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Shallow, rapid lands l ides  frequently erode the  s teep ,  forested h i l l s lopes  
i n  coas ta l  Alaska. These unstable s lopes have been oversteepened by g lac ia t ion  
and frequently a r e  sites of local ized accunulations of groundwater during f a l l  
rainstorms. A f a c t o r  of  safe ty  analys is  based on an i n f i n i t e  slope model was 
used i n  examining the  r e l a t i v e  influence of s o i l  and site variables on 
landsl ides.  S t a b i l i t y  analyses were performed f o r  several  s o i l  types u t i l i z i n g  
measured o r  estimated v a r i a b i l i t i e s  of s o i l  and s i t e  propert ies .  

Factor of sa fe ty  values f o r  s o i l s  in coas ta l  Alaska a r e  affected t o  a  rmch 
g rea te r  extent  by changes and v a r i a b i l i t y  in  total. cohesion than by changes and 
v a r i a b i l i t y  in  angle of in ternal  f r i c t i o n .  Of the  s i t e  f ac to r s  examined, 
na tura l  v a r i a b i l i t y  of s o i l  depth has the  g rea tes t  influence on the  f ac to r  of  
sa fe ty ;  deeper s o i l s  a r e  l e s s  s t ab le .  The influence of s o i l  depth on slope 
s t a b i l i t y  is more important in  cohesive s o i l s .  Dynamic changes in  pore water 
pressures during s t o m  can influence the  f ac to r  of safe ty  by s imi lar  
magnitudes a s  na tura l  var ia t ions  in s o i l  depth f o r  e s sen t i a l ly  cohesionless 
s o i l s .  For a  typica l  Tolstoi  s o i l  with overstory vegetation, a  groundwater 
rise from 0.2 m (half-saturated) t o  0.5 m ( s l i g h t l y  a r t e s i a n )  resulted in a  
decrease in  the  f a c t o r  of safe ty  from 1.49 t o  1.23. The r e l a t i v e  importance of 
groundwater is lower f o r  cohesive s o i l s .  Wide ranges in  calculated fac to r  of 
safe ty  based on natura l  v a r i a b i l i t i e s  of s o i l  and s i t e  parameters indica te  t h a t  
the  f a c t o r  of safe ty  approach f o r  assessing lands l ide  hazard should be used 
with caution. In simulations of overa l l  e f fec t  of f o r e s t  removal on slope 
s t a b i l i t y ,  the  s t a b i l i z i n g  e f f e c t  of removing t r e e  weight from the  site was 
ins igni f icant  compared t o  the  des tabi l iz ing  e f f e c t  from the  reduction in root 
s trength.  

INTRODUCTION 

Landslides on s teep  t e r r a i n  a r e  a  major suppl ier  of sediment t o  s t reans  in 
coas ta l  Alaska and the  Paci f ic  Northwest in  general (S id le  1980; Swanston 
1969). These shallow, rapid s o i l  mass movements typ ica l ly  occur a s  debr is  
s l i d e s ,  avalanches, and flows t h a t  often a r e  i n i t i a t e d  in depressions o r  
V-notches on slopes oversteepened by gl.aciation. Groundwater accunulates in 
these h i l l s l o p e  depressions during f a l l  storms and causes a buildup of pore 
water pressure within the  s o i l  mantle wlhich may t r i g g e r  slope f a i l u r e  (Pierson 
1980; Sid le  and Swanston 1982). 
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p u b 1  i r a t  i on  unknown]: [pub 1 i s l ~ e r  n.lmc 
unknown]; 1984: 31 1-325 .  Sponsored b v :  
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Boise S t a t e  U n i v e r s i c v .  



