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MASS wWSTIRG Refsic

C. Earth (fine regolith)
2. Mass Movement Types
a. FALL -free vertical drop of material
(1)  Subclass
(a)  rock fall
(b)  debris fall
{c) earth fall
(2)  Other Terms
(2a)  Talus = cone-like accumulatiions of rock debris at the base
of bedrock cliffs, generally a temporary accumulation of rock
fall debris.
i) landform, or alternately block apron
(b) Scree = deposit (= sediment) alternately block mantle
b. Topple - block rotation / tipping
(1)  Subclass
(a) rock topple
(b)  debris topple
(c) earth topple
C. SLIDE: mass sliding along well-defined failure surface

(1)  Subtypes
(@)  Translational / Planar Slide
i) rock slide
i) rock-block slide
iii) debris slide
iv) earth slide
(b)  Rotational Slide (Slump)

i) Characteristics
a) slope collapse along a basal,
b) concave upward rupture surface, with

subsequent downslope movement and
backward rotation of the slump block.

c) The nose of the slump commonly experiences
flow conditions resulting in a lobate form to the
debris.

i) Subtypes

a) rock slump

b) debris slump

c) earth slump

(2) Landform Products:
(@) Landslide scar on upslope portion where slide originated
(b) Lobate/hummocky pile of debris at downslope resting point.
{c) A possible damming of lower valley drainage and subsequent

B3

A

o



lake development.

Lateral Spread:

(1) rock spread
(2)  debris spread
(3) earth spread

FLOW: - intermixing of material within mass (confined to channel or hollow)
(1)  Subtypes

(a)  rock flow

(b)  debris flow

(c) earth flow

(2}  Special Considerations
(a) CREEP: very slow, imperceptible, movement of slope
materials. Gradual downslope creeping of soil and regolith
(partially weathered rock). Involves the entire area of the
hillslope under the force of gravity.

) creep is enhanced by water saturated conditions, and
freeze/thaw process with the upheaving and
compressing of materials on a slope, slowly pushing
material down slope.

ii) Factors influencing creep process:
a) > slope > creep rate;
b) > vegetative cover/rooting < creep rate;
c) > moisture content > creep rate.

(b)  SOLIFLUCTION - special case of creep in cold climate
areas. Involves the downslope movement (at slow rates) of
partially thawed/water saturated soil and regolith over an
impermeable "permafrost” layer.

i) permafrost- permanently frozen subsoil in cold climate
areas. Forms an impermeable layer relative to the
overlying "active layer" of soil which experiences
thawing during the warm weather/summer season.soil
flow

{c)  AVALANCHE: trapped basal cushion of air and/or water
i) show avalanche
i) debris avalanche:
a) rapidly "sliding" debris - (typically originates
from a debris slide)
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TABLE 4.6 Classification of mass movement types in different parent materials.

Type of Material
Type of Movement Engineering Soils
Bedrock .
Predominantly coarse Predominantly fine
Falls Rockfall Debris fall Earth fall
Topples Rock topple Debris topple Earth topple
Rotational Rock slump Debris slump Earth slump
Few units
Slides Rock block slide Debris block slide Earth block slide
Translational
L Many units Rockslide Debris slide Earth slide
Lateral Spreads Rock spread Debris spread Earth spread
Flows Rock flow Debris flow Earthfiow
(deep creep) {soil creep)
Complex Combination of two or more principal types of movemant

From D. J. Vames, 1978, "Landslides: Analysis and Contred,” TRE Special Reports 176: Landsfides, Transporiation Research Beard, National Research Council,
Washington, D.C. Used by pernission. ;
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Figure 3. Landslide types. (From Ritter and others, 1995)
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strength of slopes and the flow of water can
adversely affect slope stability. Construction
of roads, buildings, dams, and other infra-
structure typically involves earth movement
and redirection of water. For example, sur-
face paving that redirects water to hazardous
areas, excavations that remove materials from
the base of marginally stable slopes, and re-
moval of vegetation on marginally stable
slopes are a few of the more common factors
that can increase the likelihood of slope fail-
ures.

In forested terrain, logging activities can
also have a negative impact (Swanson and
Dyrness, 1975; Sidle and others, 1985). Vege-
tation can stabilize slopes by binding soil
masses together with roots and by affecting
the distribution and rate of water flow
through the system. 1t is difficult to quantify
the effects of vegetation on the stability of a
particular slope, but removing vegetation in-
creases susceptibility for slide initiation in
most cases (Burroughs and Thomas, 1977;
Sidle and others, 1985; Robison and others,
1999). In addition, logging practices that
leave loose material in debris flow paths can
significantly increase the size and downslope
impact of flows. '

Redirecting water, excavations, and vegeta-
tion removal are only a few of the many ac-
tions that can adversely affect the stability of
slopes in steep terrain. Other common
human actions that can cause or exacerbate
slope instability may be loading slopes (e.g.,
with buildings or equipment), replacing nat-
ural materials with lower strength materials
(e.g., nonengineered fill}, and removing soil
reinforcement.?

Debris Flow Initiation

The factors mentioned in this section are
interrelated. Although other factors can also

2 More information and detailed descriptions of human effects, trig-
gering mechanisms, and slope stability factors can be found in Tum-
er and Schuster, 1996.

be critical in evaluating the stability of partic-
ular sites, the factors listed below are the
most commonly used in landslide hazard
modeling efforts. Based on research into
these factors, regional and site-specific mod-
els have been developed to address potential
landslide initiation (e.g., Ward and others,
1978; Burroughs, 1984; Hammond and others,
1992; Montgomery and Dietrich, 1994; Car-
rara and others, 1997; Fannin and others,
1997; Rollerson and others, 1997; Wilkinson
and Fannin, 1997; Pack and others, 1998; Vau-
geois and Shaw, 2000; Wu and Abdel-Latif,
2000). Reviews of the various types of initia-
tion hazard modeling approaches are includ-
ed in Swanson and Dyrness (1975), Sidle and
others, 1985, Montgomery and Dietrich
(1994), Carrara and others (1997), May (1998),
Montgomery and others (2000), and Vaugeois
and Shaw (2000).

In addition to triggering mechanisms, a
number of related factors must be considered
in assessing the potential for debris flow ini-
tiation. For regional hazard evaluations in
particular, topography and other inherent
physical parameters are often the focus, such
as slope steepness, landform (concave, con-
vex, planar), rock and soil properties, hydrol-
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OIVERGENT SLOPE FORMS

MOST STABLE LEAST STABLE

natural stabllity
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<30°
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60%
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Figure 13. Schematic of divergent, straight, and
convergent topography. (From Benda and others,
2000)
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FUNDAMENTALS OF LANDSCAPE ANALYSIS

L Landscape Analysis
a. Landforms and Topography — shape of the Earth’s surface
1. Constructional landforms — created by deposition and accumulation of rock
material or sediment
2. Destructional Landforms — created by erosion or removal of rock material or
sediment
3. Erosional vs. depositional topographic surfaces
b. Material — the earth materials that comprise and underlie the landform
1. Bedrock - solid rock connected to the Earth’s interior
1.  Regolith — loose, weathered and broken rock material (e.g. “sediment”, or “soil’”)
c. Processes — source(s) of force used to create the landforms via deposition or erosion
1. Surface Agents
1. Wind — force exerted by flowing atmospheric gas (i.e. wind)
2. Water — force exerted by flowing water (e.g. rivers, ocean currents, waves)
3. Ice - force exerted by flowing glacial ice
4. Gravity — force exerted by pulling to center of earth, e.g. landslides or rockfall on
highway
5. Biologic / Humans — force exerted by digging gophers or bull dozers
ii.  Regolith / Process Terminology
Alluvium - river-processed deposits
Colluvium — gravity-processed deposits
Residuum — in-situ weathered regolith (little to no transport)
Acolian — wind-processed deposits
Till and outwash — glacier-processed deposits
Volcaniclastics — primary eruptive products deposited by atmospheric, fluvial,
and mass wasting processes.
d. Age — time required for processes to occur, time since surface process transported the mass or
sculpted erosional landforms
1. Age of Rocks — time since rock became lithified in Earth’s crust
ii.  Age of surface deposits — time since regolith was processed and deposited at current
location

iii.  Age of surface topography — time since erosion/deposition surfaces were formed
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Hillslope Units after Hack and Goodlett (1960)

3

R = Ridge

N = Nose

S = Side Slope
0 e’ M Cl =20 ft H = Hollow

CH = Channel

Figure 5-1. Hillslope landform elements after Hack and Goodlett (1960). Net transport flow paths
are divergent on nose, covergent in hollows, and parallel on side slopes (Reneau and others, 1989).
Noses represent drainage divides between zero- to first-order tributaries. Ridge crests serve as
drainage divides between higher-order watersheds.
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Qualemary Resduum

Eta Quatemary Terrace Alluvium (2-4 m}

Qc1 Quaiemary Colluvium - Side slopes/noses Qualemary Terace Alluviurn {4-6 m)

/ ™~
/ Qo2 y Quatemary Coliaum - Hollows

Holocene Channel Alluvium

4:9 Hisloric: Dbris Siide | Flow Scar

Hip2

Quatemnary Terrace Alluvium (2 m)

Holocene Floodplain Allvviaim (1-2 m)

Hislorie Fan Deposiis (al present grade)

Quaternary Fan-Terrace Deposils (4-6 m)
Quaternary Fan-Terace Depasils {8-8 m)
Quelemary Fan-Terrace Depsols (8-10 m)
Quatemary Apron Deposils

N 5

Ry QL2 N

N e || = ;‘\\2\
Y 'Ql ., .\\I \
VAl AN

Fig. 3. Portion of the surficial geology map for the Little River area, Augusta County, Virginia. Features were originally mapped at a seale of 1:960G
(Taylor and Kite, 1998). Refer to Table | for an expanded explanation of map units. The contour interval is 46 R.

include simple and compound forms, the latter of which
are associated with complex map patterns and inset fan
terrace relationships (Taylor, 1998; 1999). Fan terraces
are preserved segments that have been otherwise
dissected by tributary channels following deposition.
Debris fans are preserved at select tributary junctions,
with greater than 75% occurring at the intersections of
first- or second-order channels with higher-order trunk
streams (Fig. 7). Cntical quantitative parameters,
derived from systematic fan mapping, are hsted in
Table 3.

Mapping and morphometric data {Tables 2 and 3;
Figs. 4 and 7) indicate that compared to the other two
areas, Little River is a steep, rugged watershed with
significantly higher drainage density and higher per-
centage area of valley bottom. Accordingly, Little River
also has the highest volume of fan deposits in storage.
Comparatively, the Little River consistently shows
greater values in the categories of valley-bottom area,
number of fans and total fan area.

These results suggest that compared to the other areas,
geomorphic conditions at the Little River are more

|2
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27

Ongin {process)

Landform

Maienal {texture)

Table 1

Principal surficial map units recognized at Fernow, North Fork and Litlle River study areas

Map unit  Map unit description Age

Qr Qmnaternary residuum( Quaternary {undiff.)

Qcl Quaternary colluvium Quatemary (undiff))
(side slopes)

Qc2 Quatemnary colluvium Quaternary (undiff.)
(hollows)

Hch Holocene channel alluvium Holocene

Hfpl Holocene floodplam atluvium Holocene
(0.5 to 1.0 m surface)

Hip2 Holocene floodplain alluvium Holocene
(1.0 to 2.0 m surface)

Hfp2A Holocene floodplain alluvium Holocene
(1.0 to 2.0 m surtace)

Hip2B Holoeene floodplain alluvium Holocene
(1.0 to 2.0 m surface)

Qtl Quaternary low-terrace alluvium  Quaternary (undiff.}
(2.0 m surface)

Q12 Quaternary terrace alluvium Quaternary (undiff.)
(2.0 to 4.0 m surface)

Q3 Quaternary terrace alluvium Quaternary (undiff.)
(4.0 to 6.0 m surface)

Q4 Quaternary terrace alluvium Quaternary (undiff.}
(6.0 to 8.0 m surface)

HfY Holocene (historie) Hoelocene
fan deposits (undissected)

Qf Quaternary fan deposits Quaternary (undiff.)
(undissected)

Qfl Quaternary fan-terrace deposits Quaternary (undiff.}
(2.0 to 6.0 m surface)

QR Quaternary fan-terrace deposits Quaternary {undiff.)
{4.0 10 6.0 m surface)

Qf3 Quaternary fan-terrace deposits Quaternary (undiff.)
(6.0 to 8.0 m surface)

Qf4 Quaternary fan-terrace deposils Quaternary {undiff.)
(8.0 to 10.0 m surface)

Qfs Quaternary fan-terrace deposits Quaternary {undift)
(>10.0 m surface)

Qap Quatemary apron deposits Quaternary (undiff.)

Residuum
Colluvium
Colluvium
Alluvium
Alluvinm
Alluvium
Alluviuim,
Alluvium
Alluvium
Alluvium
Alluvium
Alluvium
Alluvium-debris
flow (M)
Alluvium-debns
flow (7)

Alluvium-debiis
flow (7

Alluviur-debns
flow ()

Alluvium-debris
flow (?)

