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Abstract approved:

Rapid, shallow soil mass movements. (landslides) are examined

for a 6,000 ha managed forest area in the Oregon Western Cascad6s.

Analysis of landslide occurrence considers the physical character-

istics and frequency, the influence of clearcutting and road construc-

tion, and some resource impacts. Nonparametric statistical methods

are employed to test the significance of the observed variations in

landslide characteristics.

Landslide size and site characteristics appear highly consis-

tent. Fifty-five to eighty percent of all landslide length, width,

depth, area, and volume measurements fall within the lower 15% of

their respective dimension ranges. Landslides occur most frequently

at slope angles of 30° - 40°, in northern aspects (NW- NNE), and in

smooth slope locations. Landslide occurrence does not vary signi-

ficantly (c:( = 0.05) with relative hillslope position.

Clearcutting and road construction appear to strongly affect

landslide frequency and location. Landslides occur 24 and 253 times

more frequently (relative to forest rate) in clearcut and road areas,

respectively. Signif~cant variation in landslide geomorphic setting



with land use suggests that clearcutting and road construction may

:increase the landslide susceptibility of hillslope nose and hollow

locations. They do not influence landslide size, slope an~le, slope

aspect, or hillslope position.

Resource impacts from landslides are varied. .Although on-site

disruption is generally substantial, total ground area affected by

landslides is small (approximately 0.5%). Roads stand out as an im-

portent resource consideration because landslide frequency and the

number of stream entries by landslides are significantly higher for

road-related failures. Road location, drainage, and fill slope con-

struction methods are the probable causes of this accelerated land-

slide activity.
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LANDSLIDE OCCURRENCEIN THE
BLUE RIVER DRAINAGE, OREGON

I. INTltODUCTION

"Landslide" is a general term used in this paper to describe

rapid, shallow soil mass movements. Such mass movements have been

classified elsewhere as slumps, debris slides, and debris avalanches

(Varnes, 1978). Landslide events occur when the factors ot geology,

weathering, water content, slope angle, and internal cohesion are

such that shear strength can no longer vithstand shear stress. The

resulting failure produces a distinctive spoon shaped scar and an

area ot displaced slope material below.

landslides are a commonphenomena in the managed forests of the

Western Cascades and deserve attention for several reasons. As a

mass vasting process, they shape the landscape by transporting weather-

ed material downslope. As a natural hazard, they pose a threat to

human lite and property. Landslides also possess a highpotentialfor

natural resource degradation through the removal of soil, the destruc-

tion of vegetation, and the deposition of sediment. Theret'ore, an

understanding of the characteristics ot' landslide occurrence will help

to explain the role of landslides in landscape development t and to

identify areas which require special management procedures. .

Iandslides in mountainous forests can also be affected by human

action. Past research has indicated that timber harvest activities,

specifically road construction and clearcutting, can influence the

characteristics of landslide occurrence (Dyrness, 1967; Fredriksen,

1970; Horrison, 1975; Swanston .and Swanson, 1976; Megahan, Day and

Bli.sa, 1978; Gresswell at al., 1979; and others). Road construction

--
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and clearcutting can dj,srupt the balance ot fo~es acting on an undia-

turbed, torested hillslope. One ot three situations will result from

these harvest actiYities: the disruption will be sufficient to allow

failure to occur; the disruption will be insufficient to allow failure

to occur; or failure may occur regardless of the disruption due to

the natural instability present. Thus, a fundamental problem in as-

sessing the effect ot road construction and clearcutting is eatablish-

ing when these activities are responsible for landslide occurrence.

This study was conducted to gain an increased understanding of

landslide occ~nce in a forest area managed primarily for timber

production. The Blue River Drainage in the '.Ilillamette National Forest

(WNF) is such an area. The objectives of this study are to: (1)

e~Mine the physical characteristics and frequency of landslide occur-

rence; (2) assess the relationships betveen road construction, clear-

cu'tting, and landslide occurrence; and (3) e'YRM;ne some characteris-

tics of resource impacts resulting from landslide occurrence.



3

II. LITEBATUBEREVIEW

Past work on masswasting theo17 and landslide occurrence in

the mountainous torests of North America, "pecially the Oregon 'Wes-

tern Cascades, is summarized below. Most ot the research has been

done in the last ten years. Many workers have investigated the re-

latiouahi.p between road construction, clearcutting, and landslide

occurrence. However, tew statistical techniques have been employed

to verity the observed associations and few attempts have been Made

to identify those topographictorms or geomorphic settings =ost prone

to landslide tailure. In general, the analysis of resource impacts

has rarely extended beyond the descriptivelevel.

General Mass Wasting Theory

General mass wasting theo17 tocuses on the physical processes

involved in mass movements. Early descriptive studies by Ladd (1935)

and Sharpe (1938) attempt to determine process from analysis of land-

slide torm. '..lard (1945), Skempton (1945), and Terzaghi (1950) are

credit1td with developing the fundamental theories in mass wasting

d)'Damics (Carson and Kirkby, 1972). Recent efforts include a compre-

hensive treatment of slope development models (Carson and ~Kby,

1972) and a "state ot the art" review of recognition, classification,

and analysis techniques (Transportation. Research Board, 1978). In

addition, morpl1ometric techniques developed by Crozier (1973) promise

more accu ate diagnosis of post failure evidence to determine the

processes involved. However, the U8efulnes~ ot Crozier's methods

have yet to be established in a mountainous forest situation.
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North American Forests (exclud1n~ the Ore~n ~estern Cascades)

Landslide research in several steepland forests has revealed a

similarity in landslide failure 8ituatiol18and. mechauisnls. In

Virg.in1a, Hack and. Good.lett (1960) were among the first to recognize

the association between landslide occurrence and. geomorphic setting,

taking a step beyond. simple correlation to geology or slope angle.

'rheir observation that most failures occur within topographic hollows

has been supported. by recent work in the Oregon Coast Range by

Dietrichand. ~e (1978).1 The latter authors emphasize the signi-

ficauce of hollows as sediment prod.uction areas. Other workers have

focused on the mechanisms of failure, particularly the role of vege-

tation roots inmaintaining slope stability. 'rhe work of Swanston

(1969, 1970), Ziemer and. Swanston (1977), and. Wu and Swanston (1980)

in Southeastern Alaska demonstrates the decline in measured. root

strength and the rise in piezometric levels which occur after clear-

cutting. Both conditions increase the probabilitj of failure occur-

rence.

Numerous studies have considered. the intluence of road C01'18truc-

tion and. clearcutting 01'1landslide occurrence in several d.:i!terent

areas. Bishop and Stevens (1964) were among the fi.-st to ob~erve an

increase in debris avalanche occurrence after clearcuttingin South-

~. t'Wostudies d.:i!'fer somewhat in which hi.llslope forms they
classify as "hollow". Both studies include those forms widch occur
at the heads of streams and. are represented by concave contours on a
topographic map. However, Dietrich and Dunne also consid.er bedrock
depressions as hollows. 'rhese depressions often lack topograpidc
expression but function in the same manner as topographic hollows.
Both forms are areas of subsurface water and.slope debris accumula-
tion.
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eastern Alaska. Subsequent research efforts in the Idaho Batholith

(Gonsior and Gardner9 1971; Megahan .t aJ..9 1978), British Columbia

(0' Long;,,i "', 1972)9 '.iaeh;,.,gton (Fiksdal, 1974), and the Oregon Coast

Range (Swanson .t al., 1977; K.etcheson, 1978; GressweU et al., 1979)

have all recognized. notable increases in landslide occurrence follow-

ing road construction and vegetation removal. Swanston and Swanson

(1976) observe that despite a wide variety of geologic and geomorphic

settings and harvest activities, landslides are fairly consistent in

terms of size and correlation to storm events. However, the relative

influence of read construction and clearcutting on landslide frequency

is much more variable.

The impact ot landslides on both natural and developed resources

has been obsened frequently but rarely quantified. Hack and Goodlett

(1960) note vegetation disruption and gully formation within

slide scars. Flaccus (1959) and O'Loughlin (1972) make similar ob-

servations as to the slow recovery of vegetation within landslide

scars. Using a difterent time perspective, Moss and Rosenfeld (1978)

suggest that random disturbance of vegetation communities by mass

wasting events may help to promote long term community stability by

maintaining ecological diversity. Impact to developed resources is

addressed within MegahaD et ale (1978). This work analyzes landslide

occurrence for different road classes and components, and c:ocuments

the cost of road repairs over the three-year study period.

Oregon ~estern Cascades

Landslide research has been most intensive in the forests of the

- --
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Oregon Western Cascades. Results of these studies have supported

findings elaewhere. Geologic units especially susceptible to land-

slide occurrencehave been identi!ied,most notably volcaniclastics

and the soila derived from them (Dyrness, 1967; Swanson and James,

1975; Swanson and Dyrness, 1975; Shulz, 1980). The 1n!luence of road

construction and clearcutting has been addressed repeatedly

(Fredriksen, 19'70; Horrisou, 1975; other works cited immediately

above). R~sults show that landslide activity generally increases

after road construction and clearcutting, but the average volume per

event within both areas is generally smaller than the average for un-

disturbed forest events.

Only Morrison (1975) has looked closely at the effect of land-

slides on natural resources in this area. From an examination of

vegetation within slide scars of various ages, Morrison concludes

that coni.!er growth rates are consistently and substantially reduced..

iiowever', confidence in the generality of this observation is limited

by the small sample size Morrison considered.
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III. STUDYAREADESCRIPTIONANDlI.ETHODOLOGY

Location

The area designated in this study as theBlue River Drainage

(BRD) lies at the eastern edge of the Western Cascades, approximately

80 laDeast northeast of Eugene, Oregon. Its 6166 ha area is contained

within the northern half of the Blue River Ranger District. The study

area encompasses all of Tidbits, Mona, and Ore Creek watersheds, and

Blue River watershed between inue River laKe and Wolf l<teadow (see

Figure 1). It is bordered on the south and east by the H. J. Andrews

Experimental Forest (BJA); on the northwest by the Sweet Home Ranger

District; and 011 the north and northeast by Cook, Quentin, and. Mann

Creek drainages.

Climate ,

The maritime climate of the Western Cascades is marked by mild

temperatures and high annual precipitation. Mean monthly temperature

extremes for the BRD range between -5.0oe and 27.0oe (Frank1in and

Dyrness, 1973). Precipitation results primarily from eastOllard moving

C7Clonic storms and averages 2;04 mm annually(calculated from HJA

climatological data, 1952 - 1980). ApPrOximately 75% to 8~' of this

amount falls"betweenOctober 1 and March 31 (Franklin andDymess,

1973). Frequently rainfall occurs in intense bursta, with :naximum

6-hour intensities of 56-66 IZIJDoccurring approximately once every ten

years (determined from SCS, 1971). Although snow accounts for onJ.y

1~ of the total annual precipitation in the BRD (calculatedfrom

- -
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Lahey, 1973), its presence during rain storm (ie., rain-on-snow

occurrences) can greatly affect peak £low amounts. During most of

the year, wincis are from the southwest in the BRD; however, eastern

winds are commonduring summer months (Lahey, 1973).

Geology

Peck et ale (1964) distinguish' three major stratigraphic units

within the BRD(Figure 2). The Little Butte Series is the oldest

and covers the greatest area. Rock t~es within this series include

basaltic flows, mud and ash flows, breccias, and tuffs of'upper-

Oligocene to lower-Miocene age. Overlying the Little Butte Series

is the Sardine Formation of middle- to upper-Miocene age. This :foun-

ger formation cou.siats of ash flows, tuffs, breccias, andesitic and

basaltic flows which form the major ridges surrounding Tidbits, Cre,

and Mona Creeks. TheHigh Cascade Volcanics, or "Pliocascade" vol-

canic rocks, overlie the Sardine Formation and are the youngest tmit

present. Andesitic and basaltic lava flows and breccia of Pliocene

age make up this unit which occurs along the eastern border of the

BRD.2 Intrusive rocks are exposed below the confluence of Tidbits

Creek and Blue River, and along the middle reach of Tidbits Creek

(see Figure 2). Swanson and James (1975) classify the former out-

crops as ranging from basaltic to rhyolite, whereas Peck et ale (1964)

consider the latter granodiorite.

Close proximity to known volcanic vents and the presence of

2Swanson and James (1975> credit Dr. 3.M. Taylor of Oregon State
Universitywith the designation of ''Pliocascade'' for the rock unit
overl~g the Sardine Formation.
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Figure 2. Geology of the Blue River Drainage
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intrusive bodies strongly suggests that the volcanic rocks of the

BRDhave been alter9d, 111some cases repeatedJ.y. Peck et ale (1964)

state that most volcaniclastic rocks of the Western Cascades have

been thorougbly altered, especially those of Miocene age or older.

Theyork of Dyrness (1967) and Paeth et al. (1971) suggests that these

altered volcaniclastic rocks weather quickly and produce unstable

soils.

Geomorpholog:y

The landscape of the BRD is for the most part composed of ero-

sional landforms with rugged relief. Elevations range from 413.6 m

(1357 tt) at Blue River Lake to 1630.3 m (5349 ft) on Carpenter Moun-

tain (Figure 1).3 Slopes are steep with average gradients bet..een

25° and 30°. Convex slope profiles are predominant, and footslopes

are lacking except along the upper reaches of Blue River. Slope

aspects are asymmetrically distributed '8ith southwestern (SSW, S\V,

and '..SW) and northwestern (WNW,NW, and NlN) aspects occurring over

46% of the study area (Table 1). Although soil proper1:ies var"J videly

wi thin the BRD, soils are generally brownish, gravelly to clay !oems,

with rapid permeability.4

3The Il'iTi"'g of English and Metric units is unavoidable. Figure
1 was compiled from sources using English units and conversion to
metric units was impracticable. Therefore, to prevent confusion in
references to elevations in Figure 1, English units are used.

4This observation is based on a summarization of soil character-
istics contained in Legard and Meyer (1973, Table of Soil Character-
istics of Modal Sites, n.p.) for principal soil-landtype associations
in the BRD.
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Table 1. Areal. Coverage of Slope Aspects
tor the Blue River Drainage

a
Aapect C1a8s Areal Coverage (%)

N
NNE
NE
ENE
E
SSE
SE
SSE
5
SSW
SW
'.WSW
'II
WNW

NW

NNW

4..3
4..3
2.9
7.1
4..3
4..3

10.0
2.9
7.1
7.1

14..3
2.9
5.7
1.4.