Relative Importance of Factors Influencing 
Landsliding i n  Coastal Alaska 
By Roy C. S id le  
page 2 

Factors determining the  s t a b i l i t y  of s lopes include s o i l  s t rength ,  s o i l  
depth, groundwater accurmlation, Slope gradient ,  and vegetat ive 
cha rac te r i s t i c s .  S o i l  s t rength  is influenced by angle of i n t e n d  f r i c t i o n  and 
cohesion. Geotechnical propert ies  of  s o i l s  pmne t o  l ands l i aes  i n  coas ta l  
Alaska, measured by consolidated-undrained t r i a x i a l  shear tests, a r e  q u i t e  
var iable  fo r  c e r t a i n  s o i l  mapping u n i t s  (Schroeder and F i l z  1981; Schroeder 
1983). The e f f e c t i v e  angle of in te rna l  f r i c t i o n  f o r  these soils tends to- 
increase with increasing bulk densi ty and with decreasing p l a s t i c  inbex, 
(Schroeder and F i l z  1981 1. Factor of safety (FS) calcula t ions  f o r  shallow. 
soils a r e  g rea t ly  af fec ted  by small changes i n  cohesion, especia l ly  in %he 
presence of groundwater (Schmeder and F i l z  1981 ; Sid le  and Stamston 1982). 
Piezometer da ta  fran unstable h i l l s l o p e  depressions i n  coas ta l  Alaska i nd ica te  
t h a t  nearly sa tura ted  t o  a r t e s i an  condit ions a r e  often necessary t o  iadaKw 
lands1 ides  (Sid le  and Swanston 1981 ; 1982) . Grounduater l e v e l s  typ ica l ly  
respond t o  individual  storms with maximun rise influenced by r a i n f a l l  intensiby 
and antecedent, moisture (Sid le  1982; S id le  and Swanston 1981 ; 1982). S l o p u  
s teeper  than 36 a r e  pa r t i cu la r ly  suscept ib le  t o  shallow, rapid l ands l ides  i n  
coas ta l  Alaska (Swanston 1974). This " c r i t i c a l  s lope anglew correspond$ 
close ly  t o  t h e  angle of in te rna l  f r i c t i o n  f o r  e s s e n t i a l l y  cohesionless rsib;IW 
and till s o i l s  (Swanston 1974). 

Although many s o i l s  in  coas ta l  Alaska a r e  considered cohesionless, w,t, 
systems of vegetation provide s t r eng th  by v e r t i c a l l y  anchoring shallou soils %Q 
bedrock and by providing a l a t e r a l  membrane s t rength  within t h e  soil mantle. 
Because even small cohesion values can be extremely important t o  s l o p  
s t a b i l i t y ,  the  removal o f  vegetation on po ten t i a l ly  unstable slopes can g r e a t l y  
increase t h e i r  s u s c e p t i b i l i t y  t o  landsl ides.  S tudies  of  root  s t r eng th  losg! 
with time (Burroughs andrThomas 1977; Ziemer and Swanston 1977) ind ica te  q 
progressive l o s s  of root cohesion a f t e r  c learcut t ing .  Observations in Haybeso 
Creek Valley, Alaska (Bishop and Stevens 19641, showed t h a t  lands l id ing 
increased subs tan t i a l ly  f o r  9 years  following c lea rcu t  logging, and more than 
half t h e  lands l ides  occurred during a lnajor s t o m  (approximately 6 years a f t e r  
most of the  logging was done). Inves t iga t ions  in  o the r  a reas  (Hegahan e t  dl. 
1978; Fujiwara 1970) showed t h a t  lands l ides  were most frequent  4 to  10 years 
after c learcut t ing ,  corresponding t o  the  period of m i n i m  rooting s t rength  of 
s i t e s .  

This  study cornpiles geotechnical,  site, and vegetat ive da ta  f o r  severa l  
landslide-prone mils i n  coas ta l  Alaska and analyzes the r e l a t i v e  impot%ance af 
these f ac to r s  on calculated FS. I n  addit ion,  t h e  effects of n a t u r a  
v a r i a b i l i t y  of  individual  f a c t o r s  and t h e  influence of  timber harvestiwf 
prac t i ces  a r e  estimated. 