Alluvium-debris
flow (7)

Alluvium-debris
flow (7)

Colluvium

Ridge-veneer
Nose-side slope
YENCLT

Hollow veneer
Channe! and
narrow {loodplain
Floedplain
Floodplain
Fleodplain
Floodplain
Terrace
(floodplain?)
Terrace

Terrace

Terrace

Fan

Fan

Fan

Fan

Fan

Fan

Fan

Apron

Cobble- 1o boulder-diamicton
with silty loam matnx
Cobble- to boulder-diamicton
with silty loam matrix
Cobble- to boulder-diamicton
with silty loam matrix
Cobbles, boulders and pebbly
lpam (rounded to subrounded)
Cobbles, boulders and pebbly
loam (tounded o subrounded)
Cobbles, boulders and pebbly
loam (rounded to subrounded)
Sandy loam

Clayey loam

Cobbles, boulders and pebbly
loam (rounded to subronnded)
Cobbles, boulders and pebbly
loam (rounded to subrounded)
Cobbles, beulder, and pebbly
loam (rounded to subrounded)
Cobbles, boulder, and pebbly
loam (rounded to subrounded)
Cobbles, boulders and

gravel diamieton

Cobble- to boulder-diamicton
with silty loarmn matmix
(subangular to rounded}
Cobble- 0 boulder-diamicton
with silty loam matrix
(subanguiar to rounded})
Cobble- to boulder-diamieron
wiih silty loam matriz
(subangular to rounded)
Cobble- 0 boulder-diamicton
with silty loam matrix
(subangular to rounded)
Cobble- to boulder-diamicton
with silty loam matrix
(subangular fc rounded)
Cobble- to boulder-diamicton
with silty loam matrix
{subangular (o rounded)
Cobble- to boulder-diamicton
with silty loam roatmix

characterized by V-shaped valleys with exposure of
bedrock channels throughout the drainage network
{Fig. 6A). In contrast, the Little River valley is notably
wider and gravelly alluvial fill 1s abundant in fourth-
order and higher tributaries (Fig. 6B). Reaches floored
by bedrock are limited to lower-order channels in the
steepest headwater zones (Fig. 5). Drilling logs were
obtained for the scutheastern corner of the Little River
area, near the mouth of the watershed (unpublished

data, Headwaters Conservation District, Verona, Virgi-
nia). Drilling data support the map observations and
document 5 to 10 m of alluvium in the lower channcl
reaches (Fig. 5).

4.3.2. Distribution of debris fans

Fan map units are delineated according to fan-
surface merphology and height above channel grade
(Table 1). Debns fans mapped in the study areas

|3



Physical Geomorphology of Debris Flows



(i.e. check the notes, book, and readings to make sure you know the significance of these terms)

Landforms
hillslope

hollow

debris fan
hillslope gradient
channels

Process
weathering
mass wasting
slide
flow
creep
slump
debris flow
flow processes
normal water flood

Key Words for Debris Flow Hazards and Processes

hyperconcentrated flow

debris flow
lahar

Material
weathered mantle
regolith
colluvium
sediment texture
clay
silt
sand
gravel
volcaniclastic
diamicton
matrix
woody debris

Physics Principles
veloeity

density

granular solids
viscous fluids
buoyancy

shear strength
dispersive pressure

<

pore pressure
sediment porosity
pore fluids
atmospheric pressure
positive pore pressure
negative pore pressure
dilation

liquefaction

shear strength
cohesive
non-cohesive

soil sirength

root strength

Debris Flow Features
snout

high friction gravel rind
lobe

superelevation

levee

sediment bulking
rapidly moving landslides
channel erosion
channel deposition
stream alteration

head scar

transport zone

runout zone

woody debris dam

Debris Flow Occurrence
rate of colluviation
hollow filling
recurrence interval
clear cutting
triggers
meteorologic
seismic
anthropogenic
road cut
loading
rainfall intensity

hazard - liklihood of occurrence



Costa, John E. 1984. Physical geomorphology of debris flows: in Costa,J. E., and
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p. 268-317.

Introduction
A Debris Flows and Damage
1. dollars and death yearly
2. Japan, Peru, Indonesia, Africa, China Russia.... death and destruction everywhere
a. it's a crying shame
b. send more tax dollars immediately!!!

B. Debris Flows

1. gravity-induced mass movement
2. transitional between flooding and landsliding with different mechanical
characteristics than each
3. rapid flow of granular solids, water and air (solids 65-80% observed)
4, viscosity variable according to mixture
5. variations
a. mudflows: sand, silt and clay
b. lahars: volcanic mudflows
o tillflows
d. debris avalanches

il. Crigins and Types of Debris Flows

A. genesis
1. poorly sorted rock and soil debris mobilized on hillslopes and channels
a. gravity
b. moisture increase (rain, snowmelt, glacial cutburst)
C. sparse vegetation
d unconsolidated materials
2. Most prone areas: small, steep drainage basins... why?
a. rain drop = proportion of water to small basins
b. high elevations, steep siopes (> 30 degrees)
C. moisture >, > pore pressure
3. Threshold relations
a. [=14.82 D ¥  where | = rainfall intensity (mm/hr), D = duration in hours
B. Lahars
1. volcanic debris flows, may be hot or cold in origin
a. rainfall
b. rapid eruption melt of snow caps, glaciers
C. rapid drainage of crater lakes
d pyroclastic flows that bulk up in water from mixing and melting of eroded
snow
e. seismic-induced instability
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f. failure of landslide-dammed lakes

C. Tillflows
1. glacial debris flows at ice front during melting
a. slumping of seds. over ice
b. backwasting of sed. laden slopes of stagnant ice
C. ablation of debris-laden ice

1. Failure Mechanisms

A. conditions
1. steep slopes > 15-20 degrees
2. large influx of water
a. saturation of pore space
b. pore pressure increases
(1)  rate of deep percolation < rate of surface infiltration
(2) decreases shear strenght, failure
(3)  spontaneous liquefaction and flow
C. shear strength decreases
3. originate in head-of-hollows commonly
a. initial failure. slide, slump or topple
b. transformation downslope to debris flow
(1)  via dilatency- increase in bulk voiume of soil mass, > pore volume, >
failure
(2)  incorporation of additional water
(3) liquefaction
C. change in resisting force from sliding friction to internal viscosity of flow

(1)  allows rapid velocity > down slope
V. Characteristics of Flowing Debris

A General
1. relatively few direct observations, but some exist and are summarized in a table

B. Character

1. commonly use preexisting drainage ways, although can use open slopes
a. levees form to contain flow
b. "surging wet concrete moving down valley"

(1)  surges: temporary damming and breaching of channels by debris
(2)  surges commonly carry largest boulders
(3) surges followed by more fluid, watery slurries

Vel. observed 0.5-20 m/sec

Texture of flow

a. 10-20% silt and clay

4. Non-newtonian rheology: viscosity up to 8000 poises

@(7
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water content: 10-30%

capacity to carry large boulders many miles

High erosive capacity on channel sides

a. up to 6 times the shear stress on channel beds compared to flood flow
(1) bedrock scour observed: 4 min less than 24 hours

Mobility of debris flows over gentle slopes
a. function of clay content
(1) 1-2% clay, < permeability, > pore pressure in fluid, > mobility
other
a. ground shaking, loud rumbles/sound

Physics of Debris Flows

A Impact Force

1.

very high impact force
a. tree uprooting
b. houses removed etc.

B. Shear Strength

1. > sediment concentration, > viscosity, > shear strength to flow
a. shear strength K - internal strength of mass that must be overcome by critical
shear stress before motion takes place
(1) source: fine matrix, cohesive
(2) coarse clasts = friction internally {interlocking)
C. Viscosity
1. Debris flows: are they Newtonian or Bingham fluids??
D. Coulomb-viscous Model
1. plastico-viscous bingham fluid models

E. Dilatant Model

F. Boulder Transport and Suspension of Solids

1.

General

a. boulders commonly transported

b "float" or weakly tumble in flow

C. commonly deposit as diamicts

d what keeps these big boys floating at top of flow???

mechanisms of boulder support and transport

a. Cohesion: clay -water slurries as support medium
(1) = density, increased internal strength to support
b. Buoyancy: density differences

?18



c. Dispersive Pressure
(1) Bagnold concept from 50's
(a) during shear flow, largest clasts drift towards free surface
{(b)  commonly find boulders at top and front of flow

d. Turbulence
e. Structural Support: grain to grain contact and support
V1. Deposition of Debris Flows
A, conditions of deposition
1. low gradient areas of decreased confinement
a. e.g. fans at trib. mouth, spreading, thinning, deposition
b. < fluids, > internal friction... deposition
2. debris flow generation: complex between precip. and sed. supply
B. Alluvial fans and debris flows; d.f. commeon on fans in west
1. pretty good fan discussion on facies and deposition
VIl.  Differentiation of Water Floods and Debris Flows
A. Introduction
1. continuum: water floods to debris flows
2. floods
a. mud floods vs. clear water floods

(n clear water floods: solids separate from liquids during deposition
(2) debris flow: en masse deposition with litlle phase separation

3. Waterfloods
a. turbulent water flows with small amount of seds.
b. deposits: stratified, sorted to poorly sorted

4. Mudfloods = hyperconcentrated flows
a. stream flows enriched in sediment (40-70% seds)
(1) e.g. Rio Puerco, NM

summary comparison

Flow sed. load bulk density fluid type deposits
water 1-40% 1-1.3 g/cu. cm Newtonian stratified
flood

hyperconc. 40-70% 1.3-1.8 g/cu. cm Newtonian? poorly sorted
flow weak strat.
debris 70-90% 1.8-2.6 g/cu.cm  Visco-plastic  diamict,
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flow

[evee-lobe

** all three flow types may exist at any given time during a given event

B. Field Evidence
field data, land forms, sedimentology

1.

2, Levees and terminal lobes
a. common in debris flows
3. boulder berms
a. open framework gravels and boulders adjacent to drainage ways
(1)  large boulders at top of berms
(2)  no matrix
(3) localized of short occurrence along channels
b. origin? a mystery:
(1) slip faces of boulder dunes/deltas?
(2)  macroturbulence features?
(3)  kolk vortex action?
C. Sedimentologic Evidence
1. diamict common in debris flows
a. matrix supported boulders
(1)  matrix washing may result in clast supported
b. waody debris, organics
(1)  commonly floats
C. bedding and sorting poor
2. water-laid seds.

Pooow

0o oo

presence or absence of bouldery levees and fans
sed. of deposits
extent of veg. damaage

extent of ground litter disruption below high water marks

gaging station records

sharp bedding contacts

stratification

cut and fill

imbrication of clasts

percussion marks from turbulence on clasts
open-framework gravels

& _ .
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VI

3. examples of textural analysis for use in i.d. process
a. trask sorting factor
b. grain plots, etc.

Vegetation Damage

1. water floods turbulent
a. scar and destroy veg. in path of flood
2. debris flows
a. complete removal of all veg. and trees
b. sheared trees suggesting lift off of channel bottom

Gaging Station Records
1. examples of gage records, case studies
Estimating the Discharge of Sediment Bearing Fiows

1. paleochydraulic methods will be screwed up if applying water flood techniques to
debris flow

a. will greatly over estimate flood discharge
b. diff. rheology than water, e.g. Mannings eq. would not work

Empirical Formulas ~

1. gives e.g. of formulas that have been modified for use with debris flows to
determine vel., Q, etc.

Bulking Factors
Superelevation of Flows around channel bends and Runup

1. Tendency for fluid flows to reach higher elevations around outside of channel bends
than on inside

a. superelevation commeoen in debris flows
b. centrifugal force and radial accleration around bend
(1)  may be used to determine flow velocity, e.g. given using Newtonian

physics
Photographic Techniques

1. on site radar guns, videos etc. used to reconstruct flows and velocities

Mitigation of Debri-Flow Hazards



Avoidance of Hazardous Areas

Control of Grading, clearing and drainage
protective structures

warning and evacuation

oo

Further Research

Cause, moisture conditions, ppt

field identification

mechanisms

characteristics

flow parameters and paleohydraulics of debris flows?
Occurrence and risk analysis, recurrence estimates.
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CHARACTERISTICS OF DEBRIS FLOWS

Debris flows, shown schemati-
cally in Figure 5 and by example
in Figure 6, consist of water-
charged soil, rock, colluvium, and
organic material traveling rapidly
down steep topography (Johnson,
1984). Debris flows are often trig-
gered by small landslides (Figure
7) that then mobilize and grow to
be large flows, entering and scour-
ing stream channels downslope
(Figure 8). When momentum is
eventually lost, the scoured debris
is often deposited as a tangled
mass of boulders and woody de-
bris in a matrix of finer sediments
and organic material (Figure 9).

Figure 5. Diagram of a debris flow showing zones of initiation
(source areas), transport, and deposition. (From Pyles and others,
1998)

=

Source Area

Deposition Zone

AR 5

Figure 6. Photo of a debris flow showing zones of ini-
tiation, transport, and deposition. (Photo courtesy of

U.S. Geological Suxvey)

Although debris flows can be extremely
variable and chaotic, they have some com-
mon characteristics. These characteristics
form the basis of much of our scientific un-
derstanding and provide the keys to iden-
tifying and modeling potentially haz-
ardous locations. Before describing the de-
velopment of the hazard map, therefore,

‘useful background on factors that affect
debris flow potential is provided.

For descriptive purposes, it is helpful to
segment debris flow paths into areas of ini-
tiation, transport, and deposition as shown
generally in Figures 5 and 6. Some of the
common debris flow causes (termed trig-
ger mechanisms) are outlined below, fol-

lowed by some of the significant factors af-
fecting debris flow initiation, transport,
and deposition. This section provides only
a brief overview of the subject.

Trigger Mechanisms

Debris flows can be initiated in
marginally stable slopes by a number of
natural and unnatural disturbances. Be-
cause most steep slopes are near their point

Oregon Department of Ceology and Mineral Industries IMS-22 Text
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Mass Movements of Slope Materials 121

A

BEREEEE AR
FIGURE 4.39 )
Debris flow and avalanches in Nelson County, Va., during 1969. (A) Fiows deposited debris on small fans at the base of first-

order hillslope channels (near Lovingston). (B} Catastrophic erosion and impact forces from these flows removed some
structures and devastated others (view from Davis Creek).