14..3
7.1

NOTE: Areal coverage was determined by a random sample of
75 slope aspects trom 11:na'Osimilar to Figure 1. This sample
size insures a 95% chance that the actual slope aspect distri-
bution wiU be contained within a confidence intenal of : 15.~
(Dixon and Masse.y,1969, p. :;46).

~ch aspect class covers a range of 22.50 centered on the
res-oecti ve compass point bearing (e. g., N = 0.0°, E :r 90.0°).
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The present f'orm of' the BRD is primarily a product of' strsam

d1asection, mass movements and past glaciation. Mass lIIovement ter-

rain is apparent in several places along Blue River, and acti va deep-

seated slumps are shown on Figure 1. Pleistocene glaciation is en-

dent f'rom cirque f'eatures on the northern :f'lanks of Carpenter, Buck,

and Tidbits Mountains and scat~ered till deposita observed above Blue

River. These deposits dJ...occur above 730 III, which is in ag:oeement

with Swanson and James' (1975) findings for pre-latest Wisconsin gla-

ciation in the BJA.

Presently all streams are actively downcutting. A general den-

dritic drainage pattern is apparent, though Blue River shows indica-

tions of structural control. Though overland f'low is rare, streams

respond quickly to precipitation (Ran', 1976). Rain-on-snow occur-

rences are not rare (Rarr, in press), and increase streamflow response

to a given size precipitation event. Ran- (in ~ss) finds that most

of' the larger peak flows in a 60 ha watershed wit:11n the nearby HJA

result from rain-on-snow occurrences. Furthermore, he concludes that

rain-on-snow peak f'lows of' a given magnitude have shorter return per-

iods than equivalent peak flows resuJ.ting from ra1n!all alone. Rai:a.-

on-enow events have often been associated with increased landslide

occurrence in the Western Cascades (Fredriksen,1963, 1965; Dyrnesa,

1967; Ran', in press).

Vegetation

The BRD lie~ 'primarily within the ':!!sugaheterophylla Vegetation

Zone, but above 1000 meters forest vegetation is more closely aeso-
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ciated with the Abies amabilis Zone.5 Dominant species of the former

are Douglas fir (Pseudotsuga menziesii), western hemlock (!. hetero-

ph,.lla), and western red cedar (Thuja plicata) with red alder (Alnus

rubra) and bigleaf.ma'P1e (~ macrophyllum) occurring within riparian

zones or disturbed sites. Major understory species include giant

chinquapin (Castanopsu c!l.-yso-ohylla),vine maple (~ circinatum),

salal (Gaultheria shallon), Oregon-grape (Berberis nervosa), bracken

fern (Pteridium aquilinum), and swordfern (Polystichum munitum).

Pacific silver fir (~. amabilis), noble fir (Abies -orocera), andoc-

cassional western white pine (Pinus monticola) occur along with the

above species in the Abies amabilis Zone.

Forest cover within the BRD is typically dense, uneven age

stands, ?5 to over 500 years old (F. Swanson, per comm.). Past wild-

fires have influencedthe age and composition of the forest, but today

wildfire occurrence is strongly suppressed. Exposed scil is rare

except along unstable stream channels or where the vegetation is dis-

turbed by mass wasting or blowdown.

Management History

Prior to 1946, the BRDwas essentially W1disturbed. Road con-

struction first began around 1955 along the lower end of Blue River.

Bet~een 1955 to 1967 an average of 5.4 km of road were built each

year; from 1968 to 1979 the average was 3.4 km. Figure 3 shows the

cumulative trends in road construction and c.learcutting since that

SBasedon Franklinand Dyrness's(1973) classification of natu-
ral vegetation communities for Oregon and ~ashington. Scientific and
common names also follow rr"!1kJ in and Dyrness (p. 352-376).

----
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time. Road construction techniques have varied with time and also

var: in design standards. Cut-and-fill techniques were used exten-

sively in the paat, with fill slopes frequently being constructed

over sidecast debris. Full-bench designs have been increasingly used

to overcome the stability problems inherent in cut-and-fill des~.

Logging is accomplished primarily by clearcutting in the BRD,

for both economic and silvicultural reasons (Fr"'1'1~'inand Dyrness,

1m). Timber harvest began in 1958 along lO1lter Blue River. From

1958 until 1967 approximately 7.9 he were clearcut eac~ year. After

1967 until 1979 the average has been 54.7 ha, a substantial increase.

Skyline yarding systems are predomi:D~ntly used; h01ltever, tractor yard-

ing is employed on gentle slopes.

Methodolo~

Data gathering for this project included an air photo survey,

a complete field inventory, and office compilation of supporting

data. The compiled data were analyzed using the Oregon State Univer-

si t,. CYBER70/73 computer and the Statistical Interactive Program-

mingSystem (S.IPS).

Air photos from flights in 1946, 1955, 1959, 1967, 1972, and

1974 were used to locate possible landslides and to determine the

fate of the displaced slope material.6 Comparison of successive air

photo flights allo1lted max::imumand lUi"imum dates of occurrence to be

extablished. For very large events, air photos were used to deter-

~
~See Appendix I for air photo s~eci!ications
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mine tailure length and width when tield.measurements were not possi-

ble. Finally t air photos .allowed preli mi nAry assignments of geomor-

phic setting and land use association.

Land use association vas determined tor each landslide based on

the location o.f the tailure. Failures occurring wi thin undisturbed

forest areas were termed Forest events.7 Those occurring within

marked or inferred clearcut boundaries were termed Clearcut events.

Road events were those which occurred within the road right-of-way,

defined as extending 10 m on either side of the road centerline (this

is consistent with past research, e.g., Swanson et al., 1977).

~ield work included locating and verifying each failure identi-

fied by air photo interpretation, collecting data, and making final

determinations of geomorphic setting and land use association. Only

failurl!S equa.l to or greater than 100 m3 were considered. Additional

events of sufficient size which were encountered in the field were

also inventoried. Numerous transects were conducted through large

forest a"8S to insure adequate forest coverage. This work was ac-

complished during the summers of 1979 and 1980.

The sample data sheet included in Appendix II demonstrates the

type ot information collected. Measurements were taken using the

instruments listed in Table 2. Dendrochronologicaldating was done

using a 5 mm in diameter increment borer and occaasionally a small

saw. Vegetation density was estimated visually to the nearest 20%.

7A rew Forest events are located in areas which have been ~ed
or partially disturbed. In every case, failure occurred before any
harvest activity took place.
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Table 2. Field Instrument Measurements used tor
Landslide Data CoUection in the Blue River Stud,. Area

17

---

Measurement Taken Instrument Accuracz

,

nearest 0.5 mlength, width of failure tape measure

length, width of failure Toke Duo-Sight nearest 1.0 II
range finder

slope asect Silva Compass nearest 50

slope angle Suunto Clinometer nearest 50

% vegetation cover Visual estimate nearest 2C%

depth of failure visual estimate nearest 0.5 II
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A lOX hand lens or ~ Tasco microscope was used for rock identi!1-

cation.

Complementar1 data included land use change dates, clearcut un:i.t

SiZ8, associated WNF SoU Resource Inventory (SRI) landtype, and

stream and/or road clase affected. '!'hisinformation was obtained

from various sources provided by the WNF including: the Total Resource

Inventory (TRI) s1stem, the Soil Resource Inventory Atlas of Ma\')1!1-. -~
and Intenlretive Tables for the 'IiNF(Legard and Me1er, 1973), and-
resource maps prepared by WNFpersnnnel. finAlly, a ma'P of landslide

location compiled by this author (Figure 1) was used to determine

hillslope position based on a three part division of slope length

(see Appendix III for method).
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IV. CHARACTERISTICS OF LANDSLIDE OCCURRENCE IN THE
BLUE RIVER DRAINAGE

ADal~{sis Procedure

The purpose of this section is to eYJIIft;ne landslide size and

site characteristics, landslide timing. and frequency of occunence

tor the BRD. A total ofu8 events were inventoried in this study.

covering a 34 year period of record. Location and land use &8socia-

tion of each event are shown in Figure 1.

I;'l1dslidea are divided into tour groUp8. One group contains all

u8 events found in the BRD. This is done so that data from this

study may be compared to other studies.. The remaining three groups

separate landslides according to their land use association. Only

variation within each sample group will be considered in this section.

Variations between sample groups will be eY1'llll;ned later.

Table 3 indicates the measurement scale of eacn size and site

characteristic considered. One characteristic, slope aspect, is not

easily classi!ied. Though it may be defined as a continuous variable

(Daniel, 1978) it does not meet the criteria necessary to be ordinal

scale data (Stevens, 1946) because observations cannot be ranked reJ.-

ative to one another. Therefore, for this study, slope aspect is COI1-

Size Characteristics

To characterize landslide size measurementswere takenot average

length, width, and depth for each failure. Estimates ot the area and

volume of disclaced slope material were calculated trom these average
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Table 3. Measurement Scales for Landslide Data Collected
in the Blue River Drainage

a
Measurement scale Characteristic measured

slope aspect (1), SRI,
geomorphic setting, geologr

hillslope position

interval/ratio all size measurements, slope angle

~easurement scales follow Stevens (l946).
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values. Average length ..,as calcuJ.ated from measurements along three

or more paraUel lines of' sight in the direction of slope movement.

Average width ..,as determined in a It;"'1' ar manner from measurements

orthogonal to length measurements. The average depth was estimated

visually_

Landslide size characteristics are highly consistent in the BRD.

All four landslide groups are very similar in their respective dis-

tributions of' size parameters. The distribution of size character-

utics for the All event sample group is shown in Figure 4., and gen-

eralizations made concerning its size distributions are applicable to

the three land use groups.

Each size characteristic falls within a narrow band of values

(Figure 4.). Fifty-aeven percent of all landslides have lengths oe-

t..een 8 m and ;0 m. This represents only l~ of the overall range

of landslide lengthe. Similarly, 64% of landslide tddths fall 'cet..een

4. m and 20 m, again representing only l~ of the respective width

range. Fifty-three percent of the BRD landslides are less than 1.25 m

deep, an interval which covers 12% of' the range. Landslide 81.eas

aud volumes are even more closely grouped, with 67% and 80% of all

events measuring from 76 m2 to 515 m2 and 100 m3 to 1270 m3, respec-

ti vely. Both of these area and volume 'cands account for only ~ of

their respective ranges.

It is also obvious from Figure ~ that landslide size character-

istics are not normally distributed. The shape of the distributions

for each size parameter is asymmetric. Skewness and kurtosis statis-

tics (Table 4.) for all event groups are much greater than zero, indi-

--
- ---
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NOTES: Length interval :a 10.86 II
Range of lentha :a 152 II

120
Landslide Length (m)

160
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NOTES: Width interval :a 8 III

Range of widths :a 112 !!I

a 40 80 120
Landslide !Nidth (II)

160

Figure 4.. Frequency Distributions of Size Characte-~tics
tor All Landslides within the Blue River Drainage
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NOTES: Depth interval
:8 0.5 m

Range of depths. 4.0 m

o 2~0' 4~O
Landslide Depth (m)

a 2575

NOTES: Area interval = 515 m2 2
Range of areas = 1.2,724 m

5150 7725 10300
Landslide Area (m2)

1.2875

Figure 4. continued
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NOTES: Volume interval = 1,170 m3

Range of volumes = 29,1503m3
No events less than 100 m

were inventoried

100 5950 11800 17650.. 23500 29350

Figure It.. continued
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Tabe 4. Descriptive Statistics for Size Characteristics
of Landsdes in the Blue River Drainage

Size Landsde .;:roup
charac-

Statistica Unitsbteristic All Forest Clearcut Road- -
N - u8 19 30 69
mean ID 30.4 31.2 33.4 28.8
III8:ri mum ID 160 160 U7 70

Length minimum m 8 8 12 9.5
st. dev. m 21.1 34.3 22.2 15.4
skewness - 2.9 3.0 2.3 0.9
kurtosis - 15.8 ll.7 8.5 3.0

N - u8 19 30 69
mean m 19.7 24.6 18.7 18.8
rDS mum m u6 116 6Z 73

Width 1ft; ,,;mum m 4 8 7 4
st. dev. ID 16.1 27.6 13.3 12.6
skewnees - 3.1 2.5 1.9 2.4
kurtosis - 15.5 8.0 6.0 9.9

N - u8 19 30 69
mean m 1.5 1.7 1.7 1.4
alArlmum m 5.0 4.0 5.0 3.0

Depth minimum m 1.0 1.0 1.0 1.0
st. dev. ID 0.8 0.8 1.2 0.6
skewness - 2.1 1.1 1.8 1.13
kurtosis - 8.3 4.0 5.4 3.3

N
-2 u8 19 30 69

mean
m2 780.8 1297.9 859.5 604.2

maximum m2 12800 12800 5850 Suo
Area minimum

ID2
76 96 104 76

st.dev. m 1493.5 2997.5 1368.3 742.9
skewness - 5.4 3.3 2.9 3.8
kurtQSis - 39.1 12.8 10.2 21.3

N
-3

u8 19 30 .69
mean

m3 1939.3 3U4.7 2683.8 1291.9
maximum 29250 25600 29250 26875

Volume minimum 100 144 108 100
st. dev. m3 5068.4 6996.3 6;48.5 3449.4
skewness - 4.1 2..5 3.2 6.3
kurtosis - 19..4 7.7 12..0 45..8

aAbbreviations used: N = sample size; s. dev. = standard devia-
tion.

bThe symbol It."indicates that units are not appcable.
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. cating a consistent displacement of observations to the left of the

mean and a sharp peakedness to the distributioncurves.8 Mean values

are consistently low relative to the respective range of each charac-

teristic for all four sample groups. In a normal distribution the

mean is roughly equal to one-balf the range value. Even when extreme-

ly high observations are disregarded, the distribution of size char-

acteristics do not resemble normal ones.

Three possible e~lanations for the observed size characteristics

are: a measurement bias; restriction of size parameters due to topo-

graphy; or the characteristic of the landslide failure mech~Dism.

Since only those events greater than 100 m3 were included, the bottom

half of the distribution curves may have been excluded from measure-

ment. Several failures smaller than 100 m3 were observed. However,

I feel that the number of such events ,,"ould be insufficient to sub.

stantially change the distribution functions observed above.