FACI'OR OF SAFETY ANALYSIS 

Slopes f a i l  when shear stress along a potent ia l  f a i l u r e  plane exceeds shear  
s trength.  An i n f i n i t e s l o p e  &el has been used by numerous inves t iga to r s  
(e.g., Gray and Megahan 1981 ; Sid le  and Swanston 1982; Swanston 1970) t o  
analyze the  forces  contr ibuting t o  f a i l u r e  (Fig. 1 1. The analys is  *plies  t o  
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t h e  basal  shea r  plane only and is s p e c i f i c  t o  s lope  f a i l u r e s  t h a t  a r e  i n i t i a t e d  
a s  s l i d e s  ( a s  opposed t o  f lows) ;  however, s i n c e  d e b r i s  avalanches and flows i n  
coas t a l  Alaska o f t en  s t a r t  a s  d e b r i s  s l i d e s ,  t h e  use of  t h e  model t o  analyze 
var ious shallow, rapid l ands l ides  appears appropriate .  

FIGURE 1 - Schematic of  t h e  i n f i n i t e  s lope  model f o r  p lanar  f a i l u r e s .  
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The shear s t r eng th  of a s o i l  can be expressed by: 

s = c + AC + (a - u) t a n  0 ( 1  

where S = shear s t rength;  C = e f f e c t i v e  s o i l  cohesion; AC = cohesion frm root 
systems; a = t o t a l  normal s t r e s s ;  u = pore water pressure; and 0 = e f fec t ivk  
angle of in te rna l  f r i c t i o n .  Actual values f o r  C and 0 a r e  ass& t o  be 
derived from consolidated-undrained t r i a x i a l  shear tests. For vegetated sites 
with unsaturated t o  t o t a l l y  sa tura ted  s o i l s ,  Quation ( 1 )  becapes: 

S = C + AC + cos2 a [ y f ( z  - h) + ysh + Wt - yvh] tan 0 ( 2 )  

where = slope angle; yf = u n i t  weight of s o i l  a t  ~ ~ a t ~ t a t e d  f i e l d  m o i s t w ;  

- saturated s o i l  u n i t  weight; yw = water u n i t  weight; z = v e r t i c a l  s o i l  Y s  - 
depth; h = v e r t i c a l  height  of water t a b l e ;  and Ut = weight of vegetation per  

u n i t  area.  For a r t e s i a n  conditions Equation ( 2 )  is simplif ied as: 

s = c + AC + cos2 a ( y s z  + wt - ywh) t a n  0 (3 )  

Shear stress ( 7 )  f o r  non-artesian groundwater condit ions is expressed as: 

r = cos  a s i n  Q[Yf ( 2  - h) + Ysh + Wt] 
( 4 )  

For a r t e s i a n  condit ions Equation (4) can be simplif ied a s  follows: 

T = cos a s i n  a ( y s z  + Wt) (5) 

According t o  the  i n f i n i t e  s lope model, the  FS f o r  s lope s t a b i l i t y  is t h e  
r a t i o  of shear s t rength  t o  shear  stress: 

For s lope  f a i l u r e  FS = 1. Dividing Equation (2) by Equation ( 4 )  gives FS fir 
non-artesian groundwater conditions: 

c + nc + a s 2  a ( - h) + Ysh + Wt - ~ , h l  t a n  0 
FS = 

(7 )  
cos  a s i n  a (Yf(z  - h)  + Ysh + W,) 
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For a r t e s i an  conditions : 

Factor of sa fe ty  models (Equations 7 and 8) based on limit equi l ibr iun  theory 
g rea t ly  oversimplify the  complex f i e l d  systern; however, they provide a 
framework within which t o  evaluate the  r e l a t i v e  contr ibution of various Z x t o r s  
inflw+:!ng slope s t a b i l i t y .  The only important f a c t o r  ignored in  aese  models 
is t k d  i f e c t  of  wind shear in  trees. Ward e t  a l .  (1979) determined wind shear 
t o  be insignificant in  magnitude in evaluating FS based on the  i n f i n i t e  slope 
model, whereas Brown and Sheu (1975) calculated a short-term decrease in s o i l  
creep r a t e s  af^ \!- tree removal because of decreased wind shear in  trees. 