Foliation plane

;';f,:/fl//f’ /

Crystalline bedrock

NIV

Yy

faf Ty
/1

FIGURE 4.40

Schematic model of a colluvium-filled hollow. {A) Hollow excavated to bedrock by a recent debris avalanche/debris fiow. (B)
Hollow has been refilled with calluvium and slope wash after a few hundred years. The site is now primed for another debris
flow event once again. : 2 é’



of equilibrium, failures can be the re-
sult of seemingly minor modifications.
In a fundamental sense, modifications
that lead to failures can be simply
grouped into factors that (a) increase
the gravity-driven forces acting
downslope and (b) reduce the resist-
ing forces acting to keep the slope in
place (Figure 10). Multiple factors may
be involved in triggering any given
debris flow. :

Natural events that can induce fail-
ures include high-rainfall storms,

# Figure 7.

rapid snow melt, earthquake shaking,

Small intiat- breach of landslide or other natural

g laridslide: dams, and volcanic eruptions (Wiec-
zorek, 1996). By far the greatest num-
ber of debris flows that have occurred
in Oregon (at least in historical times)
have been associated with severe rain-
fall and rain-on-snow storm events.

P Figure 8.

Scoured trans- Severe Rain Storms

port zone.

High-precipitation storms can trig-
ger slope failures through a number of
mechanisms. Water infiltration into
zones of weakness can trigger failures

¥ Figure 9. by (1) reducing the frictional resis-
Tangied tance to sliding, (2) increasing pore
deliels i pressures within a slope mass, and (3)
deposition ; : .

Pl adding weight (through saturation of

the soil mass) (Turner and Schuster,
1996). Typically, all three of these
mechanisms combine during long-du-
ration, heavy-precipitation storm
events to trigger widespread slope sta-
bility problems. During three 1996/97
storm events, for example, thousands
of landslides (including many debris
flows) were triggered throughout
western Oregon (Figure 11).

Given the importance of rainfall
events for slope failures, it is not sur-
prising that a number of studies have

8 Oregon Department of Geolegy and Mineral Industries IM5-22 Text
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-y of Debris Flows
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Superelevation of Flows Around Channet Bends and Runup 305

30 m/s are computed (Wigmosta et al. 1981; Janda et al. 1581). This unbelievable
average velocity is probably a result of {a) super-acceleration from the lateral blast
of the volcanic eruption, or (b) result of poor site selection, or (c) wave splaiter set-
ting uarealistically high mud marks. The fundamental validity of velocity values cal-
culated from superelevation, and assumptions therein. remain unverified for use
with mud and debris flows (Ike¢ya and Uehara 1982). Since this method is promising
because of its wide applicability, more research is needed on the influences of fluid
strength on 1oR:
arlier it was noted that mudlines on surviving trees in the path of debrds and
mud flows show runup of the fluid on upstream sides. This runup reflects the point
surface velocity of the moving fluid, and for dgbris flows can probab]
nearly equal to the mean velocity at that poin nes on trees, hills,
or canydn wals-might be i number of point mean velocities of
flows by substituting the amount of runup into the velocity head equation
{(dh=a v?/2 g). Strictly speaking. hydrostatic pressure relationships are not valid for
flows with sirength. However, no daia exist to my knowledge to verify just how well
or how poorly runup on trees or other obstructions compares with measured veloc-
ities for mud and debris flows. Studies have been made on clear-water streamflow
(Wim and Storey 1944). This method needs further investigation.

Higher debris line on outside of curve

Levee or distinctive mud
marks on inside of curve

B

Flg. 14. Technique for estimating average velocity of debris flows from superelevation in
curves. (From Johnson 1979)




Hyperconcenlrated ftlow Flood fiow

Debitis liow

Sire ol rock and sione > 1.5 m, average 2 m

Size of materlal max. 1.0 mave. §cm
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Figure 16. Schematic of transition from debris flow to hyperconcentrated flow to
flooding. (From United Nations, 1996)

Oregon Department of Geology and Mineral Industries IMS-22 Text
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STRATIGRAPHIC

Nonstratified

Closed, interlocking
structure

Coarse grain size

Extremely poor

| sorting Fine skswed
SEDIMENTOLQGIC Matrix between < 10 - 15% e chor
clasts 3.0 - 8.5Q distribution
iit & cl 0 - 4.00
Vesicles silt & clay (2.0 - 4.00)

MORPHCLOGIC

BOTANIC

Figure 18. Geomorphic features that can aid in the identification of historic debris flows. (Diagram courtesy

of Tom Pierson)

Both the Oregon Departments of Geology
and Mineral Industries (DOGAMI) and ODF
performed these targeted field investigations.
Geographically distributed (and geologically
diverse) areas were evaluated as shown in
Figure 19. In these areas, reconnaissance-level
field investigations were conducted. Where
geologic evidence clearly detined the extent
of historic debris flow deposits, boundaries
were mapped. More commonly, the geologic
evidence was discontinuous or otherwise in-
conclusive. In these cases, field investigations
focused on a general rating of terrain for high
versus low relative debris flow hazard.

Improved GIS Modeling

During and following the initial tield map-
ping, a variety of GIS models that could aid
in the hazard mapping effort were evaluated.

Our focus was on identifying a suitable mod-
eling framework to delineate the range of de-
bris flow hazards observed in the field, in-
cluding initiation, transport, and deposition
areas. While numerous models have been de-
veloped for evaluating initiation potential,
tewer have focused on the transport and de-
position hazards —areas that are critical for
impact and public safety.

In a general review of modeling approach-
es and available models, a modeling frame-
work developed by the Earth Systems Insti-
tute (ESI) was selected as the starting point .
The ESI program uses topographic input data
(DEMSs) and a suite of rules to model irutia-
tion, transport, and deposition zones. In this
study, the general three-part framework im-
plemented was as follows:

For initiation, steep slopes are used as the

Oregon Department of Geology and Mineral Industries IMS-22 Text @y
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Material Transfer Processes in Forested Watersheds
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Material Transfer in 8 Western Oregon Forested Watershed 235

DEBRIS
AVALAMCHE

- o

X LITTERFALL
i

SOLUTICN
TRANSPORY

% SURFACE
MOVEMENT

HILLSLOPE FPRCCESS
STREAM CHAWNEL PROCESS

;| TDISSOLVED LOAD
"susnz MDED LDAD
YBED LOAD
DEBRIS TORRENT
FIGURES8.1 Processes that transfer organic and inorganic ma-
terial in a steep forest watershed ecosystem.

or breakage, litterfall fo the forest floor or stream. In steep terrain, downhill
lean of large trees and canopy closure over small streams result in a net down-
slope displacement of organic matter.

Surface erosion is the particle-by-particle transfer of material over the
ground surface by overand flow, raindrop impact, and ice- and snow-induced
panticle movement and dry ravel, which occurs during dry periods (Anderson
et al. 1959). Creep is here considered *‘continuous’” creep (Terzaghi 1950);
that is, slow, downslope deformation of soil and weathered bedrock. This is a
more restrictive definition than that applied by Leopold et al. (1964) and others
who include root throw, needle ice, and other processes as part of creep. Root
throw occurs as movement of organic and inorganic matter by the nprooting and
downhill sliding of trees. Debris avalanches are rapid, shallow (generally one-
to two-meter soil depth) soil mass movements. Stump and earthflow are slow,
decp-seated (generally five- to ten-meter depth 10 failure plane) rotational
(slump) and translational (earthflow) displacements of soil, rock, and covering
vegetation.
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Figure 2. (a) Topographic contours and shaded relief show-
ing the bedrock hollow-channe! network structure up to third-
order in the central Oregon Coast Range (OCR). Landslides
in hollows trigger debris flows in first- and seeond-order chan-
nels, which deliver sediment to third- and higher-order valley
floors. In addition, some bedrock hollows are loeated adjacent
to third- and higher-order channels. First- and second-order
channels comprise about 90% of all ehannel length in the
region. (b) Schematic diagram of the structure of the hollow-
channel netwark in an average 1-km? area containing a third-
order stream (thickest line), three second-order channels (me-
dium lines), 10 first-order chanuels, (finest lines) and 100
hollows (dashed lines).
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years B.F.) of colluvial wedges in the upper parts of nine
bedrock hollows to indicate a change in the mid-Holocene
climate of the OCR that favored landsliding. Personius et al.
[1993] established an age of 9000-11,000 years B.P. for an
alluvial terrace throughout the central OCR, implying a re-
gion-wide evacuation of colluvium from bedrock hollows, pre-
sumably brought about by climate change during the Pleisto-
cene-Holocene transition. Benda and Dunne [1987] interpreted
four basal radiocarbon dates (1600-9300 years B.P.) collected
at recent landslide scars in the lower parts of hollows to rep-
resent the time necessary to refill landslide scars with collu-
vium to the point of [ailure in an unchanging climate. This
proposal was not meant to deny the possible role of climatic
change but only to admit ignorance in the face of sparse data,
Dunre [1991] suggested a reconciliation of the differing inter-
pretations of colluvium ages from the upper and lower parts of
hollows with a simulation model which suggested that under a
steady climate colluvium becomes unstable more frequently in
the lower portion of a hollow than in the upper part. Evacua-
tion of the latter may require changes of climate and fire
regime of the magnitude proposed by Reneaw and Dietrich
[1990] and Personius et al. [1993].

3. Climate and Vegetation History

The application of our simulation model to the central OCR
is based on the hypothesis that climate of the region has not
changed for at least 3000 years. This hypothesis is based on
studies of plant pollen assemblages in western Washington
State by Heusser [1974, 1977, Barnosky [1981], Leopold et al.
[1982], and Cwynar [1987], and in western Oregon by Worona
and Whitlock [1995], indicating that a climate similar to the
present one has existed in the OCR for the past 3000-6000
years. Long’s [1995] study of pollen and charcoal profiles in a
small lake in the OCR suggests no change in fire frequency
over at least the past 2000 years, even through the Little Ice
Age. The principal reason for climatic stability throughout the
mid- to late Holocene in the Paeific Northwest is the moder-
ating influence of the Pacific Ocean and the semipermanence
of the north Paeific subtropical high and the Aleutian low that
largely control the Pacific coast climate [Johnson, 1976].

During the mid- to late Holocene, the humid mountain
landscape of the central OCR has been forested predomi-
nantly by Douglas fir (Pseudotsuga menziesii) and western hem-
lock (Tsuga heterophylia) [Frankiin and Dryness, 1973] under a
climate of rainy winters (=2200 mm yr™') and dry summers.
Wildfires infrequently kill large areas of trees (Figure 3)
[Teensma et al., 1991; Agee, 1993] and control the distribution
of forest ages, which range up to more than 200 years [Andrews
and Cowlin, 1934].

4. Stochastic Model of Sediment Supply to a
Channel Network

This paper deseribes a stochastic model for interpreting the
roles of temporal and spatial factors that eontrol the sediment
influx to channel networks through landsliding and debris flow
at the scale of a 215-kin” watershed over thousands of vears.
We begin by positing a landscape of bedrock hollows linked Lo
a network of channels (Figure 2); the axes of the hollows have
probability distributions of gradients and colluvium depths,
which are independenr of one another as the model begins.
Each year, colluvium accumulates in each hollow at rates

%5



Figure 5—Evelution from a landslide scar in a bedrock
depression to a soil wedge. After the landslide, the exposed
bedeorck surface forms an impermeable herizon shedding
rainwater and subsurface discharge into the depression as
overland flow. B. Sediment eroded from the over-stecpened
soil perimeter into the depression is washed of its fine compo-
nent, leaving a gravel-lag deposit covering the rock surface.
C. Continucd dcposition leads to less frequent saturation
cverland flow and less surface transport. Eventually, the lack
of surface wash causes the soil near the surface of the soil
wedge to become similar in texture to surrcunding soil from
which it is derived.
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Figure 8.

(a) Predicted time series of sediment stored in a typical ficst-order channel over a period of 8000

years. Instantaneous decreases to zero in sediment storage (downward pointing arrows) represent debris flows
triggered by landslides in bedrock hollows (a process controlled by hollow-channel network topology).
Gradual increases {sloping lines) in sediment storage are the net result of soil creep and finvial erosion.
Abrupt increases in sediment storage of 1200 m® are caused by landslides that contribute sediment to the
channel. {(b) Predicled time series of sediment stored in a typical second-order channel over a period of 8000
years. Processes of debris flow scour, soil creep, and landslides are similar 1o those in first-order channels
(Figure 8a). The larger (>1200 m®) increases in sediment storage in Figure 8b are the result of debris flows
that scour sediment from a first-order tributary and deposit it in the second-order channel. Both accumulation
of landslide debris and scouring by a debris flow occur ip tbe reach in some years, resulting in sharp spikes in
storage or decreases that appear to not go to zero. Not all scouring debris flows are shown; some arrows

represent multiple debris flows closely spaced in time, particularly in the second-order channel.

basin of 3 km? the frequency of landsliding increases to about
once every 200 years (range: 100-1000 years), and the magni-
tude of pulses of sliding increases to 1-13 slides per fire epi-
sode (Figure 12a). As basin size increases to 25 km?, the
frequency of landsliding increases to once cvery 50-100 years
(ranging from a few years to a few centuries), and the magni-
tude of landsliding increases to 5-165 slides per fire episode
(Figure 12b). At a drainage area of 215 km® (Figure 12¢) the
frequency of landsliding in the watershed increases to almost
once per decade and the number of landslides during fire
episodes increases to 10-550.

Approximately 90% of landslides predicted by the miodel
follow wildfires when root strength is reduced, and hence al-
though slides may be distributed widely after a particularly
large storm, they typically clump persistently for some years

within a fire boundary (Figures 3 and 6). Only a smail portion
of all landslides are triggered by rainstorms alone because the
likelihood of creating the necessary thick colluvial wedges (ap-
proximately >1.5 m) that would fail under intact forest canopy
is small when the average interarrival time of forest-replacing
fires is 250 years and the time required to create colluvium
thicker than 1.5 m exceeds 2500 years.