Landslide dimensions may also be restricted by the topography

in which failure occurs. Because BRD is highly dissected by streams,

many events entered stream channels below the failure 8i te. Size

measurements taken under these circumstances only considered the hill-

slope part of the landslide area. Topographic benches and roadbeds

can also act to reduce runout length by catching sliding debris from

upslope failures. It is possible then, that frequent landslide oc-

currence within these areas of topographic restrictions could produce

a preponderance of 10111observations for landslide length, area, and

8Skewness and kurtosis statistics equal zero for normally

distributed sample groups.
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volume. However, such restrictions cannot explain the preponderance

ot low observations for landslide width and depth.

The observed size characteristics may possibly be explained by

the mass wasting process being considered. The mechanism which pro-

duces landslide "failurecan only operate when shear stress is suffi-

cient to overcome shear strength. Stress is partly dependent on the

mass of the soil :naterial involved. Assuming that the soil material

fails as a unit or block, then the preponderance of events on the lov

end ot the various distribution curves may indicate the dimensions of

a aoil block which occurs most frequently to produce landslide fai1-

ure. Therefore, the distributions may reflect realistic characteris-

tics of landslide size, and identify a geomorphic threshold above

which landslide failure occurs readily.

Site Characteristics

The variation in site characteristics is discussed below. In

each case~ chi-square (X2) goodness-ot-fit tests are used to test the

variations observed. Appendix IV contains the tabulated frequency

distributions, x2 test statistics~ and degrees of freedom for all

four landslide grou~s in each test. Unless otherwise noted,. the null

hypothesis (Ha) for all tests is that the site characteristic in ~ues-

tio: is drawn from a population with a uniform frequency distribution.

The alternative hypothesis (Ra) is that the population frequency dis-

tribution is not uniform. Significance level ia 0.05 for all tests.

Tests producing significant results are further evaluated to

determine which values account for the greater part of the observed
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variation. Those values which are felt to be important are removed

and the Y!- test repeated. This procedure continues until. the Y!-

test statistic falls below the «# 0.05 level. It ahould be noted

that this exclusion procedure is not a precise measurement technique,

nor is it used for h~othesis testing. Rather, it is intended to

better indicate which values are important in explaining the observed

variation from a uniform distribution.

Sl01:le angle. Slope angle was measured to approximate the gener-

al hillslope gradient before failure. Measurements were made tacing

downhill, in the direction ot slope movement, and were recorded to

the nearest S° (e.g., S°, 10°, 15°, etc.). Figure 5 shows the distri-

but ion of slope angles observed.

The slope angle at which failure occurs appears very consistent

for the AU, Clearcut, and Road event groups. Initial goodness-of-

fit tests reveal that slope angles tor these groups are not uniform-

ly distributed. Exclusion of angles 40° and 35° produces a X2 sta-

tistic for the Road events group which is insufficient to reject HO.

Removal of angles 40°, 35°, and 300' is necessary to produce nonsigni-
Z

t1cant X statistics for the All and Clearcut groups.

In contrastto the threeprevious grou;s, the variation in the

Forest event group is not sufticient to reject the null. ~ssibly

the frequency of slope angles between 30° to 40° is les8 in the fores-

ted. areas than in road or clearcut areas. It is more likely, however,

that the relative importance of slope angle to tailure occurrence is

less in the forest than in road or clearcut areas.

Other research in the ~ester.n Cascades bas also found slope
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LEGEND:

F . Forest eventa

C . Clearcut event
R . Road events

R

o 20 40 60
Landslide Slope Angle (0)

Figure 5. Land8lide Occurrence by Slope Angle
in the Blue .R!ver Drainage
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Figure6. Landslide Occurrence by Slope Aspect
in the Blue River Drainage
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angles bet"lieen 30° to 4<)0 to be important in landslide occurrence.

Table 5 compares BaD observations to those made at three other loca-

tions: the HJA, adjacent to the BiD; Alder Creek9 appro:imate11 37 km

to the 8outh"liest; ~d Bull Run, 135 km to the north. Both the HJA

and Alder Creek possess s'im; Jar geomorphic env1romDents and manage-

ment histories. Values tor the HJA may be lower than BRDand Alder

Creek values due to differences in the compared slope angle ranges,

and also because the HJA invento17 only considered tailures resulting

from a single, ver,. large storm.9 Such a storm could have produced

conditions which allowed failures to occur at lower than normal slope

angles. The Bull Run area is somewhat different in geology and man-

agement histo17 than the three areas above. However, the average

slope angle tor Bull Run landslides is comparable to those tor the

BRD and Alder Creek. It appears then that the slope angles at which

landslides occur is fairly consistent throughout much of the ',western

Cascades.

Slotle as'Dect. Slope as~ect was determined by compass facing

downh;11. Bearings were recorded to the nearest 5°, and grouped into

16 aspect classes equivalent to the ones 3hO"IiDin Table 1. Each

class covers a range of 22.5° (e.g., N = 348.75° - 1l.25D) vith

North defined as 0.0°.

The distribution of slope aspects tor all BRDlandslides is sig-

nificantly tifferent trom the aspect distribution of the entire study

9This storm occurred between December 20 -24, 1964, and has
generally been classified as a 50-year event (Dyrness, 1967).
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Table 5. Comparison of Landslide Slope Angles
for Selected Areas in the Western Cascades

SOURCES: Alder Creek, WNF(Morrison, 1975); H. J. Andrews, w'NF
(Dyrness, 1967); Bull Run, Mt. Hood National Forest (Schultz, 1980).

NOTES: (1) Due to differences in measurement techniques, the
inclusive endpoints of the slope angle ranges used above are not the
same. However 9 the ranges used for comparison come as close to the
BeD range as possible.

(2) n/a = data not available.

--

Mean % of Total
Period of slope Events

Area record <ml Slo-oeangle anp:le (0) Inventoried

Blue River

Drainage (BRD) 34 300 _ 40° 37 89

Alder Creek 25 270 _ 42° 40 71

H. J. Andrews 15 31° - 42° n/a 47

Bull Run 40 n/a 40 n/a
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area (Table 1). The distribution of landslides by slope aspect class

is shown in Figure 6. A X2 goodness-of-fit test using expected. prob-

abilities derived from Table 1 results in rejection of the null hypo-

thesis. The difference bet,.-een the t,.-o distributions lies in their

respective frequencies for particular as-pects. The All event group

has a largenumber of observations with northern aspecta (NW, NNW, N,

NNE) and in the South class, whereas the BRD does not show this

preference.

Ot the three land use groups, only the Road event group appears

predisposed to certain slope aspects. Assuming a uniform expected

frequency distribution for each landslide group, X2 analysis shows

that only the Road event group is sufficiently different to reject

the null. Removal of those events with northern aspects produces a

Road event X2 statistic for slope as'Pect which is not significant at

c(= 0.05. The frequent number of road-associated landslides in nor-

them aspects also accounts for most observations recorded in the

All landslide group for these aspects. Northern aspects may be more

susceptible to disruption by road construction due to the higher ",ater

inputs and ,.-eathering rates which occur in these areas.

Aspect control in landslide occurrence has also been noted by

Dyrness (1967) and Morrison (1975). Although differences in measure-

ment techniques prevents direct comParisons bet,.-een the BRDdata and

these works, both reveal higher landslide occurrence in northern as-

pects (NW- NE) than any other similar grouping of consecutive aspect

classes. Both authors attribute this tendency to reduced weathering

and shallower soils on southern aspects rather than to any special
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characteristics of northern aspects. However, their analyses only

consider all events together_The further break down of events into

land use association groups shows that only 3~ ot Forest events occur

in northern aspects (NW, NNW, N, NE). whereas 4'7%and 4~ of Clearcut

and Road events occur in these aspects , respectively_ This would

seem to indicate some interactionbetween land use and northern as-

peets versus an explanation of increased failure resistance in south-

ern aspects.

Hillslo'Ce 'COsition. The technique used to determine the hiU-

slopeposition class of each landslide is described in Appendix III..

This method removes subjectivityfrom this classification. The bar

graph in Figure 7 shows the occurrence frequency for each class.

Rillslope position does not appear to affect landslide occur-

rence in the BRSA. A X2. analysis of all sample groups shows there

is insufficient variation present in any group to reject HO.

SRI landtyae. Legard and Meyer (1973) have mapped soil-landtype

associations (SRI units) for the BRD as part of a reconnaissancelevel

survey of the entire yiN:'. The SRI unit for each landslide wasdeter-

mined from the Legard and Meyer maps. Landslide frequency for aU

S~I units within the study area is shown in Table 6. The areal extent

ot each SRI unit was determined using the SRI maps and a sonic digi-

tizer. Note that many units have experienced no landslide occurrences

over the 34 years of record.

Landslide occurrence within each SRI Landtype is not s1:.p17

related to the areal extent of each landtype. Using the areas in

Table 6 to calculate the expected occurrence probability, a X2
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~egard and :-!eyer (1973) mapped SRI 1andtypes for the Blue
River Drainage.

bSummation of the above areas does not equal the total area of
the Blue River Drainage becausea 5 ha area was not classified by
Legard and Meyer and was therefore excluded from this analysis.

Table 6. Landslide Occurrence by SRI Landtype
in the Blue River Drainage

Total
SRI Area number of Areal frequencya

(ha)b 1anciJ!sJ,ides (events · ha-l of SRI)landtIE!..

1 27 0
2 13 0
3 314 1 0.00:;
6 22 0
8 384 15 0.039

13 345 3 0.009
14 57 1 0.018
15 89 0
16 296 2 0.007
21 302 36 0.ll9
23 161 6 0.037
25 :;0 0
33 18 0
44 31 0
61 17 1 0.059

132 90 1 o.ou
168 204 10 0.049
201 743 4 0.005
202 26 0
203 581 8 0.014
210 S61 3 0.005
212 245 12 0.049
231 267 8 0.0:;0
233 25 0
235 351 2 0.oc6
310 264 0
313 239 3 0.013
441 257 0
610 79 1 0.013
614 12 0
646 6 0
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goodness-ol-fit test of the All event group sho",s there is sufficient

variation present to reject the null.

Certain SRI landtypes appear very susceptible to landslide oc-

currence after road construction and clearcuttiZlg. Chi-square anal-

ysis of the three land use groups reveals that the null hypothesis

cannot be rejected for the Forest event group, but is rejected for

both the Clearcut and Road event groups. Removal of SRI units 21,

8, and 212 is necessary to reduce the Road event x2 statistic belo",

the 0(.= 0.05 level. Only removal of SRI unit 21 is needed f.;,r the

C1earcut event X2 statistic to be insufficient to reject HO. These

results, plus the observation that Forest landslide occurrence is

very 10'" for SRI units 21, 8, and 212 (Table 6), suggest that these

SRI units are more vulnerable to disruption by harvest acti vi ties.

As landslide occurrence is one characteristic used in delineating

SRI units, the preceding results are not unexpected. However, the

results do indicate that SRI unit 21 is perhaps more sensitive to

harvest activities than was previously believed. Legard and Meyer

(1973) classify the landslide hazard of SRI unit 21 as moderate.

Da'ta in Appendix IV show that unit 21 accounts for 31$ of all land-

slide events and 3~ and 35% of clearcut- and road-associated events t

respectively. For the BRD at least, the failure potential of SRI

unit 21 is substantial.

Geomorphic setting. Five different geomorphic settings were

defined for the BRD based on the topographic character and hydrology

of a given hillslope location. Descriptions of the five settings

are listed below.
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Hillslope Nose: Area of convex contour lines, located along or
directly adjacent to ridge lines. No surface drainage
evident.

Hollow: Area of concave contour lines, located at head of s~eam
vaUeya above stream source. Occasional surface draiMge
evident or inferred only in downalope end of setting.10

Incipient Drainage: Source area of streamflow, either perennial
or intermittent. Surface drainage evident or clearly infer-
red. Always associated with hollows but can occur else..,here.

Smooth Slope: Area of straight, parallel contour lines, located
alongvalley sides above streamside or hollow. No surface
drainage evident.

Streamside: Channel area adjacent to and containin~.perennial
stream, below incipient drainage. Area extends uphill to
first major slope break. Surface drainage well developed.

Each landslide was also classified by whether that setting was

possibly or definitely within deep-seated earthflow-slump terrain.

This was determined through field observations and the use of air

photos. The frequency of landslide occurrence in each geomorphic

setting is shown in Figure 8.
Smooth slopes are the geomorphic setting most prone to landslide

failure- in the BRD. An overall X2 test of all possible settings for

each sample group allows rej~tion of HO for the All, Clearcut, and

Road event groups at the «~ 0.05 level. :aemoval of both types of

smooth slope events produces x2 statistics for All, Clearcut, and

Road event groups which are below the c(~ 0.05 level. Though the

variation in the Forest event group is insufficient to reject the

null, it too has its greatest number of landslides in these settings.

lOThis definition is in keeping with that used by Hack and
Goodlett (1960) but is different from that used by Dietrich and Dunne
(1978) . . .
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!.mEND:

Entix
HN. Hilla10pe nose
HW . Hollow

ID = Incipient drainage

SM . Smooth slope
ST = Streamside

Suffix

FESR . Possibly earthflow-
slump related

DESR . Definitely earthflow-
slump related

R

F = Forest event

C . Clearcut event

R = Road event

R

C C

Figure 8. Landslide Occurrence by Gecmorphic Setting
in the Blue River Drainage
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Smooth slope failures arealso the most frequent type of land-

slide to occur within earth!low-alump terrain. A second X2. anuysu

considering only those events possibly or definitely related to deep-

seated msss movements produces the same results as the previous tests.

It is first assumed that all possible earth!low and slump related

events are definite and these two classifications are combined for

each setting. The resulting All event x2. statistic (X2. = 36.44) is

signj.!1cant at the ct= 0.05 level (d! = Lt.)and HO is rejected. Ex-

clusion of those smooth slope events within earthflow-alump terrain

produces an All event X2. statistic that is insufficient to reject the

null (x2. = 5.56, df = 3). Therefore, the location of landslides with-

in deep-seated mass-Movement terrain does not appear to affect which

geomorphic settings landslides occur in most frequently.

The reason for the importance of smooth slope locations in land-

slide occurrence is not clear. Research outside the ~estern Cascades

has pointed to hollows as areas with high failure potential due to

subsurface water accumulation (Hack and Goodlett, 1960; Dietrich and

Dunne,1978). It is very likely that smooth slope settings cover the

greatest area of any setting in the BRD, though no measurements were

made to confirm this possibility. A large areal coverage could pro-

vide increased opportunities for failure and therefore could partially

account for the h1.gh landslide occurrence observed. However, it would

not completely explain why failure occurs in settings which do not

possess apparent slope loading or water accumulation characteristics.