INFLUENCE OF ;k . ,'r , .n,CAL PROPERTIES OF SOILS 

Geotechnical data f o r  s i x  h i l l s l o p e  s o i l  ,series from coastal  Alaska 
indica te  ranges in  mean 0 and C of 30.3 t o  38.2 and 5.7 t o  13.4 H a ,  respec- 
t i v e l y  (Schroeder 1983; Schroeder and F i l z  1981 ; Wu e t  a l .  1979). Figure 2 
shows the  response of FS t o  changes in 0 and C + AC f o r  the  following s o i l  and 

3 s i t e  conditions: yf = 18.0 kN/m ; 3 
Ys = 19.0 kN/m ; Wt = 2.4 kPa (based on 

ca lcula t ions  by Bishop atd  Stevens ( 1969 1 f o r  hemlock-spruce f o r e s t s )  . Because 
the  response 30rf 3-e 3f the  three-dimensional coordinate p l o t s  a r e  planar, 
r e l a t i v e  changes i n  'i.':: a r e  l i n e a r  with changes in both C + AC and 0. Factor of 
safe ty  is much more responsive t o  changes in  C + AC within reported ranges than 
typica l  changes i n  8. Cohesion a f f e c t s  FS t o  the  g rea tes t  extent  ( r e l a t i v e  t o  
a )  f o r  steep, thrn ,  saturated s o i l s  (Fig. 2a) and t o  t h e  l e a s t  extent  f o r  
deeper, unsaturated s o i l s  on gent ler  s iopes (Fig. 2b) .  Thus, f o r  typica l  
landslide-prone s o i l s  i n  coas ta l  Alaska, C + LC is a t  l e a s t  an order  of 
magnitude more important than 0 f o r  reported ranges of these  geotechnical 
propert ies .  

The r a t e  of decrease in  FS with decreasing 0 c a n  be affected by s o i l  depth, 
water t ab le ,  and slope gradient.  With o ther  si te fac to r s  constant ,  the  effect 
of decreasing 0 is grea te r  f o r  unsaturated s o i l s  than f o r  satugated s o i l s .  
Thls effect is g rea tes t  f o r  deeperosoils on moderate s lopes (32 ) and lowest 
f o r  sha l l@ r o i l s  on s teep  slopes (42 1. Soi l  depth has no influence on t h e  
effect of i1 on FS f o r  unsaturated conditions, whereas f o r  sa tura ted  o r  
p a r t i a l l y  saturated s o i l s ,  FS decreases t o  a g rea te r  extent  with decreasing $ 
f o r  shallow s o i l  mantles than f o r  deeper s o i l s  (compare Fig. 2a and Fig. 2d).  
Lower values of 0 decrease FS t o  a grea ter  extent  f o r  moderate s lopes than f o r  
steep slopes,  although water t ab les  moderate t h i s  e f f e c t  t o  some extent  
( compare Fig. 2c and Fig. 2d). 

The s ing le  most 
lower values of  C + 
shallow soils.  A 
saturated site (0 = 

important si te fac to r  influencing t h e  decrease in  FS with 
AC is s o i l  depth: deeper s o i l s  have f a r  less influence than 
d 5 r e a s e  i n  C + AC f r o m  10 t o  6 kPa on a d t r a t e  gradient ,  
35 would decrease FS from 2.91 t o  2.02 f o r  a 0.4-m s o i l  
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FIGURE 2 - Response of F.S. to changes in 0 ( i n  degrees) and C + AC (in kPa) 
for the follcwing conditions: yf = 18.0 &,rs = 19.0 ~ r ) ,  ldt = 2.4 kh. 
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mantle and from 1.48 t o  1.13 for  a 1 . 2 4  s o i l  mantle. Under these  condi t ions ,  
s lopes  with t h inne r  s o i l s  a r e  inheren t ly  more s t a b l e ;  however, deeper s o i l s  a r e  
much less af fec ted  by changes i n  C t. .'C. The inf luence  of  s a tu ra t ed  condi t ions  
alone enhances t h e  r a t e  of  dec l ine  i n  FS with decreasing C + PIC (compare Fig. 
2b and Fig. 2c) .  This  influence is much g r e a t e r  f o r  t h lnne r  s o i l s  and s l i g h t l y  
g r e a t e r  f o r  g e n t l e r  s lopes.  Decreases i n  FS assoc ia ted  w i t h  decreasing C + LC 
a r e  g r e a t e r  f o r  moderate s lopes  than f o r  s t eepe r  s lopes ;  s a tu ra t ed  condi t ions  
s l i g h t l y  enhance t h i s  effect (compare Fig. 2c and Fig. 2d ) .  