The model predictions of frequency and magnitude of land-
sliding illustrate some relationships between disturbance fre-
quency and size and basin area. In this case the dominant
disturbance is stand-replacing fires, and the secondary distur-
bance is a rainstorm. If the basin area is smaller than or equal
to the size of most fires (such as in the case of the 3 km? basin
in Figure 12a}, then frequency of landslide episodes is similar
to the frequency of fires. If the basin is larger than comumonly

L.
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Fia. 6. Flow chart for predicting deposition of debris flows.

is shown in Fig. 5. The data in Fig. 5 include debris flows 1-7
used in the slope analysis and seven other debris flows (8-14,
Table 2), which deposited on channel gradients greater than
3.5° at second- to third-order junctions with angles greater
than 70°. Therefore, a channel-junction angle of greater
than 70° predicted deposition at these sites (Fig. 5). In most
cases of deposition at a channel junction, at least part of
the deposit extended downstream between 50 and 150 m.,
The importance of junctions in causing deposition was
shown in previous work (Swanson and Lienkaemper 1978).

A flow chart for the empirical model to predict debris-
flow deposition is shown in Fig. 6. Analysis begins by iden-
tifying the location of a potential landslide site; this is done
independently of the debris flow analysis; for example, by
the method of Burroughs (1984)}.

Next, the gradient of the receiving channel is evaluated.
In the study area some hollows intersect stcep first-order
channels at angles greater than 70°, Landslides originating
from these hollows may temporarily deposit in the channel;
subsequent failure of this material may initiate a debris flow.
This form of initiation was not observed in this study; how-
ever, it is included in the model for completeness. The min-
imum slope necessary for failure of landslide debris in a

414 CAN. GEOTECH. I. VOL. 27, 1890

TABLE 3. Observed and predicted travel distances for debris flows
measured on air photos

Approximate travel Predicted travel

Debns flow distance {m) distance (m)
Knowles Creek
30 240 240
31 380 380
32 220 220
33 360 360
34 600 600
35 890 &30
36 480 480
37 620 620
38 240 240
39 960 960
40 840 840
41 810 910
42 1300 1300
43 1200 1200
44 1000 1000
- basalt basins
B1 360 960
B2 1100 1100
B3 720 720
B4 550 550
Bs 840 840
B6 1130 1130
B7 288 288
B8 760 760
B9 1130 1130
Bi0 760 760
Bll 1050 1050
Bi2 840 840
B13 8% 890
B14 290 290
Bl1s 780 T80
BI6 1080 1080
B17 550 550
BI8 430 2300
B19 960 960
B20 920 920
B21 1080 1080
B22 550 550
B23 770 770
B24 1560 1560
B25 840 1320
B26 600 600
B27 550 550
B28 630 630
B29 670 670

E@{M’f & (i)\/v’&‘f){ 1490

channcl was estimated from an infinite-slope analysis (Sidle
et al. 1985). Soil was assumed cohesionless because of the
breakup of the soil and its reinforcing network of roots fol-
lowing the initial landslide; saturation was also assumed.
Using an effective angle of internal friction of 38° and a
saturated unit weight of 1.9 g/cm?® (Schroeder and Alto
1983), we estimated that a slope of 20° caused failure of
landslide debris in first-order channels.

Following the evaluation of steep channels (8 > 20°), sub-
sequent reaches are evaluated until either a channel gradient
of less than 3.5° or a junction angle of greater than 70° is
encountered. When either of these criteria are satisfied,
deposition is predicted. When a contour interval contains
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Figure 6—A. Successive fining of material during
filling of hollows. The fraction greater than 22 mm
was measured by the pebble-count method of Wol-
W man {1934), and the data were combined with sieve
analyses of the finer particles. The letters indicate
gravel {g) (greater than 22 mm), pebbles (p) (from
2 to 22 mun) and sand (s) (less than 2 mm). B. Rate
of filling of scoured hollows, Time of scour was
determine by ages of vegetationm on fills. (X)is
our best estirnate, error bar represents the range of
uncertainty in our estimate. Vegetation eonsisted
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the texture of the upper layer of the wedge 15 similar to that
of the surrounding soil. As the scar fills, sediment diseharge
from the wedge decreases. The scar may fill completely so
that no topographic expression remains, or it may fail during
a large storm that occurs as it 1s filling. During accumula-
tion, sediment discharge from the wedge must be less than
prefailure fevels. When the filling is complete or when an
equilibrium depth is reached that balances the influx and
discharge of soil, the latter attains its prefailure rate (fig. 7).

The time required te refill a depression can be estimated

by computing a creep discharge rate into the slide scar
across its expesed perimeter. For example, a creep rate of 3
mm/year in a 50-cm-thick soil will refill a bedrock depres-
sion 5 m wide, 20 m long, and 2 m deep in 3,000 years. This
estimate represents a minimum because much of the initial
soil discharge into the exposed hollow will be washed out.
An increase in the frequency of failure because of a cli-
matic change or management activity would accelerate soil
movement towards the scar and thin the surrounding soil
over periods of hundreds to thousands of years. Debris-slide
scars then probably fill between 1,000 and 10,000 years
after initial failure. Although transport into the scar will be
accelerated by the sloughing of seil and gullying of exposed
soil, the ultimate transport rate into the scar will be limited
by the supply of soil and the rate of soil transport toward the
location of failure.

of salmonberry and alder on more reeently sourced
hollows, andlarge alder, hemilock, and Douglas-fir on
older, partially filled hollows.

500

On the short time seale for which a quantitative sediment
budget might be developed from a monitoring program,
debris-slide scars will generally be sources of high sedi-
ment discharge. That the period of increased erosion extends
for a long time after the slide occurs is well illustrated by
Tanaka’s (1976) measurements in the Tanzawa Mountains
of Japan. His repeated topographic surveys showed rates

of sediment discharge from 50-year-old debris scars to be
about 100 times greater than the estimated undisturbed rate
of sediment discharge from hilislopes. Lundgren {1978) has
also reported that in the subhumid mountains of Tanzania,
erosion during a 7-year period after formation of landslide
scars was as great as the initial loss from the landslides.

If debris slides lead to accelerated weathering of the under-
lying bedrock during exposure and burial, or if they cause
loss of debris from the weathered bedrock in the sear or its
surroundings, then a component of their discharge can be
defined as a contribution to the sediment budget separate
from creep and biogenic transport. Otherwise, debris slides
emanating from the soil mantle act more as periodic fluctua-
tiens in the rate of discharge of sediment from the hillslope
by soil ereep and biogenic transport.
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and Wieczorek, 1995; Wilscn, 1997;
Wiley, 2000). Several of these stud-
ies have focused specifically on
identifying rainfall thresholds
above which landslides {(and par-

« ticularly debris flows) become sig-
Driving Elements  njficantly more widespread and
&g gravity, Water  nymerous (Keefer and others,
pressure, seismic
shaking, windthrow 1987; Wilson and Wieczorek, 1995;

Wilson, 1997; Wiley, 2000).
One rainfall threshold study that

i, used storm data specifically from
Resisting Elements ik
e.qg., frictional resistance, the Pacific Northwest was reported
cohesion, root strength by Wiley (2000). This study includ-
Figure 10. Schematic of a slope, showing driving and resisting ed evaluations of climatic data in
elements. comparison with landslide occur-

rences recorded for the period of
focused on evaluating relationships between February 1996 through January 1997 and in-
storm characteristics and debris flow occur-  djcated that widespread landslide activity in

rences (e.g., Campbell, 1975; Crozier and steep terrain throughout western Oregon is
Eyles, 1980; Keefer and others, 1987; Cannon, likely to be triggered by rainfall

1988; Wieczorek and Sarmiento, 1988; Wilson  jntensity/ duration combinations of (a) 40

Figure 11, Distribution of the more than 9,500 landslides triggered in Oregon by the storms of 1996-97. (From
Hofmeister, 2000)
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interval greater than 100 years while the peak flow on the Wilson River (the next major
river basin to the south) corresponded with a 25 year recurrence interval flood (Laenen et
al., 1997). In the Oregon Cascades, peak flow on the Sandy River near Marmot
corresponded with a recurrence interval greater than a 100 year flood while the nearby
Hood River experienced a 10-15 year flood (Laenen et al., 1997).

November Storm

The November 1996 storm was a shorter duration and higher intensity rainfall event than
the February storm. Since the November 1996 storm occurred early in the seasomn,
predominately at lower elevations in Oregon’s Willamette Valley and southern Coast
Range, it lacked a rain-on-snow component. Since it occurred in the fall it also lacked
significant antecedent precipitation. Therefore, soil moisture levels prior to the storm

event were relatively low. However, all-time, one-day precipitation records were set at
many locations (Table 1).

In addition, the following comments by George Taylor (State Climatologist) characterize
the storm:

“Daily and monthly records were set at many sites as well. At Portland Airport, 3.86
inches was recorded between 4 p.m. on the 18th and 4 p.m. on the 19th. This broke the
November 24-hour total of 2.82 inches, which was set November 10-11, 1995, Rainfall
intensities for some areas in the Willamette Valley and Coast Range were calculated as a
100-year return period. While rainfall amounts were high as were stream flows
throughout the Willamette Valley, highest impacts in terms of landslides and debris flows
were reported in Douglas and Coos counties.”

Table 1. One-day precipitation records for selected stations.

1996 Date Records Old Year Old
Location |Amount {in.) Began Record |Record Set (in.)
Corvallis 4.45 1889 4.28 1965
North Bend 6.67 1931 5.60 1981
Portland 2.70 1939 2.48 1948
Redmond 2.38 1948 1.81 1969
Roseburg 4.35 1931 3.28 1965

There is tremendous spatial variability in timing and intensity of rainfall events for any
given storm. For example, two gages in the Oregon Coast were compared to determine i
two gages recorded similar precipitation intensities during the same rainfall events
(Surfleet, 1997). The two gages were at a similar elevation, a similar distance from coast
and within 10 miles from each other. The two gages recorded markedly different storm
intensities during significant rainfall events from 1989-1995. The precipitation timing
and intensities were disparate enough to suggest that for the highest storm events at one
gage the nearby gage was not experiencing a storm event. For example, 31 of the 33 top
storms at one gage were not identifiable as one of the top ten storms at the second gage.
The combination of variation in storm characteristics (precipitation and flood levels) and

Final ODF Storm Impacts Report Pape 4
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Table 11. Landslide occurrence by origin of occurrence and by study area geology.

logy Study Areas (Tillamook. Vida)

------ T R e e R e
Slides | Slope Depth | Initial L.S. | Initial L.S. | Total L.S.* | Total L.S.*
1 Biw.LS. | Avg. | Avg.\ Med. Vol. | Avg.Vol. | Med. Vol.
e () | (uyd) | (cuyd) | (cuyd) | (cu.yd)
~ Red zone Tyee Sandstone Geology s (EIk Cr., Mapleton Scottsturg) :
Up-siope 239 | 82 | 25 36 | 446 T 174
Channel Adj. | 82 91 19 41 46 55 17
Gully 1 55 0 0 0 4 4
___Red zone Igneous Geo '

50 86 2.9 116 25 702
Channel Adj. | 51 92 3.2 231 53 253
Gully 2 56 0 0 0 163
[ Stratified randomly ' ites (Dallas, Estacada, Vernonia)
I Up-slopg . 6 82 1434
Channel Adj. 18 17 44
Gully 0 NA NA
o .. Aistudysies . e
~ Upslope | 295 | 83 25 | 111 | 36 500 171
Channel Adj. | 151 92 2.3 105 24 120 25
Gully 3 56 0 0 0 110 61

The channel adjacent landslides occurred on steeper slopes than did the up-slope
landslides (92% versus 83% steepness). Steepness is measured as rise (vertical distance)
over run (horizontal distance) from the top of the landslide scarp downslope over the
“reconstructed” (prior to the landslide} ground surface. Field crews were careful to try to
measure slope on the initial landslide surface, based on the landslide depth
measurements. Failure to do this can lead to overestimation of the pre-landslide slope
steepness (which is a critical parameter for determination of landslide hazard). Note that
slope percent and slope degrees are very different. A slope of 100% is equal to 45
degrees. The up-slope landslides originated on average slopes of 82% in the Tyee red
zone study areas, 86% on the igneous red zone study areas, and 78% on the non red zone
study arcas; however, there were only six up-slope landslides in the stratified randoem
study areas. Average slope steepness for the channel adjacent landslides was similar
across all study zone types (91% to 93%).

Initial median landslide volumes for the Tyee and igneous study areas are similar (up-
slope volume of 36 yards in the Tyee and 25 yards in the igneous, with channel adjacent
volume of 46 and 53 cubic yards respectively). However, mean Initial volumes are very
different. In the Tyee study areas, up-slope landslides averaged 104 cubic yards while
channel adjacent landslides averaged 41 cubic yards. In the red zone igneous study areas,
the channel adjacent landslides were larger than the up-slope landslides (231 cubic yards
compared to 116 cubic yards). However, after including debris flow volumes, up-slope
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Figure 28. Stacked bar graph of landslide density for upslope and channe! adjacent landslides by stand age
class fer the fourred zone study areas.

Landslide erosion volumes are illustrated in Figure 29. In general, this figure indicates
there is greater variability in erosion volumes than in landslide densities. Again, the
erosion volume is the total volume, including the initial landslide plus the non-
channelized debris flow volume. Therefore, the channel adjacent slides (smaller with
little or no debris flows) make up only a very small portion of the total landslide erosion.