Geolo~. The distributionof bedrock tjpes found exposed witl:in

landslides in the SlID is shown in Figure 9. Only 44 events presented



40

Bedrock Type

Figure 9. Landslide Occurrence by
Bedrock Type for 44 Landslides

in the Blue River Drainage



opportunities tor collecting samples. Most BRD landslides tail with-

in the soil-regolith layer and do not expose bedrock.

The data indicate that landslides occur rarely in basaltic rock

areas, but that tailure occurrence is approximately uniform among

other rock types. A.xZ test of be:drock type for the AU event group

demonstrates sufficient- variation to reject HO. In this particular

case, most of the observed variation results trom the low number of

occurrences for basaltic rock types (Figure 9). Exclusion of this

rock type results in a xZ statistic which is insufficient to reject

the null.

Interpretation of the BRD geologic data leads to conclusions

which are different from past research in the Western Cascades.

Whereas landslide occurrence in the BRD appears uniform in many

different rock types, other authors have identified breccias and

tuffaceous rocks as being especially failure prone (Dyrness, 1967;

Morrison, 1975; Swanson and Dyrness, 1975). Unfortunately, none of

these researchers specify how their samples were collected. Identi-

tying which rock type is associated with a landslide j,.s difficult in

the BRD because of the lack of good bedrock exposures, and the odde

variation in rock types frequently present within landslide scars.

The presence and extent of specific bedrock types within the BRD is

unknown due to the lack of large scale geologic mapping. These dif-

ficulties, plus the consideration that the sample group used in this

study is small and incomplete,may explain the lack of correlation

between this study and others.

---
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Landslide Timing and FreQUency

The time of occurrence for each landslide was determined by air

photo dates, field evidence, and the dates of harvest activities.

In IDOst cases landslide occurrence could only be narrowed to a range

ot years, rather than a single "Jear. Only 18 events of the total

could be accurately dated to the year.

The lack of specific occurrence dates for each event prevents

a direct analysis of "landslide timing variation within the All,

Forest, Clearcut, and Road event groups. However, the general pat-

tern of landslide occurrence can be evaluated by using a surrogate

measurement which approximates the temporal character of landslide

occurrence. As an index of the number of landslides occurring each

"Jear, I have used the "maximum possible occurrence frequency'" (MFOF).
The MPOF is the lDaximum number of events which could have occurred

within any year and includes both events with specific occurrence

dates, and events dated to a range of years. The yearly !A.POFvalue

for each respective landslide group is determined by counting the

number of events whose occurrence time range includes the year in

question. For comparative purposes, these MPOF values are expressed

as a percentage of the total number of landslides within each event

group and are shown in Figure 10. U

~e "resolution" of this techn:i.que is limited. The accuracy
of all MFCF values is dependent on the size of the various occurrence
time ranges. Each landslide occurs only once in nature but may be
represented several times in Figure 10, depending on the length of
its occurrence time range. The lDean time range for the BRDland.",
slides is four years, and the standard deviation is 2.89 years. For
this study then, blocks of at least five years should be used to
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NOTE: HPOF values are seperated into four event groups: All. Forest. Clearcut. and Noad. Yearly
HPOF valuos arc expressed as a percentage of the total number of landslides in each events group (118.
19. 30. and 69. respectively).

F18ure 10. Comparison of the Yearly Maximum Possible Occurrence Frequency (HPOF) Values for Landslides
in the Blue River Drainage

~
\.t4
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The general pattern of landslide occurrence vi th time is consis-

tent of all four event groups (Figure 10). In each group the period

1962-1967 has the greatest number of landslides. This is probably due

to the occurrence of a very large rain-on-anow storm in December of

1964 (Fredriksen, 1965). Fortj-eeven mass soil movements resulted

from this storm in the HJA (Dyrness, 1967) and no doubt brought about

similar results in the BRD. This correlation betveen large storms

and increased landslide occurrence has been vell documented elsewhere

(Hack and Goodlett, 1960; Bishop and Stevens, 1964; Svanston, 1969;

O'Loughlin, 1973; Gresswell et al., 1979; and others). The three

land "use groups in the BeD appear to be affected in a similar manner

by very large stor.:s.

Landslide erosion rates for the three BRD land use groups are

compared to similar groups from different areas in Table li. The three

aress are similar in areal frequency, size, and soil transfer rate

for each land use group except the Road group. Although average land-

slide volumes are approximately the same for the three areas, a much

higher soil transfer rate occurs in the Alder Creek Road event group

due to more frequent landslides per unit area. In general, though,

landslide erosion rates for each land use group appear fairly consis-

tent for these different areas of the Western Cascades.

insure meaningful compariSOI18 of MFOFvalues. I have used the td.FOF
technique in preferrence to time blocks determined by air photo dates
because the MPOFtechnique incorporates more information (e.g., har-
vest activity dates) and therefore has a somewhat higher "resolution"
level than air photo dates alone.



SOURCE: H. J. Andrews Experimelltal Forest, WNF (Swanson and Dyrne5s, 1975)i Alder Creek, WNF (Morrison,
1975).

NOTE; Values in parentheses are the factor by which the adjacent value exceeds its comparable Forest
group value.

~

Table 7. Comparison of Landslide Erosion Rates for Selected Areas in the Western Cascades

Period of Areal frequency Average volume Soil transfer rate
I.and use record (Yrs) (events.km.yr-l per event (m3) (m3.km-2.yr-l)

Forest

Blue River Drainage 34 0.012 3,115 37
u. J. Andrews 25 0.025 1,460 36
Alder Creek 25 0.023 1,990 45

Clearcut

Blue River "Drainage 22 0.120 (10.0) 2.684 (0.86) 322 (8.7)
II.J. Andrews 25 0.097 ( 3.9) 1,340 (0.92) 132 (3.7)
Alder Creek 15 0.267 (11.6) 440 (0.22) 117 (2.6)

Road

BiUe River Drainage 25 1.26 (105) 1,292 (0.41) 1,628 ( 44)
H. J. Andrews 25 1.38 ( 55) 1.380 (0.95) 1.770 ( 49)
Alder Cree', 15 8.33 (360) 1,870 (0.94) 15.600 (350)
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The technique used u Table 7 for the calculation of areal fre-

quency, though commonin the literature (Morrison, 1975; Swanson and

D1rDess, 1975; Swanston and Swanson, 1976; Swanson et ale 1977, 1981),

is not entirely accurate. In evaluating landsl1de areal occurrence

over time, it fails to account for changes in the sue of the land

use area associated with each landslide group during the period of

record. Instead, one area value, the area existing at the end of

each res'Pective record period, is used to calculate areal frequency.

From Figure 3 it is clear that area values at the end of the record

period represent the minimum area associated with the Forest group,

and the maximumareas associated with the C1earcut and Road grou'Ps.

Therefore, calculations using these particular areas tend to distort

the "real" areal frequencies by using too small an area for the Forest

group, and too large an area for the C1earcut and Road groups. The

calculated Forest group frequency is too high (because the div1.sor is

too small) and the C1earcut and Road group frequencies are too low

(because the divisors are too large.).12

Swanson et ale (1m, 1981) have proposed a calculation method

which corrects most of the shortcomings in the method discussed above.

Th:ls new technique accounts for the change in associated land use

areas over time by using "cumulative area per unit time" (CAT) units

in place of the conventional "final area per unit time" units.

Instead of multiplying the res'Pective final area values by recprd

USee Append:i.x V for an expanded discussion of t~s subject.
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period lengths to determine the d:ivisor components for the areal fre-

quency calculations, the CATmethod sums the ;rearl,. area values asso-

ciated with each landslide group over the entire record period. The

CATsums for each land use group are then used as the respective d:ivi-

sor components. Use of the CATmethod requires a detailed record of

. timber harvest activities for the area in question. Such a record is

available for the BRD.

. An examination of areal frequency and soil tran8fer rates calcu-

lated .using the CATmethod (Table 8) reveals that the rates for the

Clearcut and Road groups are much higher than those determined by the

conventional method (Table 7). Both rates are approximatel,. twice as

large as the comparable rates in Table 7. The rate for the Forest

group decreases a small amount from the value previously calculated.



Table 8. Landslide Erosion Rates for the Blue River Drainage Based on

the Cumulative Area per unit Time (CAT) Method

NatE: Values in parentheses are the factor by which the adjacent value exceeds the comparable

Forest group value.

aThls method was developed by F. Swanson, M. Swanson, and C. Woods (1977, 1981).

&;

Areal frequenoy
oalculated by

Period of CAT lI,ethod Average volue Soil transfer rate
Land Use record (yrs) {events.km-2.yr-l)a per event (m ) (m3.kJD-2.yr-l)

Forest 34 0.010 3.115 31

Clearout 22 0.240 ( 24) 2.684 (0.86) 644 ( 21)

Hoad 25 2.534 (253) 1,292 (0.41) 3.274 (105)



v. :mn.umCEOF CUARCTJ'l'TINGAND ROAD CONSTRUCTION
ON LANDSLIDE OCCURRENCE

Analysis Procedure

In the preceding section, the differences in landslide charac-

teristics within each landslide group were examined. The differences

between groups is 8:JC;1mi11edin this section. Only the three land

use groups, Forest, C1earcut, and Road, are considered. The analysis

procedure is to first compare between-group variation for all three

groups together. If results from this test are significant at the

c( = 0.05 level, then variation between each pairing of land use groups

(e.g., Forest vs. Clearcut) is teeted.13 Causality between land use

association and landslide occurrence is aesumed to be implied whenever

variation between groups is statistically significant.

Influence on Size ~~aracteristics

It was established in Section IV that the size characteristics

ot BRDlandslides are not normally distributed. Therefore, a non-

parametric technique, the Kruskal..:Mallis one-way analysis of variance

test, is used to evaluate between-group variation for each size

characteristic.

Results from the Kruskal-Wallis test indicate there is insuffi-

c:ient evidence to imply that clearcutting and road construction affect

landslide size characteristics. In each case the variation in size

l3See Appendix IV for specific information regarding each test.



parameters bet,.,een the three land use groups is not great enough to

reject the null hypothesu. This consistency in landslide size sug~

gesi:s that shear and normal stresses within the soii un:i.t ,.,h:1.chfailed

were very sillJilar in the three land use areas. If clearcutting and

road construction have an affect on slope stability, then it must be

on one or more of the other components affecting shear strength.

Influence on Site Characteristics

The variation in site characteristics bet,.,een the Forest, Clear-

cut, and Road event groups is evaluated below. Except for slope

angle, X2 tests of homogenei.ty are used throughout. As slope angle

measurements are interval level, the Kruskal-Wallis test is appropri-

ate for evaluat~ slope angle variation among the tbree groups.

Slo~e ~le9 slope as~ect. and hi.llslo~e position. The evidence

is insufficient to infer that land use association affects the slope

angle, aspect, or hillslope position at which landslides occur. For

all three site characteristics, the variation present bet,.,een the

land use groups is not great enough to reject the null hypothesis.

This indicates that within-group variation (Section IV) is fairly

consistent. In particular. landslide occurrence in the BRDappears

uniform with respect to hillslope po~tion despite clearcutting and

road construction activities.

SRI landt'TI'e. Chi-square analysis of between-group variation

for SRI units is not appropriate due to an unacceptably large number

of expected frequencies less than one (Cochran, 1954). No other sta-

tistical techniques are available whichcan utilize nominal data,
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therefore no analysis ot SRI landtype variation is attempted.

~or~c setting. It vas demonstrated earlier that landsJ.ides

ralated to possible deep-seated earthflows occur in geomorphic set-

tings $;m;'~r to non-earthtlow related events. Therefore, comparable

settin~ are combined tor the tollowing analyses.

Results ot xZ analysis ot the variation in landslid.' geomorphic.

setting suggest that clearcutting and road construction may influence

the susceptibility of certain geomorphic settings to landslides.

Comparison of the Forest, Clearcut, and Road groups together yields a

X2 statistic that is significant. Subsequent tests of land use pairs

show the Forest group to be significantly different from the Road and

Clearcut groups. The null cannot be rejected for the test bet'Ween

Clearcut and Road grou"QS. The lat1:er group of tests suggests that

Forest failures occur in different geomorphic set1:ings than Clearcu1:

and Road failures in the BRD. Com1'4rison of the observed frequencies

tor the three groups shows that des~te the prominence of smooth slope

landslides in aU three groups, differences do exist. The number of

Forest failures in streamside settin~ relative to other settings is

greater than in either the Cl.earcutor Road group. Conversely, the

relative frequencies recorded for hillslope nose and hollow settings

in the Clearcut and Road groups are greater than in the F-orest group.

No immediate explanations are available for the relative lack of

streamside failures in clearcut or road areas. The increased occur-

rences in hillslope nose aud hollow settings indicates that clearcut-

ting and road construction may cause changes to occur which increase

landslide susceptibility in these locations.
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Control test: SRI plus slot)e ast)ect. Up to this point the analy-

sis procedure has been to isolate one characteristic and test the

variation of the three land use groups with respect to that charac-

terlstic. Stated another way, the procedure has been to control the

sample groups in question (Forest. Clearcut, and Road) and let the

lancisl1de characteristic vary. A reverse procedure is possible in

which landslide characteristics are held constant and variation in

landslide occurrence wi thin each land use group is observed. A

limited. application of this last technique is possible in the BRD.

Specific values for two landslide characteristics, SRI landtype and

slope aspect, are selected to produce the control situation. SRI unit

n and northern aspects (NW, NNW,N, NNE) are used because together

they cover a larger portion of the BRDthan most other combinations

C=91 ha) t and because the AU event observations for both are large

(see Table 6 and Figure 8). Therefore, only events occurring within

northern aspects in SRI unit 21 are tabulated.

Test statistics generated from x2 goodness-of-fit tests strongly

indicate that clearcutting and road. construction influence landslide

occ~nce in the BRD. Uniform failure occurrence is assumed for the

three land use grou~s to test the variation in land use association.

Comparison of the three groups together results in rejection of the

null. Testing of the land use pairs shows the Forest group to be

significantly different from either the C1earcut or Road group. Vari-

atiOI1 between the latter two grou'PS is not significant. Thus, land-

slide occurrence is definitely changed by clearcutting or road cen-

struction in areas covered by SRI landtype 21 and northern aspects.
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Influence on Landslide Frequency

Landslide frequency is e~m'i !ted in t...,o ways. 'rhe first compares

the number of occurrencesfor each land use group over the record

period. 'rhe second relates areal frequency rates for Clearcut and

Road groups to the Forest rate. Both methods strongly suggest that

clearcutting and road construction have increased the rate of land-

slide occurrence.