INFLUENCE OF SITE FACTORS AND GROUNDWATER 

Unstable s lopes  i n  coas t a l  Alaska may have a va r i e ty  of combinations of 
s lope  grad ien t  and s o i l  depth.  A l l  o t h e r  condi t ions  being s imi l a r ,  deeper 
s o i l s  a r e  less s t a b l e  than shallow s o i l s .  This  e f f e c t  is mainly negated f o r  
noncohesive s o i l s .  Thus, high na tu ra l  va r i a t i on  in  z f o r  cohesive s o i l s  w l l l  
y i e l d  much wider confidence limits f o r  FS than w i l l  a s i m i l a r  v a r i a t i o n  f o r  
noncohesive s o i l s .  The inverse  r e l a t i onsh ip  between 2 and FS is f u r t h e r  
amplified by decreasing z ,  e spec i a l l y  f o r  cohesive s o i l s  (F igs .  3a and Fig.  
3b ) .  The presence of groundwater, however, reduces t h e  in f luence  of  2 on FS. 
Typical va r i a t i on  i n  z f o r  s a tu ra t ed  s o i l s  r e s u l t s  in  a wider range i n  c a l c b  
l a t e d  FS than t y p i c a l  v a r i a b i l t y  in  2 ,  espec i a l l y  f o r  cohesive s o i l s  (see 
"Var i ab i l i t y  of  Natural Factors") .  There is a r a t h e r  narrow range of -( f o r  
uns tab le  s lopes  i n  coas t a l  Alaska. 

in - - 

FIGURE 3 - Reponse of  FS t o  changes i n  it ( i n  degrees) and z ( i n  m) f o r  t o t a l l y  

sa tura ted  cohesive (3b)  and e s s e n t i a l l y  non-cohesive (3a )  s o i l  with rf = 18.0 
3 3 0 kN/m , ys = 19.0 kN/m , 0 = 37 , and Wt = 2.4 kPa. 



Relative Importance of Factors Influencing 
Lands1 i d  ing in Coastal Alaska 
By Roy C. Sidle 
page 8 

Relative saturation of the s o i l  mantle, expressed as  a decimal r a t i o  of 
groundwater depth t o  s o i l  depth, di rect ly  a f fec t s  FS by modifying t o t a l  normal 
stress to  an effect ive normal stress. Values of h/z measured dwing mjor 
storms in unstable depressions near Kennel Creek, Chichagof Island, Alaska, 
were 0.94 (2 0.18, standard deviation). Factor of safety was s l igh t ly  more 
responsive over t he  range of hh for  the Kennel C r e e k  site (0.75 to 1.15) than 
over the measured range of z (0 .? m 0.15 m)  , fo r  essent ia l ly  cohesionltsj  
s o i l s  (Figs. 4a and 4c) .  The reverse s i tuat ion is true if the s o i l s  a r e  
cohesive (Figs. 4b and 4d). Factor of safety values decreased to a greater 
extent in response t o  increases in z and h/z fo r  gentler slopes, although these 
slopes are  inherently more s table  than steeper slopes (Figs. 4a and 4c). The 
influence of z on FS was not modified to a s ignif icant  extent by re la t ive  
saturation of the s o i l  mantle, up t o  t o t a l  saturation. A s  artesian conditions 
developed (i.e., h/z > 1.0), the r a t e  of decrease in FS f o r  deeper s o i l s  was 
s l igh t ly  enhanced (Figs. 4b and 4d). For essent ia l ly  noncohcsivc soils, W 
r a t e  of change in the  FS in  response t o  changes i n  z increased s l igh t ly  over 
t he  e n t i r e  range of h ~ z  (Figs. 4a and 4c) . 
rlARVESINC EFFECTS 