Landslide erosion velume for the 0 to 9-year class was much more variable than the
landslide density, varying between 4 and 17 cubic vards per acre. Tor the 10 to 30-year
age class, it varied between 0.03 and 11 cubic vards per acre, while in the 31 to 100-
year class the low value was 0.9 cubic yards per acre and the high value was 6 cubic
yards per acre. For the 100-year plus age class, the values ranged between 2 and 18
cubic yards per acre. The aforementioned volumes are for the four red zone sites with
good age class distribution (Elk Creek, Scottsburg, Mapleton and Vida). Erosion
volumes {or the four other sites (IDallas, Vernonia, Estacada and Tillamook) are also
compared in Table 14.
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percent of mean December rainfall in a 24-
hour time period, (b) 25 percent of mean De-
cember rainfall in a 12-hour period, or (c) 15
percent of mean December rainfall in a 6-
hour period. Figure 12 is a map showing the
general magnitude of the 24-hour rainfall
thresholds in western Oregon. Storms that
produce rainfall in excess of these levels are
considered to be particularly prone to trig-
gering dangerous landslides.

Slightly more conservative rainfall-thresh-
old criteria are used by the Oregon Depart-
ment of Forestry (ODEF) - -
for the Oregon Debris D t')lf ( Jlézb
Flow Warning System
(discussed in the Risk
Management Strategies
section). Thresholds of 3
in. in 12 hours, 4 in. in
24 hours, 5.5 in. in 36
hours, or 7 in. in 48
hours are used by ODF
to issue debris flow ad-
visories for forecast
storms. As will be dis-
cussed in later sections,
a number of important
variables affect local de-
bris flow occurrences,
and no simple criteria

’/“—-_

vj@ﬂ,%u

can be used to precisely 6-7
predict debris flows on a 7.8
regional scale. Neverthe-

less, rainfall intensity 8.9
studies and warning

systems are important 9-10
attempts to save lives by :
providing advance no- =10

tice of dangerous
storms.

Human Actions

While large storms
and other natural

Thetad §

Pas

events beyond our control are often the
prime triggers of landslides in the Pacific
Northwest, human actions resulting in ad-
verse modifications to the natural environ-
ment can also be significant factors in caus-
ing and/or exacerbating slope instabilities.
Many common artificial alterations to topog-
raphy make slopes more vulnerable to land-
slides, and it is important to evaluate how
human actions affect slope stability over both
the short and the long term.

Modifications that alter the internal

WLE), 2000

e

oM

Figure 12. Map of estimated 24-hour rainfall intensity-duration thresholds in
western Oregon (measurements in cm}). Contours are derived from the Oregon

Climate Service data of mean December precipitation. (From Wiley, 2000}
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Landslide and Debris Flow Occurrence at H] Andrews
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Figure 1. Map of Western Cascades showing areal
extent of geologic units and loeation of study sites (from
Peck and others, 1964).
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Figure 3, Apparent seasonal deformation along NT0°E direc-
tion recorded in inclinometer tube installed in complex mass-
movement terrain at Coyote Creek. Movement is directly plotted
from field data and has not been projected into the plane of
maximum deformation (N30°E). Nole miner upslope movement
of tube during summer of 1974 owing to setflement in hole.

variely of volcaniclastic rocks, but the headwall oceurs in an
area of capping basalt flows,

The area experiences average annual precipitation of more
than 240 em, falling mainly between October and May. A
wet snowpack persists from December through Aprit.

Most of the ecarthflow terrain is covered with a mixture
of old-growth Douglas fir and western red cedar, 300 to 300
yr old, and a stand of the same species that developed follow-
ing wildfire in the mid-1800s. About 1.5 ha of the forest at
the earthflow was clearcut ogged in 1968, and an equal area
along the lower east side was clearcut in 1961,

The earthflow eovers an area of approximately 20 ha oo a
south-facing valley wall. The flow extends from a rocky
headwall af an elevation of 1,010 m downslope 900 m inlo
Lookout Creek at a 790-m elevation (Fig. 4).

Topography on the earthflow surface is very irregular
because of earthflow movement and siream erosion processes,
Open cracks as much as 1.5 m wide have developed in areas
of active tensional or shear deformation. Active crack systems
bound major blocks or subunits of the carthflow that are
presently undergoing differential movement {Fig. 4). There
are zlso numerous inactive cracks defined by scarps or linear
depressions. Tt appears that differential shear or tensional
movement of less than about 1 em/yr does not produce open,
conspicuously active cracks, because litterfall, surface erosjon,
and growth of vegetation are effective ig obscuring fine-seale
features of ground breaks.

Drainage palterns on the earthflow are very irregular owing
to frequent disruption hy earth movement (Fig. 4). In several
instances, streams have been channeled along tensional and
shear cracks, Discontinued gullies, unusual features in the
western Cascades, have developed along restricted stream
reaches. Surface-water movement has been altered by the

(q’ﬂ

formation of poorly drained depressions on the uphitl side of
rotational slump blocks and where drainage has been ob-
scured by fallen trees.

Movement History and Rates

A part of the history of earthflow movement may be learned
from geomorphic and dendrochronologic ob§ervatlons, as well
as by direct measurement, Various observation methods yleld
information on the age of the earthflow movement, rate of
relative motion between discrete blocks within the earthflow,
absolute movement of portiong of the ecarthflow relative (o
slable reference points, and crecp deformation within indi-
vidual earthflow blocks.

Arrays of 4 to 9 stakes were established on several arens
of the earthflow where shear and tensional meovement appear
to be very active (locations shown in Fig. 4). The stake arrays

LEGEND

/07@( HEADWALL SCARP
/EARTHFLOW MARGIN

7 ACTIVE CRACK
'r‘

/.-./ STREAM

L,L&:_J_Lﬁ'-",#_GULLY

C;:}POORLY DRAINED DEPRESSION
. O STAKE ARRAY

A SPUIT TREE

® INCLINOMETER SITE

M ROAD

A STREAMSIOE FAILURE

\\\.\\%\‘ DEBRIS JAM

e
ulatalet
st

Figure 4. Map of Lookout Creek earthflow. Mapped by G.

Lienkaemper using compass and range-finder. See also Tables
2 and 3.
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TABLE 1. SUMMARY OF DATA ON SULICES IN THE H. J. ANDREWS EXPERIMENTAL

FOREST, 1950-1974

Land Area Ho. of Ho. /km? Yolume Volume material Slide erosion A

status (%) (km?) avents material movad per km relative to
rmoved (m?/km?) forested area
(m*)

instabla sone (30.8 km®) .

Forest 6.4 27.4 32 1.5 46,600 2,180 xV.0

Clear-cut 25.6 7.9 36 4.6 48,400 . 6,130 =2.8

Road rignt- .

of-way 5.0 .5 7 47.3 98,200 65,470 =30.0

Stabie zona (33.4 kn®)

Forest B5.9 R2B.7 1] 0 ] ]

Clear-cut 12.3 4.1 0 Q 0 0

Road rignht-

of-way 1.8 0.6 z 3.3 420 700

sidered at comparable levels of
development.

We can correct for this difference in
road and cutting development by assessing
siide erosion on a hypothetical square
kilometre of the unstable zone. The data in
Table 1 may be used in making this assess-
ment if we assume that the hypothetical
area has been entirely clear-cut logged and
roadc.! progressively over the past 25 yr.
Assuming that 8 percent of the area was in
road right-of-way, there would have been
5,240 m? of erosion by road-related slides
18 percent of 65,470 m?/km?, from Table 1).
The 92 percent area that was clear-cut
legged would have undergone 5,640 m?
of erosion by slide activity in the clear-cut
area (92 percent of 6,130 m?/km?). By
these calculations the clear-cut areas would
have contributed slightly more than roads
lo the: total erosion by slide activity from
the managed site.

The sum of erosion from roads and clear-
cuts totals 10,880 m?* over the hypothetical
Square kilometre of the unstable zone.
Assuming that the slide erosion in forested
areas (2,180 m?/km?, from Table 1) repre-
sents the natural background level of slide
erosion, management activities result in an
Increase by 5 times in slide erosion. How-
ever, as pointed out in the discussion below,
there are several reasons why this assess-
Ment cannot be reliably projected to esti-

Mmate impact of future management
ictivities.

DISCUSSION

Analysis of data collected on the forest
"*veals an apparent increase in erosion by
lides as a result of both logging and road
‘onstruction. Deforestation of hillslopes

SEOLOGY

results in a number of changes that may
increase the probability of shallow failures
of the soil mantle (see general reviews by
Gray, 1970, and Swanston, 1970): (1) root-
ing strength is decreased, lowering the
“*apparent cohesion” of the soil (Swanston,
1970) and possibly releasing creep-
generated stresses in the soil-root complex;
(2) transpiration is decreased (Bethlahmy,
1962); and (3) snowmelt runoff may be
increased (sce, for exampie, Anderson,
1969; Rothacher and Glacebrook, 1968).
These factors have been cited as contribut-
ing to a period of increased slide frequency
after deforestation, especially between the
time of decomposition of root systems of
killed trees and establishment of stabilizing
roots by incoming vegetation (Bishep and
Stevens, 1964; Swanston, 1970; Nakano,
1971, and others). This temporal relation-
ship between deforestation and slide activity
has also been observed in the Andrews for-
est, where most hillslope failures in clear-
cut areas occurred in the first 12 yr after
cutting.

Since logging began in the unstable zone,
the net result of deforestation has been an
increase in slide erosion by a factor of 2.8.
During the same period, no slides occurred
in clear-cut areas in the stable zone. This
indicates that on marginally stable sites,
the stabilizing effect of vegetation is an
important check on erosion but is of little
consequence in more stable areas.

Many authors have observed that road
construction is a more important factor
than deforestation in accelerating erosion
(Dyrness, 1967; Fredriksen, 1970; O'Lough-
lin, 1972, and others). Roads increase
potential slope instability through all of
the factors imposed by deforestation. How-
ever, they also create several additional

8

critical problems: (1) interruption of surface
drainage associated with road surfaces,
ditches, and culverts (described by Dyrness,
1967); (2) alteration of subsurface water
movement due to redistribution of soil and
rock material, especially where road cuts
intersect a water table (Parizek, 1971;
Megahan, 1972); and (3) change in distri-
bution of mass on a slope surface by cut-
and-fill construction. As in the case of
deforestation, maximum impact of roads
probably occurs during the first few severe
storms after disturbance. By 15 to 20 yr
after construction, most unstable areas
have undoubtedly failed. However, the
25-yr period of observation in this study is
too short to reveal a clear attenuation of
the impact of roads. In severgl cases in the
forest, reconstruction of roads in problem
areas appears to have contributed to failure
during subsequent storms due to insuffi-
cient control of reconstruction work or
inadequate correction of the original

cause of failure.

Since road cutting began in 1950, the
volume of slide material moved from road
right-of-way in the unstable zone has been
65,470 mi/km?, which is 30 times the rate
of slide activity in undisturbed forested
areas and about 10 times that in clear-cut
areas. The fact that only two small, road-
related slides occurred in the stable zone
underscores the contrasting effects of roads
in the two terranes.

When road impact is assessed at a level
of development comparable to timber cut-
ting, roads contribute about half of the
total management impact. The combined
impact of roads and clear-cut logging has
constituted a fivefold increase in landslide
erosion relative to undisturbed forested
areas.
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Figure 4. Map of 1996 debris-flow paths in the Blue River area reveals two scales
of disturbance patterns. (a) A zone of high—-debris flow frequency occurs in the
southwest quadrant at lower elevations, where weak rocks and soil, high rares of
snowmeir during the storm, relatively high road density, and steep slopes create
debris flow—prone areas. {b) Area of enlargement shows that even within the high—
debris flow zones, most small tributary networks have some channels thar experi-
enced dcbris flows and others that did not. Thick lines indicate debris-flow paths;
thin lines indicare the rest of the stream network.

as leverstoincrease the water’s force
until trees topple (Figure 3¢).

Phenomena operating at several
geographic scales create the complex
patterns of disturbance severity ob-
served among steep headwater
streams. Some streams may experi-
ence high flows but escape major
disturbance entirely, whereas other
streams and riparian zones are se-
verely scoured by dehris flows (Fig-
ures 3a and 3b). The disturbance
cascade may be interrupted if the
debris slides or flows pile up on roads
or on the edges of the floodplains,
for example, obstructing further
flow. In the Blue River watershed,
arecas of slide-prone soils or high
rates of water delivery to soils in the
transient-snow zone create predict-
able geographic zones of high slide
and debris flow frequency {Figure
4a; Hack and Goodletr 1260, Swan-
son and Dyrness 1975). Geographic
patterns of debris flows in the 1996
flood were nearly identical to pat-
ternstriggered by floodsin the 1950—
1995 peried, indicarting thart the ge-
ography of controls on debris-fiow
occurrence causes scme but nor all
headwater streams to experience re-
peated, severe disturbance.

Ona finer scale, debris flows com-
monly affect only parts of the stream
nerworks of small watersheds, even
within a landscape with a high inci-

684

dence of debris flows (Figure 4b).
The small tributaries that do not
experience debris flows may serve as
refuges for organisms that can con-
tribute to the recolonization of chan-
nels that were severely affected by
debris flows.