A statistical comparison of the landslide frequency reveals that

significant differences exist bet...,een the three land use groups, with

Road events appearing to occur most frequently. Once again, landslide

frequenCj is assumed to be constant among the groups compared. Com-

parison of the three grou~s together produces a X2 statistic ~hich is

significant at the c:(a 0.05 level. Comparison of the three group

pairings shows that both the Forest and Clearcut groups vary signi-

ficantly from the Road grou~, but insufficient variation exists be-

tween the former two to reject HO. As the record period for the Road

event group is noticeably less than that for the Forest group, the

difference between these two is probably even greater than this

comparison shows.

Numerical comparisons canalso be made to examine the relative

differences in landslide areal frequencies between the Forest group

and the Clearcut and Road groups. The values in parentheses in Table

8 show the factor by ~hich the Clearcut and Road frequencies exceed

the comparable Forest rate (rates calculated by C~ method). It is

clear that for the BRD the Clearcut and Read groups have much higher

landslide occurrence frequencies tha1 theForf!st group. The Road

-
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group demonstrates the greatest instabiJJ.ty, with a frequency in ex-

cess of 253 times that of the Forest group. ':he Clearcut group is

more stable, but records a frequency 24 times that of the Forest

group.

Table 7 contains a comparison of the relative influence of these

harvest activities for other areas in the Western Cascades. Areal

frequencies for the respective BRDgroups faU bet..een those for Alder

Creek and the I:IJA.14 Consideration of soil transfer rates, a measure

which combines landslide size and frequency, suggests that the BRD

clearcut areas are affected to a greater degree than corresponding

areas in Alder Creek or the HJA. The effect on road areas appears

very similar for the BRD and the HJA, however both are affected to a

lesser degree than road areas in Alder Cneit. The last difference

may be due to more extensive road construction in the unstable areas

of Alder Creek, than in similar areas of the ERD or the I:IJA. l{orrison

(1975) cites the influence of SRI landtype 8 on Road failure occur-

rence in Alder Creek. He further points out that while thia landtype

covers over S0;5 of Alder Creek, it covers only a sma.lJ. portion of the

F-JA. SRI unit 8 occupies only 6%of the BRD,therefore, Morrison's

explanation above may also account tor the difference between Alder

Creek and the BeD.

14Areal frequencies calculated by the conventional method are
used here because that is the method used in the other t..o studies.
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VI. CHARACTERISTICS OF LANDSLIDE IMPACTS ON RESOURCES AND
LAND USE mnUENCES

Landslide occurrence in managed forests affects many natural

and developed resources. Impacts to forest vegetation is often the

most apparent, but is only one of the many impacts possible. In this

section some general characteristics of impacts to vegetation, soil,

stream, and transportation resources will be examined. Where appro-

priate, the influence of land use is considered as it affects landslide

caused resource impacts. All statistical tests use the ~= 0.05 level

as indication of statistical significance.

Hillslo~e and Channel Area Affected

In addition to the failure area, the hillslope area below a land-

slide is often severely impacted. Passage or deposition of the dis-

placed slope material can strip off or bury soils and thereby dras-

tically reduce subsequent plant establishment. This is demonstrated

for the BRD by the values shown in Table 9. Although these measure-

ments are crude representations of site disruption, they do indicate

that soil and vegetation disruption has occurred. gome vegetation

recovery over time is evident from these values, however plant estab-

lishment is still clearly reduced after 20 years.

The size of the area affected by landslides in the BRD does not

appear to be influenced by land use association. The SU%DSof the

areas affected by landslides are shown in Table 10 for each land use

group. A Kr.JSkal-Wallistest is performed to deter.:line if land use

association has an influence on the total ground area affected by



Table 9. Vegetation Characteristics Within Landslide Scars
111the Blue River Drainage

Age class of

event (yrs)

Mean vegetation cover,

all species (%)a .

Mean 'P~mum ageof
conifer revegetation (yre)

1 - 9

10 - 19

20 - 35

20 (14)

20 (67)

40 (36)

1 (10)

6 (64)

10 (32)

NOTE: Values in parentheses are the number ot observations (i.e.,
landslides) upon which the adjacent value is based. Total number ot
observations does not equal the total number of events (118) because
some data is missing.

aDetermined for each site by visual estimate of total vegetative
cover by trees, shrubs, forbs, sedges, herbs, and grasses. NaturaJ.
vegetative cover is 100%.



Table 10. Ground Area Affected by Landslides in the Blue River Drainage

aTotal draingae basin area is 6166 ha.

\n
J

Total Total down- Total Total Percent of
fal lure slope area channel area ground area total drainage

Land use area Cbs) affechd Cba) affected Cha) affected (ha) basin area (%)8-
"'orest 2."7 1.'.7 6.35 10.29 0.17.

Clearcut 2.58 1.66 1.71 5.95 0.10

Road ".17 "65 6.76 15.58 0.25

Total 0.52
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landslides. Hillslope and channel area affected are combined for

those events affecting both. Results show that insufficient evidence

exists to reject the null hypothesis.

It is also apparent from Table 10 that the total area affected

b,. landslides in the BlW is not substantial. Though on-aite disrup-

tion is impressive, the impact to the total vegetation and soil re-

source is minimal.

Landslides which enter stream channels often continue downstream

as debris torrents. Streamside soil and vegetation impacts for the

BRD are similar to those shown in Table 9. The water quality impacts

of events which entered stream channels in the BRD are unknown, but

research elsewhere suggests the impacts can be great (Fredriksen,

1963, 1965, 1970; Gardner, 1979).

Stream Class Affected

The United States Forest Service recognizes that certain streams

or stream reaches have greater resource value than others. Therefore,

stream reaches have been classified within the BRD according to water

supply, fisheries, and recreational value (U.S. Forest Service Msnual,

1972 Revision). Class I has the highest value and Class IIf the

lowest. The classifications for streams in the BRD are shown in

and III are used to calculate the res~ective expected entrance fre-

Figure 1..

A x:2 gocdness-01-fi t testis usedto determine whether the fre-

quency of stream entry by landslide is proportional to the total

length of each stream class. Total stream lengths of C1asses I, II,
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q,uencies. These lengths are determined from "Stream Class Map for

the Blue River Ranger District" (compiled by resource specialists of

the WNF)using a sonic digitizer. Class rv streams are not considered

because the total length of Class IV streams is not yet knO\lll1.
Z

The result of the X test strongly suggests that the frequency

of stream entries is dependent on stream class lengths. Variation

is too sma3:l to reject RO. Since stream lengths for the di:f'f.erent

stream classes are similar (Figure 1), one might expect this test also

indicates that channel and water q,uality impacts are distributed fair-

ly equally among the three stream classes. However, this test does

not consider the number of times a Class I or II stream is entered

by a debris tor.r~nt which initially began in a Class III or rv stream.

Because stream class generally goes from lower class (III or rl) to

higher class (I or II) as one moves downstream, upstream entries in

lower class streams can affect higher class streams as well. There-

fore, this test is very conservative in its evaluation of how fre- .

q,uently higher class str~ams are affected by landslide occurrence.

Road related landslides enter streams more frequently than land-

slides associated with other landuse areas. Once again,a X2

goodness-o! -fi t test is used to evaluate the influence ot land use

association on the frequency ot stream entries br landslides. All

stream classes are considered as one tor this test. The initial com-

parison of all land use groups together reveals significant differen-

ces exist at the C(= 0.05 level. Subsequent comparisons of each land

use pair show that both the Forest and Clearcut group vary signifi-

cantly trom the Road group, but vary little bet~een each other.
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'ro de'termine if land use influences 'the s'tream class en'tered by

a landslide, a xZ test of homogeneity is performed. Resultsindicate

that there 18 iDau!f'ic:ient variation bet..een land use groups to reject

the null. Apparently, land use does not influence ..h:ich stream clas-

ses are entered by landslides.

Road Class Affec'ted

Roads are importan't as a transpor'tation resource and because

previous analyses have indicated landslides occur more frequently

'8Iithin road areas. Ho.. roads are constructed mayhelp explain why

particular road sections fail. The design standards used in road

construction vary depend.i.ng on surfacing, 'IIIidth, maximum grades, sight

distance on curves, and vehicle speed specifications (Mifflin and

Lysons. 1979). In general. variation in design standards can be rep-

resented by the U.S. Fores't Service classification assigned to each

road (Jim Reeves, 'N"NFEngineer, per COIIIIII.). Therefore, the variation

in landslide occurrence be't..een different road classes is examined to

determine if design s-tandards influence landslide activity.

A x2 goocmess-of-Cit test is againused for analysis. General

relative descriptions of each road class consideredin this.test are

listed below.

Arterial:Highest intensity of use, highest road speeds,
widest roadbed, and lowest grades.

Collec tor: Medium use intensity, lower road s'Peeds, narrower
roadbed, and moderate grades.

Local: Lowest use intensity, lowest road ~eeds, narrowest
roadbed, and steepest grades.

The expected failure frequency for each road class is determined using

the respective total road lengths. This procedure corrects for any
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variation in landslide frequency due solely to differences in road

lengths.

Landslide frequency seems to increase with decreasing design

standards in the !RD. Test results show that sufficient variation

exists to reject HO. However, before it is concluded that arterial

road design standards are superior, it should be noted that Megahan

et ale (1978) repOrt different results for road failures in the

Northern Rocky Mountain Physiographic Province in Idaho. Their ''''ork

(Table U) shows landslide frequency to decrease with decreasing road

design standards. The increased excavation associated with higher

design standards is their explanation for this result.

Personal observations made while collecting field data may ex-

plain some of the observed differences in landslide occurrence for

different road classes. The one arterial road in the SlID ",as con-

structed in a ve~J stable area along the valley bottom of Blue River

(see Figure 1). Much of the road is located on alluvial terraces or

gentle slopes, therefore extensive excavation was unnecessary. Road

drainage is very good with frequent large culverts wiUch appear weU

maintained. In contrast, collector and local roads traverse more .

unstable ground, and are primarily constructed by cut-and-fill tech-

niques which result in steep cut and fill slopes. Culvert spacing is

much greater on these roads and road mai:1tenance was obviously lacking

in many places. It was not uncommon to observe road ditches filled

with sediment while the culverts draining these ditches were plugged

wi th debris. Inefficient road drainage coup~ed with less stable road

primus could explain the higher incidence of landslide occurrence on



Table U. Comparison of Landslide Frequencies
tor Road Classes in the Blue River Drainage (Oregon)

and the Northern Rock)"Mountain Physiographic Province (Idaho)

Road class

F1"equency (events!km)
Blue Rj.ver Northern Rocq Mtn.

Drainage Physiogra-phic Province&

Arterial 0.17

0.39

1.00

2.2

1.2

0.6

CoUector

Local

aSource: Megahan et al.(1978)
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collector and local roads.

Road Com~nent Affected

Determining which components of the roadway are most affected

by landslide failure is another means of assessing road construction

methods, as well as evaluating impacts to the road itself. The road-

way is divided into three parts: the cut slope, the roadbed, and the

fill slope. Roadbed failures are not evident in the BRD, therefore

this component is excluded. Analysis of landslide occurrence within

the remaining components follows below.

Fill slope failures occur more frequently than cut s~ope failures

in the BRD. Results ofaX2 goodness-of-fit test indicate the differ-

ence in landslide occurrence between the two components is signi.fi-

cant. This relative instability is probably due to fill construction

over sidecast debris. Decomposed organic material, mostly stumps,

roots, and logs were frequently exposed within fill slope failures

in the BRD. Fill construction over sidecast debris has been previous-

ly identified as promoting fill slope failures (Gonsior and Gardner,

1971). Such construction methods are likely to be responsible for

many of the BeD fill slope failures.

A reverse order of importance for cut and fill slope failure

occurrence is reported for Idaho forests. Megahan et al. (1978) find

cut slope failuresare the more frequent,as shown in Table 12. It

seems doubtful that road construction methods for the two areas are

sufficiently different to account for these opposite results. How-

ever, differences do exist in the climate, bedrock geology, soils, and
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1'able 12. COIIIparison of Landslide Frequencies
tor Road Componenta in the Blue RiTer Drainage (Oregon)

and. the Northern Rocq Mountain Physiographic Province (Idaho)

Road component

Frequency (% of total)
Blu. RiVft- Northern Rocky Mtn.

Drainage Physiographic ProTince&

Cut slope 29

71

66

34Fill slope

a
Source: Megahan et ale (1978)



65

vegetation. In additiol1 , Megahan et ale inventoried all events equal

to or greater than 8 m3, whereas this study only considers events at

100 m3 or above. Several cut bank failures less than 100 m3 \Were

observed in the BRD, but I doubt their number would substantially

change the relative difference between cut and till slope failure

occurrence. It appears that a complete resolution of this disagree-

ment is not possible with the data available.

In add.ition to being more frequent, fill slope failures also

appear to affect a greater downslope area than cut slope failures.

A comparison of the respective do\Wnslope (hillslope and channel) areas

affected by road component failures is possible usin8t a one-tailed,

Mann-whitney test. The computed test statistic ind.icates there is not

enough variation present to reject HOat the cL= 0.05 level. Ho\Wever,

since the probability of exceeding the test statistic under the null

hypothesis is 0.0735 (Appendix IV), it \Would not be unressonable to

suggest that fill slope failures do affect a larger area than cut

slope failures.

It is not surprising that fill slope failures appear to have a

greater impact than cut slope failures. The roadbed acts to catch

much of the displaced mass from a cut slope failure, thereby reducing

the amount of debris available to continue downhill. Megahan et ale

(1978) note a similar relationship between the resouree impacts of

cut and fill slope failures in Idaho.
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VTI. SUMMARYAND CONCLUSIONS

The preceding sections !lave examined: landslide characteristics

and timing; the influence of clearcutting and road construction on

landslide occurrence; and some characteristics of resource impacts

resulting from landslide failures. Results and interpretations are

summarized below. The adequacy of the analysis techniques used in

this paper is also considered.

Despite the wide variety of factors involved, landslide charac-

teristics are remarkably consistent in the BRD. Failure dimensions

generally occur within a narrowrange of values regardless of land

use association. Landslides within all land use groups occur ~ost

frequently at slope angles between 30° to 40°, in northern as~ects,

and in smooth slope settings. Hillslope position has no apparent

influence on landslide frequency. Only the relationship between SRI

landt:ype and landslide occurrence varies among the three land use

groups.

