full slope stability equation incl. role of plants

r gzcosa sina =[cS +C, ]+ /rsgzcosza— /ngmzcosza tanf

o=yl o b
/rsgzcosasma [CS Cr S I’TVI'W zcoszatanﬁ‘
Maximum stable angle:

les+c, | . lrg- mr,)

tana =
/rsgzcosza S

tanff

Note that the cohesive strength of tree roots becomes less effective as the soil depth
increases, such as in thick colluvial fills in bedrock hollows.
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Role of plants in stabilizing soil against landlsiding

« Canopy interception (reduces | in large storms by ~10%)
and therefore m

¢ ET reduces soil moisture between storms and therefo re m if
there has been little recent rain (i.e. notinawe t winter)

« Root reinforcement, ¢ : Mechanics not well understood, but
possibilities (not mutually exclusive) are

- Anchoring to bedrock

- Lateral anchoring to shallower or less-saturated s oil

- Binding particles together so that they don’t crum ble
over one another

Debris slides on high A/w parts of recently logged steep slopes that
drain into a tributary of the Chehalis River (NYT Jan 3, 2008)

Another useful way to use the full slope stability equation
is to re-arrange it to solve for zeit, the maximum stable
thickness of soil on a slope for a given pore pressure,

indicated by m

lcs +C, ]

r gcosa sina- (rs— nvrw)gcoszatanﬁ‘

Zerit =

Suppose you had defined a frequency distribution of soil depths ( z) and slope
angles (), and then you calculated that removing the trees lowered the c, to zero
and increased m by 15%, you could calculate the proportion of the|  andscape on
which the soil would be destabilized in a sufficien tly large storm.

A trap to avoid

* Some technical consultants to timber companies have testified that
removing trees from a hillside actually stabilizes the soil because it
removes the weight of the trees that are ‘pushing’t  he soil downslope.

® Thus, they add a (weight of trees per unitarea*s in ) to the left-
hand side of the slope stability equation (only).

* Note that an equal weight has to be added to the fr ictional term on
the right-hand-side of the same equation, reduced by the water
pressure, and multiplied by cos tan

* Which side of the equation ‘wins out’ (stabilizing o r destabilizing)
depends on the magnitudes of all of the other terms in the equation.

* In either case, the change to either side is too sm  all to be relevant in
policy debates or regulation.

® The important term is the reduction ofc |

* But they don’t mention that .....
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Digital mapping of the relative risk of shallow lan dslides

Montgomery, D.R. and W.E. Dietrich, A physicallyseal model for the topographic control 0|

shallow landsliding, Water Resources ResearchQyv1853-1171, 1994.

* (From earlier) maximum stable slope for a
cohesionless soil

tana :7(f5_ my,)

tanf
rS

» Because m = h/z, we can reorganize this to

m:h:& 1- taﬁ
zZ Iy tanf

=

» So, h/z required for hillslope failure depends on
two ratios:

A hydrologic ratio, I/T
A topographic ratio, A/w sin
» Setting this value to that derived earlier for
the critical h/z at failure

h_r, 1 tana _ A |
z r, tanf wsinaT
and
r tana wsina I/T is the critical

S value required for

I
? T tanf A landsliding at a

w place.

» For steady-state subsurface flow

E = Khtana

W

» Multiply top and bottom of RHS by soil depth

E = Kzntana

W Z

» Kzis called the transmissivity (T) of the soil --- an
index of its maximum water conveyance capacity
for a given gradient A

Z B wtana ?

* On a DEM, one can map for every cell values of local
slope, , and A/w, calculate the RHS of the I/T equation.
The result will be a map of values of I/T required to
cause failure.




e Low values of I/T imply that the critical condition would
arise in relatively low-intensity storms, given the
transmissivity (i.e. the conductivity-depth combination
of the soil), which would allow the low intensity rain to
saturate the soil (i.e. produce an h/z large enough to
cause failure).

» Deep, permeable soils (high T) would require a larger
value of | to cause failure.

» Note the assumption that water-table response in real
storms would have approximately the same spatial
pattern as in the hypothetical steady-state rainstorm.

Digital mapping of landslide hazard

 Digital mapping of A/wand tan allows calculation of
the critical I/T for each pixel in a DEM

» Low values of I/T (usually expressed as log (I/T)
should indicate where landslides are most likely to
occur [Note Dietrich uses g where we used 1]

» The general nature of results is to emphasize (low
values of I/T result from large A/w values --- i.e.
convergent parts of the landscape (bedrock hollows).

Digital mapping of landslide hazard

* Note that if there is significanrt root strength to be
considered, the foregoing analysis can be repeated,
beginning with

(Cs+cr) +(rs' mfw)
rsgzcosza Iw

tana = tanf

and I/T calculated for each pixel as

| _rwtana | sina (c.+c)
T Ar tanf r.gzcos atanf

w

Shalstab

» This is the basis of a
landslide hazard
mapping program
called SHALSTAB,
developed at Berkeley,
where it continued to
receive testing and
development.
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