Much of the heterogeneiry of dis-
turbance severity in larger channels
occurs along lateral gradients from
the channei axis to the floodplain
and from reach to reach along the
mainchannel. Bothlateral and along-
stream variation in flood disturhance
are regulated in part by the width of
the valley floor: Narrow valley floors
confine flood waters, limiting lateral
channel migration and extent of dis-
turbance, whereas wide valley floors
have room for both the zone of se-
vere disturbance and areas of more
tranquil flow. In wide valley floor
areas (unconstrained reaches; sensu
Swanscn and Sparks 1990, Gregory
et al, 1991, Grant and Swanson
1995), sections of the main channel
experience severe disturbance hy
complete reworking of the srreambed
and removal or toppling of riparian
vegetation, commonly red alder
(Alnus rubra), that had established
after previous major floods. Flood
waters may also inundate areas of
riparian forest in which water veloc-
ity and the momentum of entrained
wood and coarse sediment are not

(9

sufficient to damage standing veg-
etation. Narrow valley floor areas
with steep, rocky stream banks may
record fewer effects of flooding sim-
ply because they have less floodplain
and riparian vegetation, although
physical disturbance can be intense.

Biotic response to flooding

Landforms and geophysical processes
establish the physical template within
which aquatic and riparian ecosys-
tems operate {Gregory et al. 1991).
The disturhance history of the land-
scape strongly influences patterns of
upland, aquatic, and riparian biota
in Pacific Northwest landscapes
{Schoonmaker and McKee 1988,
Morrison and Swanson 1990, Lam-
berti et al. 1991, Swanson et al.
1992). Floods are the most frequent
and intense natural physical distur-
bances that alter communities of
aquatic OTganisms.

A fundamental ecological ques-
tion related to flood disturbance is:
How do spartial patterns of flood
disturbance and refuges in a river
network affect the survival and re-
covery of aguatic and riparian or-
ganisms? Species differ greatly in
their responses to floods, depending
on the type of refuge available to
them, their dispersal capabilities,
their mode of reproduction, and other
life-history traits that affect persts-
tence through floods and subsequent
recovery (Table 1). We address the
variability of biotic response to floods
by examining several types of taxa
that representa range of interactions
with floods—riparian vegetation and
several groups of aquatic vertebrates.

Riparian vegetation. Natural ripar-
ian forests in many Cascade Moun-
tain landscapes are commonly com-
posed of narrow bands of red alder
that established after flooding in pre-
vious decades, Adjacent to these
flood-reset alder stands are tallet,
older conifer forests that typically
established after wildfire (Swanson
etal. 1992). Thus, spatial patterns of
species and age classes of trees
strongly reflect past flooding and
other disturbances.

Surveys in major tributaries of the
McKenzie River afrer the 1996 flood
revealed heterogeneous patterns of
disturbance to riparian forests. Nu-

BioScience Vol 48 No. 9



Figure 3. Flood ef-
fects on stream chan-
pels znd riparian veg-
cration. (a) A small
stream and alder (Al-
nus rubra) riparian
zone that experienced
the February 1996
flood but no debris
flow. Alder trees,
even those growing in
the channel, survived
the flood and created
complexity that pro-
vided refuge for some
species. (b} A smal
bedrock stream after
passage of a dcbris
flow in February
1996. Streambed sedi-
ment and riparian
vegeration, including
alder rrees of the stat-
ure shown in (a), bave
been removed. (¢}
High stzcamflow ro-
tated a 1.5 m diam-
eter conifer log from
lefr ro righe, toppling
riparian alder trees.

‘This stream reach, here flowing ro the upper
right, is vicewed from zbove by a camera sus-

pended below a balloon.

ity. These patterns can be tinterpreted
in terms of downstream variation in
physical processes and geographic
variation in landscape susceptibility
to key processes. Flood waters flow
progressively through the stream net-
work, yet physical disturbance pro-
cesses, a hallmark of flooding in
mountain environments, vary in
their properties and effects along
the gradient from hillslopes,
through small streams, to lacge
channels. When considering either
physical processes or the biology of
mouitain stream systems, thercfore,
it is useful to distinguish steep head-
water streams draining 1-100 ha
from farger, lower-gradient streams
{drainage areas of 1-1000 or more
km?} because some key processcs
(e.g., debris flows or movemenr of
floating logs) and biota are restricted
largely to one or the other.

Water, soil, sediment, and woody
debris move down hillslopes and
stream channels by a cascade of pro-
cesses, following the gravitational
flow path. Moving solid matcrial
may have variable disturbance cf-
fects. Sediment and wood, for ex-
ample, may move as individual pac-

September 1998

ticles with little ecological impact or
as large mass movements with the
force to substantiatly disturb ecosys-
tems. Soil mass movement by debris
shides originating on hillslopes may
enter steep headwater channels and
change into debris flows. Varying in
size from hundreds to rhousands of
cubic meters, debris flows arc water-
charged masses of sediment and or-
ganic matter that move down head-
water channels at velocities of up to
10 m/s or more {Hack and Goodlett
1960, Sidic et al. 1985), scouring
channel sediment and riparian veg-

§0

e, 1 840

etation {Figures 3a and 3b). Debris
flows may enter larger, lower-gradi-
ent channels that'carry sufficient wa-
ter to foat large logs on the water
surface, while gravel and houlders
roli audibly along the streambed.
Generally, in wet landscapes, an in-
creasing amount of water is avail-
ablc along this flow path e dilure
the sediment in transit and to float
larger picees of woody debris. Mov-
ing woody debris can become a sig-
niticant agent of disturbanceinlarger
channels as floating logs ram into or
lodge against standing trees, acting

683
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Figure 3. The pattern of debris flow initiation by year, WY 1946 - WY 1996,
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Table 1. An overview of debris flow occurrence WY 1946- WY 1996: cumulative
density over the study period, and the number and percentage of events by land use,

Cumulative Density of debris flows

23

| AiEvents | NafwalForesi| Planiaiions || Roads
:Geology #dfs! %df ha | #ha 0 # . % . # 1 % %
weak 122 124:1090 00202 9 | 10 ‘0 3 3 10 11
\moderate . 56 62 6470:00087, 11 12 | 18 = 20 = 27 30
T R R R 2 20

1400-699m | 40 ' 44 2430/00165 1 10 R
(700-999m = 50 55 4960 0.0101! |
1000-1699m 1 1 15010 0.0002 . “
i i ; i

Slope AR 1 N A 1 OO N | N n
00 - 19° 0.0002; 0
‘200 + 0.0142. | 26 47
L : L 26 47
Topo. Setting . I R
ichannelhead © 27 = 30 n/a | nia 6 7 oM 11
‘planar hillslope’ 52 57 ' n/a | nia 14 % 10 | 32
sweamside | 9 10 na ma | 5 & | 1 i
unknown 13 3 ‘nfal nfa 1 1,0 L2
'% R N 26 ;29 || 22 L 47

[n natural forest, 26 debns flows (29% of the total} occurred during the study

period (Table 1). Natural forest events occurred in 6 of the 12 debris flow-producing

years. Debris flow initiation frequency in weak rock types in natural forest was 5 times

greater than in moderate and strong geologic types, on a number per percent-area basis

(Table 2). Thirty-five percent were from weak, 42% moderate, and 23% from strong rock

types.

[nitiation site elevations in natural forest ranged from 605 m to 990 m, with an

average of 763 m. Initiation frequency was similar for the 400-699 m and 700-999 m
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located on planar hilislopes in natural forest. At channel heads there were 7% fewer

events, while there were 9% more from the stream-side 1n natural forest than overall.

The number of unknown sites was about the same; there were 1% more unknown sites m

natural forest.

Table 2. Debris flow occurrence in natural forest for all years combined, and for all
vears combined, and for WY 1965 and WY 1996 separately.

Natural Forest e
All years (1946 area) | WY 1965

CwWYiges
harea #/%area!

?Geojgwgy Yharea | #/%area  #  Yoarsz  #/%area  #

weak 9 102 5 8 066 3 8 038
‘mod 52 i 021 | 5 52 010 © 2 48 0.04 !
istrong 23 : 39 & 015 | 1 40 002 i 4
Elevation

iﬂQQ-699

700-899 16; 62 i ,

[1000-1699 0 0 = 40

ichan. head n/a T a
%.h”.'S.'.‘?.P?. N na  nfa
stream-side nfa . nia
iunknown n_/a n/a

In WY 1965, 19% of the debris flows initiated from plantations, while 26%
initiated from natural forest. Plantation-associated initiation in WY 1996 accounted for
35% of the debris flows, the same percentage as natural forest in that water year (Table 3,

Figure 4). However, the frequency of debrts flow initiation was 7 times greater in

g/;’s
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Table 3. Debris flow initiation WY 1965 and WY 1996. The number of events,

percentage of each year’s total, and density (#/kmz) are represented for geology,
elevation, slope, and topographic position.

" water year 1965 water year 1996

o forest . plamawon | road  forest  planiaon | road
1(330:093 % o #kat Lo MKNE L H % ke L # % ket :3#?%5 ket | 4
[soft 5 12 | 059 1T '3.12: 044 0l o0
‘mod sz 102 1
hard 124 0.29
L Tomninn 26
3400-69_9 4 .
;700989 7 17 0.
{1000-1699 00 000
L. Total 0.10,
RGN
204 16 14| 040
_Tgt_al:§111 26! 010 |
‘channel head o
S
Istreamside

O :
I Tq}al:} 11,

Debris flows from plantations originated at lower elevations, on average, than
from natural forest (p=0.002, df=2., F=6.5, ANOVA}. The mean clevation of the
initiation site for debris flows in plantatations was 90 m lower than natural forest. There
was no evidence that debris flows originated on more gentle slopes in plantations, on
average, than in natural forest (p=0.52, ANOVA).

On a percentage basis, debris flows initiated from channel head topographic
settings in plantations at nearly twice the rate of natural forest, although the number of
observations was small (n=14). The rate of initiation from planar hillslopes was similar

for plantations (13%) and natural forest (16%).
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Figure 6. Debris flow track length, based on longest single channel length, by land
use.
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4.3 Termination

A total of 78 debnis flow termination sites were inventoried. Twenty-eight percent
(22 sites) terminated at a mainstem stream tributary, 24% (19 sites) terminated in a first-
through third-order channel, 28% (22 sites) terminated at a road, and 10% (8 sites)
terminated on a floodplain, terrace, or a fan. The termination setting of 9% (7 sites) was
indeterminable.

Nineteen percent of the debris flow termination sites (15 sites) resulted from events
that initiated, transported, and terminated in natural forest. Of these, the majority (7

events) terminated at a mainstem stream, 4 events terminated in a first- to third-order

o
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TABLE 8.1 Marerial transfer process characreristics for watershed 10 in
old-growth forest condition.

Downslope Watershed

movement anca
Process rate”  Frequency  inftuenced  Landforms
Hillslope processes
Sotution continuous  todal
Linerfall conhnuous,  total
seasonal
Surface crosion ] confinuous  total small teraceites
Creep 2 seasonal total
Root throw 3 ~ Uy 0.10%" pit & mound topography
Debnis avalanche 4 ~1/370yr 1w02%" shallow, lincar down-

slope depressions

Stump/earthflow 5 seasonal’ Swoi% scraps. benches
Charnnel processes
Solution 3 continuous L ]
Suspension 3 continuons, ~ 1%
storm
Bedioad 3 storm ~1% channel bedforms
Debnis torrent 4 ~1/580 yr  ~1I% incised. U-shaped
channel cross
section

‘Il = cemto miyr, 2= mmfyr, 3 = m/s. 4 = 10 m/s. 5 = mm 10 cm/yr.
"Arca influenced by one cvent.
‘Inactive in past century in watcrshed 10.

Channel Processes

Solution transport is movement of material dissolved in stream water.
Suspended sediment transport is movement of material in colloidal 10 sand size
carmied in suspension in flowing water. Bedload transport is movement of
material approximately coarse sand size and larger by tractive {orces imparted
by streamflow. Debris torreni is the rapid, turbulent movement down stream
channels of masses that may exceed 10,000 m'of soil, alluvium, and living and
dead organic matter, Whole trees may be included. Sireambank erosion occurs
as lateral cutting by a stream as it entrains matenal such as older alluvium or
colluvium moved 10 the streamside area by creep, surface erosion, or other
processes.

Relations Among Processes

The movement of a single particle of material through a watershed is
accomplished by a series of steps involving numerous material transfer process-

S
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sediment storage capacity of the channel, large wood buffers the sedimentation impacts on downstream reaches
when pulses of sediment enter headwater steams {Swanson and Lienkaemper, 1978; Lancaster ef al., 2001),

Debris flows transport sediment and wood stored in low-order channels and leave behind an erosional
zone that is typically scoured to bedrock (Swanson and Lienkaemper, 1978; May, 2002). The erosion of the
channel to bedrock provides a unique opportunity to calculate the rate of wood and sediment accumulation,
and to gain insight into the processes that refitl the channel with sediment and wood in the interval between
debris flows. In low-order streams, the size of wood is typically large in relation to the size of the channel
(Bilby and Ward, 1989; Bilby and Bisson, 1938), and it can be assumed that fluvial processes ransport very
few pieces of wood in the interval between debris flows. Conversely, the sediment transport capacity of the
channel may be high immediately following a debris flow because bedrock channels are typically straight,
steep, and have a high hydraulic radius and low roughness. Therefore, immobile pieces of wood can form a
physical obstruction to sediment transport that may be critical for sediment accumulation in this portion of
the drainage network.

The goal of this study was to investigate clianges in sediment and wood storage volumes, and associated
changes in channel morphology, in low-order streams that are prone to erosion by debris flows. We used
a space-for-time substitution approach to align spatially separated states along a temporal sequence (Welch,
1970). Specific objectives were to: (1) quantify the rate of wood and sediment accumulation in second-order
streams that are prone to erosion by debris flows; (2) identify the mechanisms for storing sediment in high-
gradient, low-roughness channels; and (3) assess the relative importance of debris-flow-prone tributaries as
storage reserveirs for sediment in the drainage basins.