This consistency of landslide characteristics has implications

for geomorphology and forest management. The frequency of events with

size characteristics fallin~ ~ithin a narrow range of values indicates

a fairly consistent amount of soilmaterial is displaced by each land-

slide failure. This is true even in clearcut and road areas. Clear-

cutting and road construction produce a number of environmental

changes which affect the balance of forces present within a hillslope

(Table 13). Despite these changes landslide size remains consistent.

This fact, plus the observation that the dominant size ranges all

occur at the low end of the distribution curves, strongly. suggests
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Table 13. Some Environmental Changes Resulting from
Clearcutting and Road Construction

and their Affect on Landslide Dynami.cs

Environmental
change

Road
excavation

Road fill
construction

Vegetation
removal

Result of change

removal of
lateral support
to upslope soil

increased slope
angle

decreased
evapotranspira-
tion ~ increased
soil moisture
content

decreased root
strength
removal of
overlying
biomass

Effect of chan~ on
hillslope force component

decreased shear strength

increased shear stress.

decreased shear strength

decreased shear strength

decreased shear stress
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the presence of a geomorphic threshold. Such a threshold would rep-

resent the amount of material which must be present to produce a land-

slide failure. If not initiaUy present, this necessary amount of

material would have to accumulate before a landslide could occur.

Surficial creep, weathering, and debris accumulation are processes

which could supply this material. Thus, active landslide sites should

be those areas having geomorphic situations which encourage these pro-

cesses, i.e., steep slopes with plentiful soil moisture. Steeply

inclined areas in northern aspects appear to produce these conditions

most frequently in the BeD.

Consistency in landslide site characteristics further suggests

that risk areas can be identified. Special management provisions

could be established to avoid disruptions of. areas with the charac-

teristics specified above. At tne very least, such avoidance would

prevent an acceleration of landslide occurrence in these areas.

The influence of clearcutting and road construction on landslide

occurrence can. only be strongly implied for landslide frequency and

the geomorphic location of failure. Both statistical and numerical

comparisons show that landslide rates in cle&r1:utand road areas are

much greater than rates in forest areas. Use of the CAT technique

suggests even greater differences exist. However, the most conclusive

demonstration of land use affects may be the control test with SRI

land type 21 and northern aspects. Results show that under similar

site conditions, landslide frequency is greaterin clearcut and road

areas than in the forest area.

The effect of clearcutting and road construction on landslide
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location is more subtle but still significant. Except for smooth

slope- locations, there appear to be differences. in how other geomor-

phic settings react under different land uses. Hollow and hillslope

nose positions, which are apparently stable within forest or clear-

cut areas, are frequently affected by landslides within road areas.

This su~gests a reduction in site stability due to some impact of the

road. Reduced stability in a hillslope nose setting could be ex-

plained by road excavation which removes toe support from uphill soil

blocks. The failure or inefficient operation of road drainage systems

could reduce stability in hollows where natural water accumulation

magnifies the drainage problem.

It cannot be demonstrated that clearcutting or road construction

influence landslide size characteristics, slope angle, slope as~ect,

or hillslope position. Although road construction and, to a lesser

degree, clearcuttinp:, affect the frequency of landslide failure, they

do not affect how landslides will occur. Moreover, aside from certain

geomorphic settings, they do not generally affect where landslides

occur. Most likely the sites which fail are already very unstable.

The site changes resulting from clearcuttingand road const~uction

(Table 13) accentuate the inherent instability rather than destabi-

lize sites which norma1l1 would not fail.

Areas which are sensitive to timber harvest activities have al-

ready been identified to a limited degree. Legard and Meyer (1973)

have classified SRI landtypes according to sensitivity to road con-

struction and clearcutting. ~uantif1cation of sensitivity may be

possible using a technique like that used in the control test with
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SRI landtype 21 and northern aspects. Such a refinement would im-

prove the forest planner's ability to foresee po~ential impacts and

anticipate when unacceptable erosion levels will occur.

Characteristics of landslide resource impacts and land use con-

siderations in the BRDare documented in Section VI. Impacts to both

soil and vegetation is clearly apparent, but the areal extent of these

disruptions is not substantial relative to the drainage basin area.

Though it cannot be demonstrated that any particular stream class is

disproportionately affected, it is apparent that land use influences

the freq,uency of landslide entries into streams. 30ad failures are

once again indicated as the most frequent landslide source.

Section VI also considers how road design and construction

methods affect road failures. Landslide frequency is shown to in-

crease with a decrease in road class. Less stable terrain and less

efficient road drainage are more likely the cause of this result than

the decrease in design standards employed for collector and local

roads. Fill slopes, frequently constructed on sidecast debris, are

statistically shown to fail more frequently and result in greater

downslope disruption than cut slope failures. It seems certain then,

that road location, drainage. and construction methods have a definite

influence on whether roads will fail in the BRD.

Any conclusions based on the results of this paper should con-

sider the adequacy of the testing methods used. Methods used in the

previous sections have indirectly evaluated landslide characteristics

and land use effects. These methods can only imply that relationships

exist. However, envircnmental variability and data restrictions
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prevent use of more direct and precise evaluation methods. Tests

which attempt to control enviroDmental variation or interactions.

such as the control test with SRI landtype 2J.and.northern aspects.

usually lack sufficient observations within the specified conditions

to make statistical analysis reliable. Use of nominal data also

severely restricts the types of evaluation methods which are appli-

cable.

There are benefits in the approach used in this paper, however.

It does consider a large area. Though the interpretation of results

must be generalized. it is more applicable to the needs ot the forest

manager. It also helps to identify relationships which require fur-

ther investigation. The consistency in landslide size, frequent

occurrence in particular aapects, and the influence ot land use on

failures in different geomorphic settings are all examples of topics

identified in this paper which deserve further study.
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APPENDIX I
AIR PHOTOSPECIFICATIONS

SpecificatioDS ot Air Photos Which Cover the Blue River Drainage

night Flight ScaJ.e Film
Year name dates (approximate) type Coverage- -
1946 DEK 8-15-46 1:24,000 black & complete

9-12-46 ..hite
panchro-
matic

1955 WASH 8-3-55 1:70,000 black & complete
8-17-55 ..hits

panchro-
matic

1959 EGI 5-59 1:13,000 black & 40% - only
6-59 ",hite Blue River

panchro- itsel!
matic

1967 ESF 6-14-67 1:14.,.500 black & complete
6-15-67 ",hite
6-30-67 panchro-

matic

1972 n6 7-18-72 1:20,000 color 80% - upper
7-15-73 Tidbits

watershed
missing

1974 F70 8-25-74 1:74,000 black & complete
8-26-74 white

panchro-
matic
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APPENDIX II

Landslide Data Collection Sheet

SEa a8U-uplaa:1ator,o

Coilected by:
Date: SE

D.~TA SHEET

Mo.

SE
E'/ent ~:o. SE Type: Sl iC:e:/$iu::Ip-earthT1o':!fdebds torrent
Photo rlo. ;:a:. Location: T. sE P.. Sec.
Photo date 51: SRT(:I~iJiJ~t1j'1n.i11~-
Ilot identif1ilb1e 1n au' pnotos: SE \iid.u , er_ 'I -
Probable time of occurrence: xeS-1adng tec:hDiqlle8 Wlea; tree scans age, "V~. age,
D.!'. dec==eit1.cm cla&s, air photo br3cicttt1:1g, persocai CCIIIIII.
For C1cor1S torrents: Associat~d sJide? Yes / HoSE Slide Mo. SE

LA::OUSE: "Failure )( SIU'%'OUDcI:1ngarea Ve!Jetati '/e Cover: Arealextent (.c~) ,
Forest uc-t1'PM I(/j,n: ~u:~ ve:;:. t~e.
Road t/hen bui Jt SE ~T8iCU state (A.UtA. QeDSitT) ".

sidecast / fUll bench
cuts10pe I fill slope I other

C1earcut Cutting"date SE

GEO:'!O~?H!CSmWG:
Asp'!'.:t: SE Slope Ana1e: U1.r-lot)it and. 'of/a slid.. it ai~. di!!er-.nt~ ~el. Qradien

lslopt! positicn: Upper 1/3 Hid 1/3. lO\'fe!" 1/3
He:!dl'lil1i : #

S~ r n~ :ns,
"

de ' Poaitionof .&ilureem
L. ~t . I " ..1

Smooth slope: ope
Incipient drainage:
Other: ego I1OS8ofM".1098, nlige saddle,

SLIDEGEQ;.1E!RY: Fa:1.1ure/ Slidepa1:h
Avg. length: SE
Avq. width: ~
Est. Avg. Oa~th: 8E
Est. Volume: ~
Est. Area: ~

OEDROCK:Materia.\.1:1whic!1failure oc-
C1UT8Ii; l1earb,. expoauree

FATE OF OEaRIS: into $tream 5E

Other where d.e1:08it~
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APPENDIX In

A METHOD FOR DETEaMINATION OF LANDSLIDE HIIJ..SLOPE POSITION

This method was developed to provide an objective procedure for

establishing the relative hillslope position of landslides. Hillslope

position is established by dividing the basin area into three zones

(upper, middle, and lower), and then noting in which zone a given

landslide is located. These zones do not distinguish position by ab-

solute elevation; rather, they mark hillslope position relative to the

ma,;or valley bottoms and ridge tops.

Hillslope position zones are constructed by establishing the

elevations of the interzone boundaries on reference hillslope lengths,

and then connecting the res~ective elevation points on successive

hillslope lengths to form continuous boundaries. This procedure is

divided into four parts:

1. Plotting of reference hillslope lengths.

2. Determination of slope length for each reference hillslope.

3. Determination of interzone boundary elevations on each ref-
erence hillslope.

1+. COlmection of respective boundary elevation points on suc-
cessive reference hillslopes.

The equipment required to perform this procedure includes:

1. Topographic map covering the area of concern;

2. Ruler;

3. Straightedge;

.4. Marking pen or pencil;

5. Programmable calculator.
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A program for a Hewlett Packard 34C calculator is included for making

the calculations necessary in parts 2 and 3 above.

Plotting of Reference Hillslo'De Len~hs

Reference ~i"~lope lengths are used to establish the interzone

boundary elevations at given locations in the basin. These hillslope

lengths are plotted as strai~t lines on the topographic map as shown

in Figure U. However, before these lines can be plotted it is nec-

essary to establish a top and a bottom for a given hillslope length.

The bottom, or base level, of a hillslope length is defined as the

second order or larger stream channel which lies in the valley bottom.

To determine stream order it is necessary to delineate the entire

stream net~ork. This is accomplished using the method outlined in

Marston (p. 7, 1978). Streams are ordered using the Strahler method

(Strahler, 1957). Once the stream net'Work is ordered the top of a

hillslope length is defined as the ridge line ~hich separates third

order or larger watersheds. All ridge lines are drawn in freehand as

shown in Figure ~l to approximate the location of watershed divides.

With hillslope bottoms and tops established, reference lines are

plotted with a strai~tedge according to the following guidelines.

1. Tr:r to put one reference line down each significantinter-
nueve. (Significant interflueves are those with ~y
bending, convex contours. These contours appear consistent-
ly from valley bottom to ridge line along a given inter-
f'lueve. )

2. Only straight lines are plotted, therefore lay the straight-
edge in a position which best approximates the axis of the
inter£lueve.

3. Extend. reference lines from stream channel to ridge line.
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Figure ll. Zxample of Reference Line Locations in the Blue River

Drainage
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4. Plot only one reference line along the h1llslope nose portion
of major ridge lines (i.e., the area where, if the ridge line
were continued, it would descend to the valley bottom; e.g.,
line A in Figure 11).

,. Do not plot any reference lines which would intersect first
order streams.

6. Do not plot reference lines such that any t~o lines inter-
sect between the stream channel or ridge line. Use onl1 one
reference line in these areas.

Determination of Slo~e Len~h

Each reference line represent~ a hillslope which has a character-

istic length. In order to determine the slope length associated with

each reference line it is necessary to first determine the hillslope

gradient along this line. Slope gradient or angle is calculated using

the following equation:

y
SA :I arctan (T)

where SA :I

Y :I
slope angle
vertical distance between top and bottom of reference
line

= horizontal distance bet~een top and bottom of reference
line.

x

The vertical distance betveen top and bottom is the difference

in elevation between the ~o. The elevation of the reference line top

is defined as the elevation of the highest contour line inters~ted

by the reference line. The bottom elevation is defined as the ele-

vation of the lowest contour line intersected by the reference line.

To determine the horizontal distance between the top and bottom,

a ruler is used to measure the map distance between the two along 1:11e

reference line. 14ap distance is then converted to real distance
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(same unit3 as Tertical distance) b1' multiplying by the map. scaJ.e

factor.

Once slope angle is established, the slope length is determined

using the foJ.lo~ equation:

SL :a X

vhere SL :a slope length.

Determination of Interzone Boundary Elevations

The elevations of the lover zone - middle zone boundary and the

middle zone - upper zone boundary on the reference line are establish-

ed by dividing the slope length into three sections, and calculating

the eleTations of the tvo points separating the three sections. The

tirst step is accomplished by dividing the slope length by three.

vilere IL :8 incremental slope length tor each section (i..8., the
slope length of each zone on "a given reference line).

~ length is then used to determine the elevations ot the t..o boun-

dary points on the reference line. ~ second step is accomplished

using the :rolioving equations:

~ = sin(SA)(IL) + ~

~ :a Z (s1n(SA)(IL» + ~

where ~ = ElaTation ot lower zone -middle zone boundary

~ = Elevation ot reference line bottom (i.e., lowest inter-
sected contour)
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az.

Eu a Elevation of middle zone - upper zone boundary.

These points are plotted on the reference line by determining which

contour line elevation is closest to the given bouncIar:Y point eleva-

tion. The boundary point is then plotted where the reference line

intersects that countour line. Determination of slope angle, slope

length, and boundary elevations for each reference line is greatly

speeded by use of a programmable cel.culator. The program listed below

is designed to calculate these values on a Hewlett Packard 34C eel..

culator.

Before running this program it is necessary to store the map scale

factor in storage register '0 I. This scale factor !DUst be in the

same length units as the elevation values on the topographic map.

To run the program, the following data must be inputed for each

reference line.