Timber harvesting can decrease the s t a b i l i t y  of slopes; (1 1 by reducd 
root reinforcement because of mobwood deterioration, site disturbance &n 
introduction of dif ferent  plant species; and (2) by temporarily increasi  

7 
water inputs and s o i l  moisture because of reduced evapotranspiration 3 
changes in  volune and r a t e  of sn-lt. Slope s t a b i l i t y  a f t e r  harvesting 
depends on the nunber of residual trees and the amount of understory 
vegetation, r a t e  and type of regeneration, s i t e  character is t ics ,  and 
postharvesting patterns of water inflow. A possible short-term improvement i n  
si te s t a b i l i t y  result ing from the removal of trae weight (i.e., reduced Ut) has 
been mntioned by Brown and Sheu ( 1975) and by Gray and Megahan ( 1981 1. 

The contribution of vegetation roots t o  s o i l  shear strength has been 
measured direct ly  (Endo and Tsuruta 1969 ; O1ioughlin e t  dl. 1982) o r  estimated 
by back-calculation of Equation (7) fo r  failed slopes (Sidle and Swanston 1982- 
Suanston 1970). Suanston (1970) reported a range in  A C  values fmm 3.3 t o  4 . j  
kPa for  hemlock-spruce forests  growing on a Karta s o i l  in  coastal  &&&a 
whereas a range in  AC fran 5.0 t o  6.6 Wa was calculated by Wu e t  al. (19791 
for  a similar s i t e .  Sidle and Swanston (1982) calculated AC = 2.0 kPa for  
understory vegetation on a Tolstoi s o i l  a t  Trap Bay, Alaska. For simrlating 
the e f fec t s  of timber harvesting on hi l ls lopes  of coastal  Alaska, the  
following AC values were assumed: 4.0 kPa fo r  hanlock-spruce forests ;  2.0 kPa 
for  understory vegetation alone; and 0.0 kPa f o r  denuded conditions. Surcharge 
because of vegetation weight was estimated a t  2.4 kPa f o r  haulock-spruce 
forests  and was assuaed to be negligible fo r  understory species. 

A moderately steep (32') site with s o i l  properties similar t o  those of the  
3 3 Tolstoi s e r i e s  (0 z 37O, C = 0, yS  19 WID , yf  z 18 kWm , z = 0.4m, h = 0.2 

m) would have a low landslide potential  under forested conditions (FS = 2.091, 
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FIGURE 4 - Reswnse of FS to changes in h/z and z (in m) for the following 
conditions: Y = 18.0 k ~ d ,  Y = 19.0 k ~ / d ,  0 = 3 7 O ,  and Wt = 2 . 4  kPa. 

f S 
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a medim potential wi th  understory vegetation alone (FS = 1.491, and f a i l u re  
would be implied if the site were denuded (FS = 0.89). These re la t ive 
s t a b i l i t y  values can be related in a general way t o  various harvesting 
practices. Clearcut logging by downhill high-lead yarding methods destroys 
understory vegetation on cer ta in  portions of the slope. This temporary 
reduction i n  A C  could provide the c r i t i c a l  difference in s o i l  strength fhat  
would produce s l o p  fa i lu re  a s  outlined in the previous s t ab i l i t y  
calculations. Alternatives t o  high-lead clearcutt ing tha t  would provide a 
viable rooting strength on the site a f t e r  logging include: (1 1 skyline log gin^^, 
where less understory vegetation would be destroyed during yarding; and 
various par t ia l  cutt ing practices where a portion of the rooting strength -, 
the overstory species would be retained. Endo and Tsuruta (1969) have shown 
tha t  alder has greater rooting strength (AC, 2 t o  12 kPa) than most conifers. 
Consideration may be given t o  encouraging rapid establishraent of a lder  on 
highly unstable clearcut hil lslopes.  Although these al ternat ives  a r e  contrary 
t o  typical  forest  management practices, t h e i r  implementation may be necessary 
if timber is to  be harvested fm unstable slopes. 