STUDY AREA N

Two third-order basins with a minimal history of timber harvest and road construct%’n were selected for this
study (Figure 1; Table I). Sediment production and transport processes in the basins were considered typical
of debris flow terrain in the central Coast Range of Oregon. Skate Creek has a drainage area of 2-5 km? and

Figure 1. Site map of Skate and Bear Creeks, Siuslaw River drainage in the central Oregon Coast Range. Dark solid lines represent

channels investigated for wood and sediment storage. Dashed lines represent colluvial tributaries impacted by timber harvest and not

investigated. Thin solid line (ST2) is only tributary with no evidence of delivering debris flows to the mainstem. Numerous first-order

channels throughout the network are not highlighied and are not well representcd on low-resolution topographic data Solid circles
represent sample sites for the dendrochronology-hased fire history reconstruction. Contour interval = 10 m

Copyright © 2003 John Wiley & Sons, Lid. Earth Surf. Process. Landforms 28, 409-424 {Z003)
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Figure 2. Volume of large wood in the study sireams based on the time since the previous debris flow as estimated by dendrochronology
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Figure 3. Sediment accumulation in the study streams based on the time since the previous debris flow as estimated by dendrochronology

predicted to have an almost continuous covered of sediment, with very little exposed bedrock. The decrease in
the proportion of the channel with exposed bedrock, and the average length of bedrock reaches with increased
age, depicts how these discontinuous patches of sediraent coalesced through time (Table II).

Landslides from bedrock hollows and on planar sideslopes appeared to be an important source of sediment
to the channels we investigated. Unfortunately, it was not possible to quantify the long-term contribution
of sediment delivered from fandslides because landslide scars were rapidiy vegetated, and only failures that
occurred in the last decade could be detected. Where landslide scars could be detected, the scar was measured,
and this volume accounted for an average of 19 per cent of the sediment stored in the channels.

The observed volume of sediment stored in the channel was contrasted with a predicted input rate {Table III;
Figure 7) calculated from the maximum bedrock lowering tate (1-1 x 10~* m a~') and a soil to bedrock bulk
density ratio of (-5 estimated by Reneau and Dietrich (1991). The observed volume of sediment stored in the

Copyright © 2003 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 28, 409-424 (2003)
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Figure 4. The association between wood and sediment storage volumes in debrnis-flow-prone ehannels

150 yrs

Time since debris flow —p

Figure 5. Conceptual illustration of the changes in channel morphology based on the time since the previous debris flow

channel was less than predicted from the bedrock lowering rate. The area between the curves can be used
for a rough approximation of the amount of sediment exported by fluvial transport. Immediately following a
debris flow the majority of sediment entering the channel is likely to be transported downstream. As the time
since the previous debris flow increases, the proportion of sediment exported appears to decrease.

Basin-scale sediment storage

The quantity of sediment stored in debris flow runout paths was contrasted with the volume of sediment
stored in the mainstem channel and valley floor landforms of Skate Creek. Wood provided a physical obstruc-
tion to sediment transport, and 73 per cent of the sediment in tributaries that are prone to debris flows was
stored directly behind wood (Figure 8). Large wood stored 59 per cent of this sediment, and small wood
(pieces <2 m in length and <20 cm average diameter) stored 14 per cent. A total of 389 pieces of wood was
measured in debris-flow-prone tributaries to Skate Creek, and 37 per cent of these pieces stored sediment.
Wood >15 m in length accounted for only 22 per cent of the number of pieces, but accounted for 78 per cent
of the total volume of wood. Despite this inconsistency, the number of pieces explained 60 per cent (%) of
the observed variance in the volume of wood in the channels.

Large wood was also a major compenent of sediment storage in the mainstem of Skate Creek (Figure 8)
however, <(-5 per cent of the sediment in the mainstem was stored by small wood. In contrast to the

Copyright ©® 2003 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 18, 409-424 (2003}
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Figure 6. Changes in the proportion of the channel length with exposed bedrock and gravel, based on the time since the previous
debris flow

Table III. Measured sediment storage volumes and predicted sediment input volumes esti-
mated from a long-term average bedrock lowering rate (Reneau and Dietrich, 1991}

Tributary Time since Erosional zone Sediment volume
debds flow (years) sediment volume (m®) predicied from
bedrock lowering (m?)
Skate T3 123 939 1005
Skate T4 121 1110 1012
Skate T5 . 84 223 503
Skate T6 36 27 180
Skate T8 143 800 947
Bear T3 129 443 443
Bear T4 127 546 582
Bear T3 144 394 529
Bear T7 - 144 1138 737
Bear T9 124 1183 611
Bear TI1 20 106 165
Bear T12 88 208 544
Bear T13 4 27 44

tributaries, the mainstem had low-gradient reaches (1-5 per cent slope) where sediment was stored in the
absence of wood or boulders.

Wood influenced channel morphology on multiple spatial scales. Individual pieces, or small accumulations
of wood, functioned to store sediment at small spatial scales (10°-10" m). These individual pieces were
relanvely abundant and broadly distributed spatially throughout the channel network. In contrast, large, valley-
spanning wood dams formed by debris flows stored sediment on larger spatial scales (10'—10% m) and
inundated entire stream reaches and valley floor surfaces. These large dams were infrequent and were discretely
located near tributary junctions. Two large, valley-spanning wood dams formed by debris flows in the last
30 years were located in the mainstem of Skate Creek. These debris flows originated in the upper pottion
of the basin where ttmber was harvested in the mid-1970s. The channel was actively incising the wedge of

Copyright © 2003 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 28, 409-424 (2003}
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Figure 7. Measured sediment accumuiation compared to a predicted sediment input volume from an inferred bedrock lowering rate

{Renean and Dietrich, 1991). The observed sediment accumulation rate was based on-fijeld measurements from owr study streams,

solid line regression equation y = 0-0014x"%%, +? = (0-88. Predicted sediment input fro

inferred bedrock lowering rate was

1-1 % 107 m a~! multiplied by the drainage area and a soil to bulk density ratio of 0-5, dashed line regression equation y = 0-016x
4+ 0168, »? = 0-70. The area between the curves represents the propartion of sediment presumably exported by fluvial transport
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Figure 8. Sediment stored by obstructions in the channel network of Skate Creck. Numbers represent the perceutage of stored sediment

sediment upstream of the debrs dam, resulting in the formation of continuous terraces along the channel.
These large dams stored 32 per cent of the sediment in the mainstem, and individual pieces of wood and

small accumulations accounted for 22 per cent.

A total channel length of 6860 m was surveyed in Skate Creek, and a total volume of 21 950 m? of sediment
in storage was estimated in this portion of the channel network. Numerous first-order channels throughout the
network were not investigated; therefore, the proportion of the network in low-order colluvial channels was
substantially under-represented. The majority of sediment in the network was stored in tributaries (Figure 9

Copyright © 2003 John Wiley & Sons, Ltd.

Earth Surf. Process. Landforms 28, 409-424 (2003)

bS

which al
was 210
an aver:
sedimen

In adt
the mair
debris fl
along th
time for
1978). 1
s0il prow
ratio of

Sedimen

The
structure
space-fc
assumplt
atternpte
work we
channel
pared w
that the

The ¢
first ass
There is
field ob
n 1994
uncomn
cent we
aSSump1
debris f
no infor

Forr
still pre
time be
capacits

Copyrigh



Forest Road Processes at HJ] Andrews



RCAD SURFACE
CUT SLOPE

Figure 1. Road/hillslope cross-section schematic

Current {orest practice regulations prohibit sidecasting to the extent that landslides and
channel damage are likely. A technique known as end-hauling is used to transport
excess excavated materials to more stable waste area locations. Using steeper grades to
keep roads on ridgetops is a far less expensive road system design alternative than end
hauling, and is also effective at landslide prevention. However, where these practices
are not possible, end hauling may be an effective, albeit expensive, technique for
reducing landslides (Sessions et al., 1987). Forest practice regulations for end-hauling
have been in place since 1983. However, most existing forest roads in western Oregon
were constructed prior to 1983, when sidecasting was the common construction practice.

A road damage inventory conducted in Washington found that roads constructed in the
last 15 years survived a landslide inducing storm with minimal damage, while roads
constructed earlier had very high damage rates (Toth, 1991). Department of Forestry
landslide monitoring has made similar findings (Mills, 1991). Although most surface
erosion tends to oceur in the first few years after construction or during perieds of heavy
traffic use, landslides can occur many decades after original construction.

ODF monitoring has also found that road drainage is associated with about one-third of
the investigated road-related landslides (Mills, 1991). Culverts were associated with
29 percert of the damage sites in the Deschutes River (Washington State} study (Toth,
1991). Concentration of road drainage can also be associated with interactions between

road systems and channels in steep terrain, sometimes resulting in landslides
(Montgomery, 1994).

Stream crossings with culverts, and to a lesser extent under-designed bridges, are subject to
plugging and/or the capacity being exceeded by high flows. If water backs up and flows over

LS
Final ODF Storm Impacts Report Page 11

QoLudan  BTAL., 1997
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Channel Network Extension by Logging Roads in Two Basing, Western Cascacles, Oregon

is defined as the sum of stream length (LS) over the
basin area

Dy =25 @)

We propose that roads modify drainage density by
extending the total length of effective surface flow-
paths in a basin, expressed as

E‘,(LS +Lg. +LRg+LG}
a” A

(4)

-

where YLg, represents the length of road segments
discharging runoff directly to stream channels, Ly,
represents the length of road segments discharging
runoff to hillslopes where channelized surface flow
occurs in newly-eroded gullies, and ¥Lg represents
the length of those gullies connecting roads to
streams on previously unchanneled hillslopes (IMg-
ure 2}. We define gullies in this study as surface
flowpaths evident at road culverts created either by

S et
stream -/

Figure 2. Road Drainage Structures on Forest Roads. Stree m-¢rossing culverts which route a stream below a road (a) and diteh-relief
culverts (b) were classified according to whether they discharged directly to a stream channel (1), onto hillslopes below roads where
gully incision eccurs (2), or where water reinfiltrates into the hillslope eoil (3). Gully incision may provide a continuous flowpath
to streams (i) or may function as a discontinuous channel segment (ii). The length of the road segraent draining to the culvert (L),
the road grade {¢), and the hillslope angle (3} were used to test predictions of the occurrence of gullies.

4y

chronic channel 1ncision on hillslopes or episodic
scour by landshides.

In this study, we focused on assessing road effects
at the drainage-basin scale. We examined drainage
network length in two basins and the extent to which
roads modify drainage density by extending the chan-
nel network.

METHODS

Approach

The study included three components: (1) determi-
nation of the increase in drainage density attributable
to road-stream connectivity in the Lookout Creek and
Blue River basins; (2) examination of factors con-
tributing to road-stream connectivity, particularly the
formation of gullies; and {3} comparison of the timing
and spatidl distribution of road construction in Look-
out vs. Bl‘ e River to evaluate whether road-stream

i

—

drainage divide

s

WATER RESOURCES BULLETIN

bl




Wemple, Jones, and Grant

(Harr et al., 1975; Harr et al., 1979; Jones and Grant,
1996), but not in an experiment in California (Ziemer,
1981; Wright ef al.,, 1990). Studies of large (> 50 km2)
forested basins subjected to dispersed harvesting anc.
road construction over several decades found
increased peak flows associated with the proportion of’
basin area in roads and clearcuts in some cases
(Anderson and Hcbba, 1959; Christner and Harr.
1982; Jones and Grant, 1996), but not in others (Dun-
can, 1986).

Previous watershed studies have not examined the
mechanisms by which roads influence changes in
peak flow hydrology. This study was initiated to
explore mechanisms by which roads may alter routing
efficiency in a basin. Specifically, we examined the
type and extent of hydrologic flow paths linking road
segments to stream channels in two adjacent basins
in the western Cascades of Oregon.

CONCEPTUAL MODEL

We propose a conceptual model to describe the
hydrologic function of roads based on two effects: (1) a
volumetric effect, increasing the volume of water
available for quickflow; and (2) a timing effect, alter-
ing flow routing efficiency through extensions to the
drainage network (Figure 1).

Volumetric effect

Timing effact

Without .. 3'/ l

roads \
N\

With ‘\\L\\!/

roads E el \L
5 |
- ¥ N

- soil surface, lithic contact — basin boundary

precipitation — stream network
—  surface flow —
== gubsurface flow

Figure 1. A Conceptual Model of the Hydrologic Funclion of Roads Based on Two Effects: (1) a volumetric elfect,
increasing the total volume of water available fer quickflow; and (2) a timing elfect, altering the flow
routing elficiency through extensiona to the drainage network (see text).

WATER RESOURCES BULLETIN

cornected road seaments

l\f-‘ﬁfLE'/ {f— /-}(_'r /C/C}é

The volumetric effect of roads operates at the hills-
lope scale (Figure 1), Precipitation on hillslopes is
partitioned to slow subsurface drainage contributing
to baseflow {Qyqs.) and rapid surface and subsurface
runoff contributing to quickflow (Qqici)- The hydro-
graph represents the sumrnation over time of the vol-

umes contributed by these two components, expressed
as

Q) = Qbase + Qquick ey

Roads increase the total volume of water available
for quickflow in two ways. Overland flow is generated
by the interception of precipitation on compacted road
surfaces with low infiltration capacities {(Reid and
Dunne, 1984; Luce and Cundy, 1994). In addition,
shallow subsurface flow may be intercepted at road
cutbanks and converted to rapid surface runoff
(Megahan, 1972; Sullivan and Duncan, 1981). This
effect of increasing total quickflow volume may be
expressed as

(2)

AQquick = Qiniercept.ed + Qs:ubsurfaceﬁsurfaae

The timing effect of roads operates at the basin
scale (Figure 1). The length and arrangement
of stream channels determines the flow-routing
efficiency of the basin (Leopold et al., 1964). Drainage
density, often used as an index of drainage efficiency,

Basin hydrograph

With roads

‘Without reads

quickflow component
baseflow component
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Figure 1. Typology of erosional and depositional features produced by mass-wasting and fluvial processes and agsociated with forest
roads

The February 1996 storm

A sequence of events typical of major tloods in western Oregon (Harr, 1981) led up to the February 1996
storm. Following a period of below-average precipitation, prodigious snowfall in late January brought
snowpack levels to 112 per cent of the long-term average in the region (Swanson et af., 1998). On the
afternoon of 5 February, a strong subtropical jet stream moved into the Pacific Northwest, bringing warm
rains from the central Pacific Ocean. Rainfall for the period 59 February exceeded 290 mm. Rain and
associated snowmelt triggered flood flows with return periods of 30 to 100 years, with profound and diverse
geomorphic and ecological impacts (Swanson ef al., 1998; Johnson ef al., in press).