Program Program Program Program
step command step :ommand-

1 LBL-A 18 S'l'O2
2 RCI. 0 19 RCI. 3
3 x 20 sm
4- R+ 21 STO 3
5 STO 1 22 x
6 - 23 RCI. 1
7 R 24- +
8 + 25 R/S
9 TAN-1 26 RCI. 2

10 STO 3 27 2
U R/S 28 x
12 COS 29 RCI. 3
13 R 30 x
14- XY 31 RCI. 1
15 + 32 +
16 3 33 RTtI
17 +



1. Enter the top elevation of the reference line in the Z
register.

2. Enter the bottom elevation of the reference line in the
Y register.

3. Enter the map distance between. the top and bottom of the
reference line in the X register.

Once initiated, the program will stop to display (in order) the slope

angle, the lower inter-zone boundary elevation, and the upper inter-

zone boundary elevation. With the first two stops the program is re-

started by pressing the RIS key, while the last stop indicates the

program has ended. New data is then entered and the program is reI'"

started.

Connection of Boundary Elevation Points

After the inter-zone boundary elevation points have been plotted

for each reference line, they are connected with their counterparts

on successive reference lines to form the inter-zone boundary lines.

The following are guidelines for joining related elevation points.

1. Boundary lines are drawn freehand between respective ele-
vation points following the general bend of the contours.

2. wnentwo related points are at different absolute elevations
the boundary line must cross sufficient contours to join
the two points. Draw the line so that the change in eleva-
tion is smooth over the distance bet~een the two points.
Avoidmaking abrupt changes in elevation with the boundary
line.

3. If the reference line is the last one before the study area
border, then continue the boundary line at the same elevation
as marked on the last reference line to the border.

Determination of Landslide Hillslope Position

Once the study area aas been divided into three zones landslide
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position is determined by noting in which zone each landslide is lo-

cated. Landslides are plotted on the same topographic map used to

establish the three zones. The position of the main scarp is then

used to decide which zone represents the relative hillslope position

of the failure. In cases where the main scarp is located directly on

the boundary line the higher zone is recorded.
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APPENDIX IV
S~ATISTICAL TESTS

x2. Gocdnese-of-t1t Analysis of LandslideSlope Angle
in the Blue River Drainage

H :
o Landslide slope angles are uniformly distributed tor the land-

slide group in question.

R :

a Landslide slope angles are not uniformly distributed for the
landslide group in q,uestion.

NOTE: The symbol It_" indicates landslides did not occur at this
particular anglet for the group in question. This ceU is not in-
cluded in the X' analysis.

ObservedfreQuency for each landslide u
Slo';le angle (0) All Forest Clearcut Road

10 1 - 1
25 5 2 1 2
30 14 4- 6 4
35 35 3 9 23
40 56 7 12 37
45 5 2 - 3
50 2 1 1

X2.statistic 155.6 7.21 22..8 70.64

Degrees of freedom 6 5 5 4

Probability of observing
a test tatistic the
above A statistic under
H <o.005 >0.100 O.005 <0.0050
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APPENDIX IV - continued

x2 Goodness-of-fit Analysis of Landslide Slope Aspect
1:4 the Blue River Drainage

Ii :o Landslide slope aspects are uni!orml1 or speci!icaU;r distri-
buted for the landslide group in question. .

Landslide slope aspects ~e not uniformJ.;r or specificaU;r
distributed for the landslide group in question.

Ii :
a

AsEect
Areal Observed freQuency for each landslide p:roU1)

coveraae (%) All Forest Clearcut Road

E

4.3
4.3
2.9
7.1
4.3
4.3

10.0
2.9
7.1
7.1

14.3
2.9
5.7
1.4

14.3
7.1

U
10
1
3
9
5
9
5

12
5
4
4
6
6

17
U

2
5

N
NNE
NE
ENE

-
5
3
1
3
5
3
3
3

10
3
2
1
4
2

12
9

ESE
SE
SSE
S
S:SW
$V
wsw
W
~'NW

NW

NNW

3
1
:;

-

1
1
3
2
2
2

2
2
1
1

-
1
1
:;
5
2

x2 statistic 46.25

15

4.2l 9.87

12

36.51

15Degrees of freedom 8

Probability of observing
a test statistic ~ the
above X2 statistic
under Iio >0.100 >0.100

NOTE:The symbol "_If indicates landslides did not occur at this
~icular aspect tcr the group in question. This cell is not include
included in the X2 amU;rsis.

aIn this teet the eX";'ected frequenc7!' was specified using the
areaJ. coverage of eacn aspec't.
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APPENDIX IV - continued

x2 Goodness-of-tit Analysis of Landslid~ Hillslope Position
in the Blue River Drainage

H :
o Landslide hillslope positions are uniformly distributed for the

landslide group in question.

Landslide hillslope positions are not uniformly distributed for
the landslide group in question.

H :a

Observed freauency tor each landslide u

H;"eloe E2sition All Forest Clearcut Road

Lower third 48 8 14- 26

Middle third 32 7 6 19

Upper third 38 4 10 24

x2 ata tistic 3.32 1.37 3.20 1.13

Degrees of freedom 2 2 2 2

Probability of observing
a test statistic the
above X2 statistic
under H >0.100 ')0.100 >0.100 )0.100

0
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APPENDIX rl - continued

x?-Goocmess-of-fit Analysis of SRI Landtype Associated
with Landslides in the Blue River Drainage

a: :
o LandsJ.ides occur uniformly or specifically among all SBI lanc1-

types for the landslide group in question.

Landslides do not occur uniformly or specifically in all SRI

landtypee for the landslide group in ~uestion.

H :a

SRI Areal. Observed frequency for each landslide
landt coverage (%) AUD Forest Clearcut Road

3 5.1 1 1
8 6.2 15 - 5 10
13 5.6 3 1 1 1
14 0.9 1 - - 1
16 4.8 2 - 1 1
21 4.9 36 2 10 24
23 2.0 6 - 3 3
6J. .0.3 1 1
132 1.5 1 1
168 3.3 10 5 2 3
201 1.2.0 4 - - 4
203 9.4 8 1 - 7
210 9.1 3 - - 3
212 4.0 1.2 - 3 9
231 4.3 8 5 1 2
235 5.7 2 1 1
313 3.9 3 - 2 1
610 1.3 1 1

yf statistic 186.4 13.11 26.ll 92.46

Degrees of freedom 17 9 9 12

Probability of obserrl:1g
a test statistic the
above X2 statistic
undern <0.005 >0.100 <o.C05 <0.005

0

NOTE: The 811I1bolIt_" indicates landslides did not occur within
this particular SRI landt,-pe for the group in question. This celJ. is

not included in the X2 ana1;rsis.

aSRI la.ndtypes '..,eredetermined by Legard and Meyer t 1973.

bIn this test the expected frequency was specified using the

areal. coverage of each SRI landtype.



91

APPENDIXIV - continued

y}- Goodness-ot-t:1t Analys:1s of Landslide Geomorph:ic Setting
in the Blue Ri.ver Drainage

H :
o Landslides occ:ur uniformly among all geomorphic: settings for the

landslide group in question.

H :a Landslides do not occur uniformly among all geomorphic: settings
for the landslide group in question.

Geomor-phic settinga

~;11~lope nose (PESR)
Hillslope nose
Hollow (PESR)
Hollow
Incipient drainage (DESR)
Incipient drainage (PES1i)
Incipient drainage
Smooth slope (PES1i)
Smooth slope
Streamside (DESB)
Streamside (PESR)
Streamside

x2 statistic:

Degrees of freedom

Probability of obserrlng
a test statistic ~ the

X2 statistic above

under Ho

Observed fr~Quency for each landslide grou~
All Forest Clearcut Road

>0.100

NOTE:The symbol "-" indicates that landslides did not oc:c:ur
within this :particular geomo~hic setting for the group in question.
This c:ell is not included in the X2 analysis.

~ indic:ates the setting occ:urs within possible eartl:1!low
terrain. DESRindicates the setting occurs withindefinite eartll-
flow terrain.

1 - 1
6 - 1 5
8 - - 8
6 - 1 5
1 - - 1
3 - 3
Q 2 3 4-.-

2:; 4- 11 a
50 6 9 35

1 1
4- 4-

6 2 1 :;

218.6 5.32 29.73 96.68

11 5 7 7



92

APPENDIX IV - continued

~ Goodness-ot-fit Analysis of Landslide BedrQck Geology
in the Blue River Drainage

HO: Landslides occur unitorml7 among al.l bedrock tjpe.

H: Landslides do not occur uniformly among al.l bedrock types.a

Rock tne Observed freQuency

Andesite 10
Breccia 8
Basalt a

Dacite 9
Tuff 1;

x2 statistic 9.86

Degrees of freedom 4

Probability of observing
a test statistic ~ the
above Xc statistic
under H 0.0; <P(xC) < 0.01o
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APPENDIX IV - continued

Kruskal-Wa' , i e One-way Analysis of Variance Test:
Landslide Size Characteristics and Slope Angle

ve. Land Use Association in the Blue River Drainage

Ii :
o The frequency distributions of each landslide size character-

istic or slope angle for all land use groups are identical.

H :a The frequency distributions of each landslide size character-
istic or slope angle for all land use groups are not identical.

Characteristic
tested

Kruskal allis
(K-W) statistic

Probability of observing a
test statistic ~ the adjacent

K-W statistic under Hoa

Slope angle

2.1764-
0.3372
2.0289
0.3267
0.7942

2.4840

>0.100
>0.100
>0.100
>0.100
>0.100

Length
t.v'idth
Depth
Volume
Area

>0.100

NOTES: (1) Sample sizes for each test: Forest group = 19;
Clearcut group = 30; Road group = 69.

(2) Degrees of freedom for each test is two.

~obabilities are determined using a x2 probabilit~ table be-
cause the sample sizes are too large to use a standard K-w probabil1t~
table.



APPENDIX IV - continued

zX HomogeneityTest: Landslide Slope Aspect va. Land Use Association
in the Blue River Drainage

H :o Land use groups are homogeneous with respect to landslide slope
aspects.

H :a Land use groups are not homogeneous with respect to landslide
slope aspects.

As-pect

N
NNE
NE
ENE
E
ESE
SE
SSE
5
SSW
SW
WSW
1;1

WNW

NW

NNW

Comparison
xZ

statistic

Probability of observing2a test
statistic ~ the adjacent X statistic

under Ho

All groups
together 37.58 30 >0.100

adf ~ degrees of freedom

Observed frequency for each land use group

F0I!st Clearcut Road

1+ 2 5
2 5 3
0 0 1
0 0 3
3 1 5
1 1 3
3 3 3
0 2 3
0 2 10
0 2 3
2 0 2
2 1 1
1 1 1+

1 3 2
0 5 12
0 2 9
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APPENDIX I'I - continued

x2 Homogeneity Test: Landslide Hillslope Position

va. Land Use Association in the Blue River Drainage

H :o Land use groups are homogeneous with respect to landslide
hillslope position.

H :
a Land use grou'Ps are not homogeneous with respect to landslide

hillslope position.

Comparison
r!-

statistic

Probability of observing a test

statistic ~ the adjacent X2 statistic
under B:

o

All groups

together 4 >0.100

a
<it :I degrees of freedom.

Observed frequency for each land use group
Hillslope
position E£!:!.st Clearcut Road

Lower third 8 14 26

Middle third 7 6 19

Upper third 4 10 24
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APPENDIX rI - continued

x2. Homogeneity Test: Landslide ~morphic Settin~ vs. Land Use
Association in the Blue River Drainage

H :

o Land use groupsare homogeneous with respect to landslide
geomorphic settings.

H :

a Land use groups are not homogeneous with respect to landslide
geomorphic settings.

Observed freQuency for each land use ~u~

Comparison
r!-

statistic d~
Probability of observing a
test statistic ~ the adjacent

X2 statistic under Ho

All groups

together vs.
aU as 30.17 8 <0.C05

Forest vs.
Clearcut vs.
all GS 10.91 4

Forest vs.
Road va.
all GS 19.2.3 4

Roaci vs.

C1earcut va.
all GS 6.74 4 >0.100

ad! ~ degrees of freedom

Geomorhic settin,! (GS) Forest C1earcut Road

Hills10pe nose 0 2 5

Hollow 0 1 13

Incipient drainae 2 6 5

Smooth slope 10 20 43

Streamside 7 1 3
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APPENDIXrv - continued

x2. Goodnese-of-tit AnaJ.:ysisot Landslide Occurrence
within S1U:Landtype 21 and Northern Aspects

tor Land Use Groups in the Blue RiverDrainage

H :
o Landslides occur uniformly among the land use groups compared

below under the conditions specified.

Ii :a Landslides do not occur uniformly among the land use groups
compared below under the conditionsspecified.

Land use ~ut)

Forest
C1earc:ut
Road

Observed freouency

1
9
17

a
df = degrees of freedom

x2.
Probability of observing a

testtatistic the adjacent
Com;arison statistic dfa statisticunder H

0-
All groups
tonther 14.2.2. 2 < 0.005

Forest va.
0.02.5<P(xZ) < 0.010Clearc:ut 6.40 1

Forest "Is.
Road 14.2.2. 1 < 0.005

Clearcut VB.
Road 2.462. 1 >0.100



APPENDIX IV - continued

x?- Goodness-o!-fitAnalysis ot Landslide Occurrence
Am~ Land Use Groups in the Blue Rivex' Drainage

H: Landslides occur uniformly among all land use groups.o

H: Landslides do not occur uniformly among all land use groups.a

Land use p;rOU1)

Forest
Clearcut
Road

Observed frequency,

19
30
69

NOTE: Record period: Forest :I 34 years; Clearcut :I 2.2 years;
and Road :I 25 years.

a
d! :I degrees of freedom

xZ
Probabilityof obseg a
test tatistic the adjacent

Comison statistic dzA X statistic under H0-
All groups
together 35.10 2 <0.005

Forest vs.
Clearcut 2.47 1 > 0 .100

Forest va.
Road 28.41 1 < 0.005

Clearcut vs.
Road 15.36 1 <0.005
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APPENDIX IV - continued

Kruskal-W-a11i.6 One-way Analysis of Variance:
Ground Area Affected vs. Land Use Association

in the Blue River Drainage

H :o The distributions of ground area (hillslope and channel)
affected by landslide occurrence is the same for the three land
use groups.

H :a The distributions of ground area affected by landslide occurrence
are not the same for the three 13I1d use groups.