Vegetation weight has only a minor influence on FS canpared with aC a s  
evidenced in the essent ia l ly  cohesionless s o i l  examples in  Fig. 5. For law 
rooting strength conditions (low A C )  , increasing W had a beneficial effect m 
slope s t ab i l i t y ;  fo r  s o i l s  with Mgher A C  values this influence was reversed. 
The beneficial effect  of increasing Wt ( f o r  low AC values) was greater for 
steeper slopes, higher g m d m t e r  tables, md w r  mils, ,tlA--- mt 
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had l i t t l e  influence on the  re la t ionship  between FS and AC. For gent ler  s lopes 
the  r a t e  of decrease of  FS with decreasing A C  was s l i g h t l y  g rea te r  than for  
s teeper  slopes. The r a t e  of decrease in FS with decreasing A C  is about three  
times grea ter  f o r  shallow s o i l s  (z = 0.4 m )  than f o r  deeper s o i l s  ( z  = 1.2 rn) 
(compare Fig. 5a and Fig. 5b). The influences of both h and a on the  response 
of FS t o  changes in  AC a r e  minimal. 

The e f fec t  of vegetation removal on shallow groundwater regimes in coas ta l  
Alaska h i l l s lopes  is probably small during mst of the  f a l l  storm season 
because of w e t  antecedent conditions. Vegetation removal would have t h e  
g rea tes t  e f f e c t  on groundwater during a major storm encountered ea r ly  in the  
f a l l  when antecedent conditions a r e  generally d r i e r .  If t imber  removal could 
increase groundwater response in unstable h i l l s l o p e s  by 0.1 m during an 
episodic storm ea r ly  i n  the  f a l l ,  FS could be reduced an addit ional  5 t o  8% 
(Table 1 ) .  Decreases in  FS with changes in  groundwater from saturated ( h  = z) 
t o  s l i g h t l y  ar tes ian  ( h  = z  + 0.1 m )  conditions were grea ter  f o r  shallow s o i l  
mantles. 

TABLE 1 

FACTOR OF SAFETY VALUES FOR VARIWS GROUNDWATER CONDITIONS'/ 
- 

Groundwater s o i l  d e ~ t h  = 0.4 m 3011 d e ~ L h ~ L 3  m 

t a = 32' a = 42" r = 32' 11 = 42' 

h =  z + 0 . 1  m 
( a r t e s i an  1.50 1.23 

''soil and s i t e  conditions include: C + LC = 4 kPa; 0 = 37'; ys = 19 - 
3 3 kN/m ; v f  = 18 kN/m ; Wt = 2.4 Ma. 

VARIABILITY OF NATURAL FACTORS 

The natura l  v a r i a b i l i t i e s  of s o i l  and s i t e  proper t ies  included in  Equations 
7 and 8 a r e  important considerations in t h e  use of the  i n f i n i t e  s lope model for  
slope s t a b i l i t y  hazard analysis .  The l i t e r a t u r e  is rep le te  w i t h  appl ica t ions  
of the  i n f i n i t e  slope model where v a r i a b i l i t y  of input f ac to r s  has not been 
considered. Table 2 sumnarizes da ta  f o r  two unstable s o i l  mapping u n i t s  i n  
coas ta l  Alaska: Kupreanof-Tolstoi and Karta s o i l s .  The l a r g e s t  r e l a t i v e  
v a r i a b i l i t i e s  ( coe f f i c i en t s  of var ia t ion  49-5551 a r e  associated with C,  one of 
the  mst important f ac to r s  influencing FS. Soi l  depth measured a t  s p e c i f i c  
unstable sites a l s o  had l a rge  coeff ic ients  of var ia t ion ,  17-371. Calculated 
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TABLE 2 
ENGINEERING AND SITE PROPERTIES FOR TUO UNSTABLE SOIL MPPING UNITS 