As is typical of rain-on-snow events in these basins (Perkins, 1997), the relative timing of peak
precipitation and snowpack melting differed by elevation during the February 1996 storm. At low elevations
(400 to 800 m), rain-saturated snowmelt coincided with peak precipitation intensity, whereas at middle
elevations (800-1200 m), maximum snowmelt occurred roughly 24 hours after peak precipitation, and upper
elevations (>1200 m) experienced little snowmelt during the event (Dyrness et al., 1996).

Inventory methods and mapped features

In the first few months after the storm, the entire road network in the study area was surveyed by vehicle or
on foot. All erosional and depositional features within the road prism (cutslope, ditch, road surface and
fillslope) were identified (Figure 1). Locations of features were mapped on 7-5 minute topographic maps and
subsequently digitized into a geographic information system (GIS).

Eight types of features were identified, involving erosion and deposition by mass-wasting and fluvial
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Figure 4. Pattern of Road Network Construction in Lookout Creek and Blue River During Four Decades.

were selected from roads constructed in valley bot-
tom, ridgetop and midslope hillslope positions in each
decade between 1950 and 1990 (Figure 3). The start-
ing point for each transect was randomly selected at
road junctions or road ends that could be located both
in the field and on maps.

Each transect was subdivided into segments
demarcated by culverts (Figure 2). For each sampled
road segment the following data were recorded:
length of road draining to each culvert (L}, road grade
or average slope of the road draining to each culvert
{a), average hillslope gradient for the road segment
{8), and the routing of water below the culvert outlet
as defined below. The length of each segment was
estimated to the nearest 0.01 mile (0.02 km) based on
readings from an automobile odometer calibrated

WATER RESOURCES BULLETIN

with a distance meter with a resolution of 0.01 km.
Road grade was measured with a clinometer. Due to
difficulties in measuring hillslope gradients under for-
est cover and distinguishing cut-and-fill siopes from
the average hillslope gradient, hillslope gradient was
assigned as a categorical variable to each road seg-
ment, based on a G1S classification of slopes greater
than or less than 40 percent.

Each culvert outlet was classified into one of three
categories based on whether its outlet delivered
water: (1) directly to a natural stream channel,
(2) into a gully incised below the culvert outlet, or
(3) onto a hillslope where the water reinfiltrated (Fig-
ure 2). Road segments were assigned to category 1 if
the culvert was a stream-crossing culvert {which
transmits stream water below a road crossing), where
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Figure 6. Relationship Between the Odds for the Occurrince of a Gully Below Ditch Reliel Culverts Against Road Length.
The logistic regression equation for the relation between the occurrence of gullying and road length (in meters), hillslope
gradient (1 for slopes < 40 percent, © for slopes = 40 percant), nnd the interaction of these two variables is given by odds =
exp [-0.4522 + {0.0074 x length) + (0.0810 x slope) - (0.0156 x length x slope)] (Hosmer and Lemeshow, 1989). At a road
length (e.g., culvert spacing) of 100 meters, gullies are 4.5 times more likely to occur on steep (= 40 percent} than on
gentle (< 40 percent) slopes (odds ratio for steep va. gentle slopes at 100 meters = 1.34/0.30). Steep slopes show increased
odds of gullying with increasing road length, for example gullies are roughly three times as likely to occur on steep slopes
s road length increases from 100 ta 250 meters (odds ratio for 250 m vs. 100 m road length on steep slopes = 4.07/1.34).

Conversion of Subsurface Drainage to Quickflow

Following our conceptual model (Figure 1), the
hydrologic impact of roads depends upon the extent to
which roads contribute to the volume of rapid surface
runoff in a basin. We observed several road segments
carrying unit area discharges as high as those of the
larger basins to which they contribute. A discharge of
1.18 L/s was measured from an estimated 2-ha

drainage area on a Lookout Creek road ditch during

& storm on March 19, 1993, representing only 20
percent of the basin-wide unit area discharge for
Lookout Creek on this date (3.21 L/s/ha). However, on
June 9, 1993, a discharge of 7.3 L/s was measured
from an estimated 10-ha drainage area on a Blue
River road ditch, representing roughly 100 percent of
the unit-area basin discharge on this date (0.652
L/s/ha).

We expect that hillslope position affects a road seg-
ment’s ability to convert subsurface water to surface
runoff, Connected ditch segments along midslope
roads are more likely than those along ridgetop or
valley bottern roads to intercept significant amounts
of subsurface flow and convert it to surface runoff

WATER RESOURCES BULLETIN

(e.g., Megahan, 1972). Ridgetop roads may lower the
threshold for channel initiation (Montgomery, 1994),
but road segments along ridgetop roads may not
intercept subsurface flow because of their small con-
tributing drainage areas. Valley bottom roads fre-
quently have culverts discharging directly to streams
but are relatively ineffective at diverting subsurface
water to surface runoff (Wright e? al., 1990}. Differ-
ences in the effectiveness of roads in capturing sub-
surface water and the routing of water via surface
flowpaths associated with roads may explain some of
the variability in resuits of small-basin experiments
investigating road effects o basin hydrology.

Generalization of Study Results Using GIS

This study made extensive use of a geographic
information system to select sites for sampling and to
generalize results to the basins studied. GIS layers
were overlaid to develop the sampling design for the
field survey of rosds. Algorithms provided in the GIS
software were coupled with field observations to
generate a map of the extended stream network that

770
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Figure 2. Location map of the Lookout Creek and Blue River basins in the western Oregon Cascades, USA, showing location of roads
and stream network, hillslope position classes and erosional and depositional features mapped in this study. Locations of mapped
features relative to elevation classes are shown on insct map at lower right

Table I. Summary of characteristics of study basins

Lookout Creek basin

Blue River basin

Harvested area (% 22
Drainage area (km®) . 62
Drainage density (km km ™) 3.0
Road length, total (km) 118
Upper slope (km}) 27
Midslope (km) 73
Valley floor (km) 18
Road density (km km ™) 1-9
Area of basin in reads (%)t 3.1

25
119
29
230
75
132
23
1-9
31

* Estimated winter baseflow drainage density (see Wemple et af., 1996)

1 Computed using an average width of road cut, surface, and fill of 16 m from Silen and

Gratkowski (1953)
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Table I1. Numbers and frequencies (numbers per kilometre of road length) of inventoried features in the Lookout Creek
and Blue River basins

Lookout Creek basin Blue River basin Total

No. No./km No. No./km No. No./km
Mass movements
Debris flows G 0-08 7 0-03 16 0-05
Hillslope slides 4 0-03 1 0-004 5 0-01
Cutslope slides 1 0.01 11 0-05 12 003
Fillslope slides 18 0-15 13 0-06 31 0-0G
Slumps 1 0-01 12 0-05 13 0-04
Total 33 0-28 44 0-19 77 0-22
Fluvial featires
Plugged culverts 3 0-03 10 0-04 13 0-04
Incised ditches 1 0-01 2z 001 3 0-01
Gullies 5 0.04 5 0-02 10 0-03
Total 9 0-08 17 0-07 26 0-07
Grand total 42 036 61 0-27 103 0-30

RESULTS

Numbers, frequencies, volumes and interactions among features

A diverse suite of geomorphic processes occurred during the February 1996 flood event, producing 103
mapped features associated with roads in the Lookout Creek and Blue River basins (Table II). The vast
majority of these features occurred in the southern portion of the study area at low elevation sites (Figure 2).
Mass movements were more numerous than fluvial features, and sediment production exceeded sediment
storage by roads. Three-quarters of the inventoried features were mass movements, and one-quarter were
fluvial features. Two-thirds of the features involved sediment production from reads, in the form of cutslope
slides, fillslope slides, incised ditches and gullies, while one-third invelved sediment capture, in which roads
intercepted debris flows, hillslope slides and bedload (Table II).

Fillslope slides were the most numerous and frequent type of feature. They accounted for 30 per cent of all
mapped features and 40 per cent of mass movements, with approximately one occurrence for every 10 km of
road length in the two basins (Table II). Together, cutslope slides and slumps accounted for cne-quarter of all
inventoried features and one-third of mass movements, with average frequencies of three (cutslope slides) or
four (slumps) for every 100 km of road. Hillslope slides and debris flows that were intercepted by roads
accounted for the remaining mass movements inventoried.

Stream-crossing culverts plugged by bedload accounted for half of the fluvial features that were
inventoried, while gullying of road surfaces and fillslopes also was relatively common. Plugged culverts and
gullies together accounted for almost one-quarter of the features inventoried and nearly all (90 per cent) of the
fluvial features, with average frequencies of three {gullies) or four (plugged culverts) for every 100 km of
road.

Roads intercepted, stored and produced sediment, but overall were a net source of sediment to hillslopes
and channels in the two basins (Table IT1). Roads intercepted almost 26 000 m® of sediment contributed from
hillslopes and channels and stored over 19000 m® of sediment. However, more than 32000 m® of sediment
were mobilized within the road prism, so roads were a net source of more than 13000 m® of sediment in these
two basins during this event. Debris flows accounted for two-thirds of the sedinent intercepted by roads, and
hillslope slides and bedload trapped at stream-crossing culverts accounted for the remaining one-third.
Fillslope slides accounted for four-fifths of sediment mobilized within road prisms, while cutslope slides
accounted for most of the remaining one-fifth; ditch incision and gullying accounted for less than 5 per cent of
the total sediment volume eroded from roads. Most of the sediment stored on roads was from debris flows, but
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Figure 4. Schematie representation of the distribution and spatial complexity of features inventoried in this study. Closed symbols
represent mass movements { @, debris flows; , hillslope slides; A, cutslope slides; W, fillslepe slides; s, slumps). Open symbols
represent fluvial features (O, plugged culverts; ™, incised ditches; [, gullies). Features are positioned relative to point of origin, on
hillslopes above roads or within the road zene (represented by grey bars). Arrows (ndicate features that triggered an associated feature,
and show impacts to multiple tiers of roads where applicable. Numbers beside symbols indicate number of inventoried features of that

type

cutslope slides, hillslope slides and bedload (i.e. in plugged culverts) contributed small fractions of the
sediment stored on roads. Fillslope slides accounted for two-thirds of the net sediment exported from roads,
but debris flows and hillslope slides accounted for most of the remaining one-third (Table LI1).

Slightly more than half (56 per cent) of the erosional and depositional features associated with roads
occurred as solitary events, unconnected with other inventoried features (Figure 4). All of the inventoried
slumps occurred as solitary eveuts, apparently unaffected by diverted surface runoff or other documented
mechanisms. Most (nine of 13) plugged culverts occurred as solitary events, and apparently did not Iead to
gullying or fill failure. Most (four of five) hillslope slides deposited sediment on roads without triggering
additional erosion within the road prism.

Two types of complex, interacting sets of inventoried features were observed on roads, involving almost
half (44 per cent) of all mapped features: (1) hillslope slides, cutslope slides or bedload in ditches or culverts
led to diversions of surface mnoff and triggered fillslope slides, gullying or ditch incision; and (2) fillslope
slides entered streamn channels and became debris flows (Figure 4). One-quarter of the 22 fillslope slides on
mid-slope roads were apparently connected to debris flows intercepted by roads (three cases), cutslope slides
in the road prism (two cases) or plugged culverts (one case). Seven of ten instances of gullying were
connected to debris flows, and two were connected to cutslope slides in the road prism. Ditch incision was
also connected to debris flows (two of three cases) or plugged culverts (one case). One-quarter of the fillslope
slides on midslope roads entered channels and became debris flows (five cases).
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TABLE 2. DIVISICNS OF THE QUATERNARY AND THEIR BOUNDARY DATES
AS USED IN THIS YOLUME"
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Holocena
{Oxygen-isctope stage 1)
10to12ka
tate Wisconsin (Oxygen-isctope stage 2)
B e L L LR ~28 ka
§ Middle Wisconsin of Richmond and Fullenon (1986)
=] (O-isolope stages 3 and 4)
I e B TP -71 ka
@ Late. Sangardon {(Early Wisconsin and Eowisconsin of Richmond
g and Fullerton, 1986; C-isolope stages 5a-5d)
—————————————————————————————————————————————————————————— ~115 ka
Sangamon of Richmond and Fullectan {1986)
{Odsotope stage Se)
; -128 kal
Late-Middle Pleistocene (lllincian of Richmond and Fullerton, 1986; -
2 O-isotope stages §-8)
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] Middie-Middle Pleistocene of Richmend and Fullecon (1968)
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L e e R L b 620 ka¥
] Early-Middle Pleistocene (Richmond and Fullenoen, 1988)
= (O-isolope stages 16-19)
— (Matuyama-Brunhes Chronozone boundary) 750-775 ka™"
Early Pleistocene
"""" Upper boundary of Olduvai Subcrop ===~ -===-- = ee e e - 1 65 Ma
— or_ Gauss-Matuyama Chron boundary 2.48 Ma
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