Land use group Sam~le size

Forest 6
Clearcut 24
Road 55

Kruskal-Wallis
statistic 1.18

Degrees of freedom 2

Probability of observin~ a test
statistic ~ the above K-W
statistic under H a >0.100o

aprobability is obtained using a X2 probability table as the
sample sizes are too large to use a standard K-Wprobability table.
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APPENDIX IV - continued

x?- Goodness-of-fit Analysis of Stream Class Entries
by wdslidea tor Class I, II, and m Streams

in the Blue River Drainage

Ii :
o .Stream entries by landslides are proportional to stream class

length.

11 :
a Stream entries by landslides are not proportional to stream class

length.

Stream class Observed frecuenc7

I 6
II 8
In 6

x2 statistic 0.28

Degrees of freedom 2

Probability ot observing a ~
test statistic ~ the above X-
statistic under g >0.100o

NOTE: Expected frequencies were caJ.culated based on the stream
length of each stream class. These stream lengths '.-rere d.etermined
trom a stream class map of the Blue River Ranger District which is on
rile at the Willamette National Forest Supervisors Olfice, Eugene,
Oregon.
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APPENDIX IV - continued

x2 Goodness-of-f1t Analysis of Stream Entries by
Landsl.ides for Land Use Groups in the Blue River Drainage

H :
o Stream entries by landslides occur uniformly amongthe landuse

groups.

H :
a Stream entries by landslides do not occur uniformly among the

land use groups.

Land use grOU'D Observed freQuency

Forest
Clearcut
Road

16
14-
37

Comparison

x2
statistic

Probability of observing a

test ~tatistic ~ the adjacent
X statistic under Ho

All groups
together

Forest vs.
Clearcut

Forest va.
Road

Cleareut va.
Road

a
d! . degrees of freedom

14.54 2 < 0.005

0.13 1 > 0 .100

8.32 1 <0.005

10.37 1 < 0.005
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APPENDIX IV - continued

x?- Homogene:i.ty Test: Stream Class Ez1tries by
Landslides vs. Land Use Association in the Blue River Drainage

H :
o The three land use groups are homogeneous with respect to the

stream class entered by landslides.

H :a The three land use groups are not homogeneouswith respect to
the stream class entered by landslides.

a
<it = degrs8s of £'reedom

Observed freauencI for each land use u

Stream class Forest Cleareut Road

I 2 0 Jt.

II 1 Jt. 3
III 0 1 S
IV" 13 9 25

x?-
Probability of observing a

test Jtatistic the adjacentComparison stat:istic statistic under H0-
All groups
top:ether 8.Jt.9 6 > 0 .100
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APPENDIX IV - continued

x2. Goocmess-of-tit Analysis of Road-relatedLandsJ.ideOccurrence
by Road Class in the Blue R1ver Drainage

II :o Landslide frequency for each road class is proportional to the
length of each road class.

II :a Landslide frequency for each road class is not proportionalto
the length of each road class

Road class Observed freQuency Total road length (laD)

Arterial 3

18

45

17.94-

46.2.0

44.87

CoUector

Local

x?- statistic 20.96

Degrees of freedom 2

Probability of observing a
test statistic~ the above
X2. statistic under IIo < 0.005
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APPENDIX IV - continued

x2 Goocmess-of-fit Analysis of Road-related Landslide Occurrence
in the Blue River Drainage

11 :
o Landlside faUures are uniforml;y distributed between fill and

cut uopes.

11 :
a Landslide failures are not uniforml;y distributed between fill

and cut slopes.

Road comt)onent Observed frequency

Cut slope 20

Fill slo-pe 48

x?- statistic

Degrees of freedom 1

Probability of observing a
test statistic ~ the above
X2 statistic under 11o
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APPENDIX IV - continued

Mann-Whitney Test: Area Affected by Road-related Landslide Occurrence
va. Road Component in the Blue River Drainage

H .o. The size distribution of the area affected by road related fail-

ures is the same for both fill and cut slope failures.

H :
a Fill slope failures tend to affect a larger area than cut slope

f~~~.

Road courconent

Cut slope Fill slo~e

~ particular one-t~ed ~.ann-¥;hitneytest statistic is
described in Daniel, 1978.

bFrobability was determined using a large-sample approximation
for the Mann-Whitney test statistic.

z =
T - ~ni2

V ~~(~ + n2 + 1)/1.2

cn/a = not a~plicable

Sample size 20 48

Sum of ranks in combined sample 582 1764

Test statistic (T)a 372 588

Probability of observing a
T statistic 588 under H b n/ac 0.0735

0
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APPENDIX V

LANDSLIDE AREAL FREQ.UENCY:
A COMPARISON OF m:: CONVEN'rIONAL CALCULATION MErHOD

AND THE CUMULATIVE AREA PER UNIT TIME METHOD

The conventional and cumulative area per unit time (CAT) methods

are t..,o techniques for determining landslide areal frequency. The

former has been used frequently in past research (Morrison, 1977;

Swanson and Dyrness, 1975; Swanston and Swanson, 1976; Swanson et al.,

1977, 1981). The latter has only been proposed recently (Swanson et

a1.,1977, 1981) and, to my knowledge, has only been applied once

(Swanson et al., Appendix A, 1977). Both methods contain an implicit

ussumption that the area for which the landslide areal frequency is

calculated is homogeneous with respect to the factors which affect

landslide occurrence. To understand how these methods differ and

which is the more accurate, it is first necessary to ey",mine what

landslide areal frequency represents, and how the factors of time and

space are integrated to measure the "opportunity" for landslides to

occur.

Landslide areal frequency is the rate of landslide occurrence

per unit of associated land area per unit of time. It combines the

temporal frequency of landslide occurrence (no. events/time) with the

corresponding spatial frequency (no. events/area). It is composed of

three factors: (1) the total number of landslides occurring within

an area defined as being associated with these landslides; (2) the

total size of this associated area; and (3) the time period over which

the landslides occur:-ed. Determination of the first and. third factors \

is straightforward; a time period is defined and the number of land-
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slides occurring vithin that period is counted. '~en the associated

area is constant throughout the time period, its determination is

also ~lear; the area is simp].1 measured to determine its size. Under

the condition of constant area size, landslide areal frequency is

calculated as follows:

n
Landslide areaJ. frequency = :-:-.. (1)

where n = total landslide number
a = total size of the associated area
t = length of time record.

'Nhen the associated area is not constant throughout the time in ques-

tion, its determination is not readi11 apparent. How this area is

determined when its size changes vith time is the fundamental differ-

<!%lcebetween the conventional and CAT methods.

The product of area and time (a . t) in Equation 1 may be thought

of as a measurement of landslide "opportuni t1" . Oppcrtuni t1 lDeans the

chance that landslides have had to occur. Obviously, many factors

influence this chance, but, as statad earlier, it is assumed that the

area in question is homogeneous vi th respect to these factors. Under

this assumption then, landslide opportunity is controlled b1 the area

size and length of time i.:1volved. At any instant in time, the larger

the area considered, the greater the chance that landslides vill

occur vithin it. Siftrl1.arly, for any given sized area, the longer the

time period over which it is observed, the greater the chance that

landslides have occurred.

The totaJ. chance landslides have had to occur und.er specified

conditions 9f place and time tI18.ybe called the total landslide
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opportunity (TLO). Because this chance increases or decreases with

changes in area and time, TU) must be a cumulative measurement which

accounts for the passage of time and changes in area size. For

exampJe, the TLO for an area which is 30 ha in size for three ;rears,

then increases to 45 ha in the fourth year and remains at 45 ha for

an additional. ;rear, increases in the following manner:

!!!!:
lst
2nd
3rd
4th
5th

TLO (ha · yr)

30
60
90

135
180

For any given year the T.LOis larger than the value for the preceding

:rear because ot an increase in time and/or area.

The concept of landslide opportunity can also be illustrated

graphicallj. The case where area size remains contant through time

tor clearcut and road areas is sho\l11 in Figure 12(a). GI and GH

represent the size of the clearcut and read areas, respectively, and

GF represents the time period over which these areas are observed.

The graph areas contained within polygons GIDF and GEE:' represent the

res'Pecti ve T.LOvalues for each land use area at the end of the time

period (point F) .15 At any given time before po:int F the no could

be determined by plottin~ the vertical line which represents. this ne~

15The actual TLO value is equal to the graph area of each polygon
times the scale factor of the graph (. constant). This multiplication
is necessary to produce the actual TLO values which are used in cal-
culations to be discussed later in this section. However, this multi-
plication is not necessary to show relative differences in T.LOvalues.
For this discussion it is only necessary to identify general differ-
ences. As the polygon areas in Figure 12 accurately represent rela-
tive no values, comparisons between these graph areas are sufficient.
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Figure 12. Graphical Illuatration of the Uifhrence in Determination of '1'otal Landslide Opportunity
with Variation in Land Use Area through 'rime
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ending date and measuring the graph areas of the newly formed poly-

gons. Note that at any given year when area size is constant,

This is not true for the forest area in Figure 12(a) because forest

area size changes through time.

The case where area size varies through time for all three land

use areas is shown in Figure 12(b). Area size increases from zero at

point P to MO and NO at the end of the time period (point 0) for

clearcut and road areas, respectively. The period of record for both

of these areas is PO. Forest area decreases with time, starting from

jK and ending at ML over a record period of jQ. The TLO at the end of

the record period is again represented by polygons JY~, PMO, and

FNOfor the forest, clearcut, and road areas, respectively. As before,

the TLO values at any particular year can be determined by plotting

the new ending date aud determining the graph areas of the new 1'oly-

gons in question. However, unlike the constant area situation, Equa-

tioD 2 cannot be applied for any of the three land use areas to deter-
.

t
.

TLO 1 16
anne respec J.ve va ues.

16It may be possible when area size varies with time to find a
single area value which, when used in Equatio:1 2, would yield a 'l'LO
value equivalent to that determined fromthe area of a polygon; how-
ever, theaccuracy of using a single value would be unknown unless
the actual r o value was determined. To I11YKnowledge, actual TLO
values can only be :neasured graphicaUy or by tabular summation when
area varies with time. Thereforethe areaof Equation2 would either
be inaccurateor redundant.
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Landslide areal frequency can now be redefined as the rate of land-

slide occurrence per unit of opportunity that baa existed for each

land use area. The TLO for each land use group accounts for the size

of area within each land use, the length of time over which the land

use area is observed, and any changes in area size durin~ this period.

The equation for areal frequency can now be written:

n
Landslide areal frequency = TIC

When area size is constant through time Equation 2 may be substituted

for TlO so that

Landslide areal frequency =
n-

a · t

".hen area size varies through time then TLO must be determined by

some other technique. It is n01ll possible to examine how the oonven-

tional and CATmethods determine TLO when area size varies with time,

and consequently pow accurate these methods are in determining land-

slide areal frequency.

Conventional Method

Equation 1 is used in the conventional method to oalculate land-

slide areal frequency. The area sizes existing at the end of the re-

cord period are used for "a"in this method. These values ar~ repre-

sented by OC, rn, and FE in Figure 12(a) 3Z1dML, OM, ON in F4-ure

12(b) for forest, clearcut, and road areas, respectively. vihen area

size is constant tbrough time. this single area value can be used in

this method to accurately represent the respective TT~ values (Figure
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12(a) ) . The resulting areal frequencies are an accurate measurement

ot landslide rate per unit opportunity.

When area size varies through time, however, the use of these

particular area size values results in inaccurate representations of

~ values for the three land use areas. Polygons SKIM, PRMO,and

PQNOin Figure 12(b) represent the TI.Ovalues as determined using the

conventional method for the forest, clearcut, and road areas, respec-

tively. The calculated 'rLO for the forest area is much smaller than

the actual ~ (polygon JK1.MP). An areal frequency value calculated

using this low TLO value will be too high because the divisor (TLO) is

too small. Landslide activity will therefore appear greater than it

actually is when the conventional method is used. In contrast. the

~ representations for clearcut and road areas are larger than the

actual TI.O values (polygons PMOand PNO, respectively). Consequently t

the divisors ue too large for these areas and their areal frequency

values are too low. Landslide activity appears less than what it ac-

tually is in these areas using the conventional method.

CAT Method

The following equation is used in the CAT method to compute

landslide areal. frequency:

landslide areal frequency =
n

(4)

t
i=l

a.t.J. J.

where the
(a.J.
the length of

associated area size during the ith time interval
= area size at time t.)J.

tue during the ith time interval

a. =
J.

t. =
J.
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i.l...j :8 index S)'UIbols representing theseries of time
intervals which subdivide the record. period (t).
Each time interval is marked by a change in asso-
ciated area size.

''''ith this method TLO is determined using the following steps:

1. Determine cumulative area size (ai) at each time it is
knO'4i11to have changed (t 1) .

2. Determine the length of the time intervals between each time
of known area size change (ti - ti_1).

3. Calculate the individual landslide opportunities associated
with each time interval (a1 ti), assuming that the area size
for that interval. is constan~ at a value equal to that at
the upper time endpoint.

Lt. Sum the individual opportunities for aU time intervals to
get the TLO value.

The mechanics of the CATmethod are illustrated in Figure l2(b)

for the clearcut area. The sum of the rectangle areas, ..bich repre-

sent the individual opportunities associated vith each time interval,

represents the TLO for the clearcut area. This technique is equiva-

lent to approximation techniques for integration.

The CATmethod is more accurate than the conventional method when

area size -mries through time because the CATmethod estimates TI.O

more accurately. As more cumuJ.ati ve area size "rcUues are used in the

CAT method, it is possible to follow the change in the cumulative area

curve (e.g., PM) more closely and thus estimate the area beneath that

curve (polygon FHO) more precisely than the conventional method. A

more accurate divisor (TI.O) yields more realistic areal frequency

values. The only time that the conventional method '.ould approach the

accuracy of the CATmethod would be ,.,hen area size changes are very

small. wnen area size is constant, then Equation 4 reduces to Equa-

tion 1 and the two methods produce the same result.
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The degree of precision available using the CATmethod is depen-

dent on the number of times cumulative area size is determined. The

greater thisnumber, the more accurate the resulting areal frequency

values.

An alternative to the tabular summation which is described above

is to plot cumulative area V'B. time, direct11 measure the graph area

under the curve representing land use area, and convert this graph

area to TLOvalues using a scale factor (e.g., l cm2 :I lOa ha-yr).

This alternative method is the one used in this study. Graph areas

were measured from Figure 3 using a sonic digitizer. I am not sure

which CAT technique, the graphical or tabular, is the most accurate;

however. it is certain that either is more accurate than the conven-

tional method.

--