Kupreancjf - Tols to i  Karta 
Variable mean std. dev. source mean sM.  dev. source 

Sources 

' ~ i s h o ~  and Stevens (1 964) 
'~chroeder ( 1983 ) 
3~chroeder  and F i l z  ( 1981 
' Is idle and Shav (1983) 
'sidle and Swanston (1982) 
 wanst st on ( 1 970 
7 ~ u  et a l .  (1979) 
'unpublished da ta  f m  Alvin Bay, Kuiu Island,  AK 

9mpublished da ta  f m  Kennel Creek, Chichagof Is land,  AK 

'ompublished da ta  from Prince of Wales Island,  AK 
"unpublished da ta  fmn Trap Bay, Chichagof Islmd, AK (Tolstoi soil) 
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ranges in  FS based on one standard deviation of C and z alone were 2.15 t o  4.93 
f o r  the  Kupreanof-Tolstoi complex and 1.21 t o  4.93 f o r  the  Karta s o i l .  M i n i m  
and maximum values of FS calculated over the  range of the  nine fac to r s  l i s t e d  
i n  Table 2 were 1.40 t o  7.69 f o r  the  Kupreanof-Tolstoi s o i l  and 0.81 t o  4.59 
f o r  the  Karta s o i l .  

The wide range of calculated FS based on natura l  var ia t ion  of s o i l  and site 
fac to r s  indica tes  t h a t  caution must be exercised when the  i n f i n i t e  s lope model 
is used t o  c l a s s i f y  lands l ide  hazards by s o i l  mapping u n i t s  in  coas ta l  Alaska. 
Si te-specif ic  measurements of c e r t a i n  var iables  a r e  needed t o  ge t  an accurate 
FS on a s i te-by-si te  bas is ;  however, these s i te  spec i f i c  da ta  a r e  expensive t o  
c o l l e c t  and f o r  broad planning purposes on unstable f o r e s t  lands, empirical 
models r e l a t ing  lands l ide  hazard t o  important t r igger ing  mechanisms (e.g.,  
r a i n f a l l  i n t ens i ty  and durat ion) may be more appropriate. The fac to r  of sa fe ty  
approach would still be useful i n  assessing and coaparing management 
a l t e rna t ives  f o r  unstable landscapes. 

SUMMARY 

Sens i t iv i ty  analyses of the  i n f i n i t e  slope model revealed t h a t  cohesion and 
s o i l  depth a r e  the  two most important variables influencing FS f o r  conditions 
typica l  of coas ta l  Alaska. The influence of soi l  depth on FS is great ly  
diminished f o r  low-cohesion s o i l s ,  however. Slope gradient  and angle of 
in te rna l  f r i c t i o n  affected FS by almost one order  of magnitude less than did 
typ ica l  ranges of cohesion and s o i l  depth. Groundwater exerts a dynamic 
influence on slope s t a b i l i t y  because water t ab les  can develop in shallow 
h i l l s l o p e  s o i l s  during individual storms and of ten  cause a r t e s i an  pore water 
pressures. Removal of vegetation from unstable s lopes can subs tan t i a l ly  reduce 
s i t e  s t a b i l i t y  primarily through l o s s  of m o t  cohesion. The e f f e c t s  of 
groundwater f luc tua t ions  and l o s s  of root  s t rength  would be the  most important 
f ac to r s  influencing i n i t i a t i o n  of landsl ides.  Caution should be exercised when 
the  i n f i n i t e  s lope model is used t o  quant i ta t ive ly  pred'ict s t a b i l i t y  of natural  
s iopes because of t h e  inherent v a r i a b i l i i t e s  of s o i l  and site fac tors .  

James J. Rogers of the  Forestry Sciences Laboratory, Juneau, Alaska, was 
responsible f o r  the  computer graphics and programing, 
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